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At last, when I woke from my slumber and opened my eyes,
I saw thee standing by me, flooding my sleep with thy smile.
How I had feared that the path was long and wearisome,
and the struggle to reach thee was hard!
From “The Journey” by Rabindranath Tagore (1861 – 1941),
A Bengali poet, novelist and composer, the first Asian Nobel laureate in literature (1913)

To my parents

ABSTRACT
Malignant gliomas are the most common brain tumors in adults. Approximately, 190,000 new
patients are diagnosed with malignant gliomas worldwide every year. Unfortunately, the
prognosis of malignant gliomas still remains very poor, despite advances in management. One
of the major complicating factors in managing malignant gliomas is their invasiveness, which
leads to formation of multiple tumor satellites and thereby inevitable recurrence. Therefore, it is
imperative to develop new treatment modalities which effectively address this issue. Suicide
gene therapy strategies have been applied against gliomas, but their success have been limited
due to inefficient gene transfer technologies, inappropriate enzymatic activities, limited prodrug
penetration into the brain, or low bystander effects. The studies presented in this thesis identify
a novel suicide gene which can circumvent gene and prodrug related limitations, utilize neural
stem cells as gene delivery vehicle and use the histone deacetylase inhibitor 4-phenylbutyrate
(4-PB) as modulators of the gene therapy.
First, using the herpes simplex virus 1 thymidine kinase/ ganciclovir (HSV-tk/GCV)
gene therapy approach, we investigated 4-PB for its effect on HSV-tk gene expression and the
bystander effect in glioma cell cultures. The bystander effect is to a great extent mediated by
gap junction communication (GJC). Gap junctions are intercellular channels that permit small
water soluble molecules to be exchanged between cells. Each cell contributes half of the
channel composed of connexin proteins (Cxs). Cx43 is shown to be involved in facilitating the
bystander effect. We found that 4-PB upregulated the Cx43 level, amplified the GJC, as well as
potentiated the recombinant HSV-tk gene expression in rat glioma cells stably expressing HSVtk. As a result, a dramatic enhancement of bystander effect by administration of the HSV-tk
prodrug GCV together with 4-PB was found.
Neural stem cells show extensive tropism for brain tumors and could be exploited to
carry and deliver suicide genes. We characterized the human embryonic midbrain stem cell line
NGC-407 and found that these cells possessed migratory capacity toward intracranial
glioblastoma xenografts. Interestingly, 4-PB was also found to enhance functional GJC between
NGC-407 cells and human glioma cells. This finding was supported by upregulation, increased
membranous deposition, as well as decreased phosphorylation of Cx43 in NGC-407 cells. 4-PB
effect on the differentiation of NGC-407 cells is also needed to be considered, as epigenetic
mechanisms are known to play a pivotal role in embryonic development. We found that 4-PB
inhibited both astrocytic and neuronal differentiation of NGC-407 cells and preserved their
immature phenotype. How the enhancement of GJC together with the differentiation inhibitory
effect of 4-PB in NGC-407 cells influence the stem cell-mediated suicide gene therapy in vivo
remains to be investigated.
Finally and most importantly, we present here, the tomato thymidine kinase 1
(ToTK1) from its identification and characterization to its in vitro and in vivo testing as a
suicide gene. Deposited GenBank sequences were searched for human thymidine kinase 1
homologs in plants and ToTK1 was identified. ToTK1 was found specific for the nucleoside
analog azidothymidine (AZT), known to successfully pass the blood-brain barrier. ToTK1
efficiently phosphorylated AZT and surprisingly also phosphorylated AZT monophosphate
into AZT diphosphate, an additional rate limiting step for AZT activation. The kinetic
analysis and in vitro testing in human glioma cells indicated that ToTK1/AZT combination is
superior to HSV-tk/GCV approach as a suicide gene therapy strategy. When NGC-407 cells
expressing ToTK1 were implanted into nude rat brain along with U87MG human
glioblastoma cells, the glioblastoma xenograft growth was substantially attenuated upon
exposure to AZT as indicated by magnetic resonance imaging and autopsy analysis.
Significantly improved survival was also observed for the treated animals, showing that the
ToTK1/AZT suicide gene prodrug combination with stem cell-mediated gene delivery
represents a promising new treatment of malignant gliomas.
Key words: malignant glioma, suicide gene therapy, bystander effect, gap junction, neural stem
cell, 4-phenylbutyrate, epigenetics, cell differentiation
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1 INTRODUCTION
1.1

MALIGNANT GLIOMAS

The World Health Organization (WHO) classifies primary brain tumors into four
prognostic grades, grade I to IV, based on their severity of malignancy (Louis, 2007).
Grade III and grade IV gliomas are categorized as malignant gliomas which account
for approximately 70% of all primary brain tumors in adult (Wen and Kesari, 2008).
The most malignant form, glioblastoma multiforme (GBM), accounts for 60-70% of
the malignant gliomas (Louis, 2007, Wen and Kesari, 2008). The incidence of
malignant gliomas is approximately 5 cases per 100,000 people per annum where
men are more affected than women (Wen and Kesari, 2008). Approximately 190,000
new patients were diagnosed with, and 142,000 patients died of, malignant gliomas
worldwide in 2002 according to the WHO latest estimates in GLOBOCAN 2002
(Parkin et al., 2005). This represents a median survival of less than one year for the
vast majority of malignant glioma patients. Virtually, none of the patients is cured of
their illness. This failure in finding a curative treatment lies in the pathogenesis and
histological features of malignant gliomas.
1.1.1 Origin of gliomas
Although, gliomas have long been considered to be originated by neoplastic
transformation of glial cells (astrocytes or oligodendrocytes), neural stem cells
(NSCs) have recently been proposed as the source of gliomas (Sanai et al., 2005).
This NSC-hypothesis of glioma-origin stems from the findings that adult brain
contains NSCs (Eriksson et al., 1998, Sanai et al., 2004) and the genes, for example
epidermal growth factor receptor (EGFR), phosphatase and tensin homolog (PTEN),
Hedgehog, nestin etc., which are involved in neurogenesis and gliogenesis, play
pivotal roles in gliomagenesis (Sanai et al., 2005). In fact, a small population of cells
within gliomas have been identified by their expression of the NSC-marker CD133
(Ignatova et al., 2002) and it was reported that only CD133 positive GBM cells form
tumor in vivo (Singh et al., 2004). The presence of multiple cell types within the same
tumor, such as oligoastrocytoma, and the similarity in migratory capacity and pattern
between glioma cells and NSCs also support the NSC-theory of glioma-origin. This
thesis, however, deals with NSCs from the perspective of glioma treatment by
exploiting their migratory capacity. Therefore, NSCs and their properties will be
further described from that perspective in the ‘Neural Stem Cell’ and subsequent
sections.
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1.1.2 Histopathological features
Malignant glioma cells extensively infiltrate into normal brain parenchyma through
the dense network of neuronal and glial cell processes. They also disseminate via
cerebrospinal fluid pathways and meninges giving rise to mulifocal gliomas (Claes et
al., 2007). GBM can even be present as multicentric gliomas (Salvati et al., 2003).
Despite this aggressive invasiveness, malignant gliomas do not metastasize outside
the nervous system. Based on the glial phenotype, malignant gliomas can be
histopathologically classified as astrocytic, oligodendroglial or oligoastrocytic.
However, marked phenotypical heterogeneity within a malignant glioma is frequently
observed. Microscopically, WHO grade III gliomas (e.g. anaplastic astrocytoma)
show high cellularity, cellular and nuclear anaplasia, and mitoses. In addition to these
features, WHO grade IV gliomas (e.g. GBM) show microvascular proliferation and/
or necrosis and sometimes, perinecrotic palisading (Claes et al., 2007).
1.1.3 Molecular features
Malignant transformation in gliomas results from the sequential accumulation of
genetic aberrations and the alteration of growth-factor signaling pathways which are
relatively well characterized. GBM which arises most commonly de novo (primary
GBM) is characterized by amplification and mutations of EGFR, deletion of PTEN
and p16 and loss of heterozygosity of chromosome 10q (Furnari et al., 2007). Some
GBMs arise by malignant transformation of low-grade astrocytomas (secondary
GBM). They are characterized by p53 mutations, PDGFR overexpression,
abnormalities in the p16 and retinoblastoma (Rb) pathways, and loss of
heterozygosity of chromosome 10q (Furnari et al., 2007). Despite their genetic
differences, primary and secondary glioblastomas are histopathologically
indistinguishable and respond similarly to conventional treatment.
1.1.4 Treatment hurdles
Malignant gliomas are conventionally treated by surgery, radiotherapy and
chemotherapy. Maximal surgical resection is performed whenever possible, although
complete excision is not possible as diffuse infiltration usually spreads beyond the
radiologically evident boundaries of the tumor (Wen and Kesari, 2008). Radiotherapy
is the mainstay treatment for malignant gliomas (Stupp et al., 2005). However, these
tumors also become refractory to radiotherapy and again, the invasiveness through
the brain parenchyma renders the invasive microfoci to escape localized radiotherapeutic assault. Thus, the survival benefit with radiotherapy is still counted in
weeks and months. Chemotherapy has limited impact on the outcome of malignant
gliomas, despite taking an increasingly important place in the treatment (Wen and
Kesari, 2008). Major complicating factors in the drug treatment of malignant gliomas
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include the presence of a variably disrupted blood-brain barrier (BBB) which
complicates drug delivery to the tumor, an insufficient therapeutic index and a lack of
specificity of chemotherapeutic agents for the tumor cells (Deeken and Loscher,
2007, Muldoon et al., 2007, Penas-Prado and Gilbert, 2007). Moreover, the
intratumoral heterogeneity on the cytopathological, transcriptional and genomic
levels, results in the emergence of drug-resistant cell subpopulations. As a result,
malignant gliomas invariably recur with immediate fatality, in spite of the aggressive
multimodality treatment. Therefore, it is imperative to develop new therapeutic
strategies.
1.1.5 New therapeutic strategies
The improved understanding of the molecular pathogenesis of malignant gliomas has
opened up possibilities of targeted molecular therapies tailored to the unique biology
of an individual’s malignant glioma. Molecular therapies targeting receptor tyrosine
kinase pathways (e.g. EGFR) (Mellinghoff et al., 2005) (Ren et al., 2007), rapamycin
pathway (Galanis et al., 2005), histone deacetylase (HDAC) (Phuphanich et al.,
2005), farnesyl transferase (Cloughesy et al., 2006), angiogenesis (Vredenburgh et al.,
2007) etc. are under extensive investigation and a number of them are in clinical
trials. To date, none of the targeted therapies has proven clinically effective for
malignant gliomas (Salgaller and Liau, 2006, Lukas et al., 2007, Penas-Prado and
Gilbert, 2007). This is presumably due to the failure of a single agent to address the
complexity of signaling pathways and the poor penetration of drugs across the
BBB(Deeken and Loscher, 2007, Muldoon et al., 2007). Therapies targeting multiple
pathways in combination with the conventional treatment are under investigation
(Doherty et al., 2006). Other investigational therapies include immunotherapy and
gene therapy (Avgeropoulos and Batchelor, 1999, Lukas et al., 2007).
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1.2

GENE THERAPY: SUICIDE GENE THERAPY

Gene therapy is a paradigm for modifying the cellular genome for therapeutic benefit.
Although gene therapy was initially investigated for diseases known to be due to well
characterized genetic mutations, most of the current clinical protocols concentrate on
the treatment of cancer (Freeman and Zwiebel, 1993, Whartenby et al., 1995). Cancer
gene therapy strategies are divided into four main areas: (1) transfer of genes to
enhance immunogenicity; (2) transfer of tumor-suppressor genes; (3) transfer of altered
drug-resistance genes; and (4) transfer of suicide genes (Yazawa et al., 2002). The
suicide gene therapy paradigm is based on the transduction of a target cell with a gene
coding for an enzyme. When the transduced cell subsequently is exposed to a prodrug,
the first step which is usually the rate limiting step in activating the prodrug towards a
cytotoxic compound is catalyzed by the introduced enzyme (Culver et al., 1992,
Freeman et al., 1993). Suicide gene therapy is, therefore, also called enzyme-prodrug
therapy. Success in a suicide gene therapy strategy relies on the following
components:
x

A suicide gene encoding an enzyme with comprehensive catalytic activity

x

A suitable prodrug with adequate access into the tumor

x

Targeted gene delivery and sufficient transgene expression

x

Sufficient bystander cell killing effect

1.2.1 Suicide genes
Both mammalian and non-mammalian genes encoding prodrug activating enzymes
have been investigated as suicide genes in cancer gene therapy. The most notable nonmammalian enzymes are herpes simplex virus 1 thymidine kinase (HSV-tk) (Oldfield
et al., 1993), bacterial cytosine deaminase (Huber et al., 1994) and nitroreductase
(Palmer et al., 2004), insect Drosophila melanogaster deoxyribonucleoside kinases
(Zheng et al., 2000, Knecht et al., 2007) and rabbit liver carboxylesterases (Danks et al.,
1998) etc. Human enzymes e.g. deoxycytidine kinase (Hapke et al., 1996) and
cytochrome P450 (Kan et al., 2002), which are either absent or markedly down
regulated in cancer have also been investigated in suicide gene therapy strategies. No
plant enzymes have so far been investigated for the purpose of suicide gene therapy.
The therapeutic approach which uses deoxyribonucleoside kinases (dNKs) such as
HSV-tk, exploits the differential proliferative behavior of cancer cells and host cells
and causes the killing of highly proliferating cancer cells without affecting the host
cells. Brain is unique in this perspective as the vast majority of brain cells are
terminally differentiated and non-proliferative, whereas brain tumors are amongst the
most fast growing tumors. Therefore, malignant gliomas have been the prime target of
suicide gene therapy using dNKs. Proliferating cells replicate their DNA in each cell
cycle. The building stones for DNA synthesis are deoxyribonucleotides which are
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1.2.2 Properties of the enzyme encoded by a suicide gene
Activity of an enzyme is characterized by the kinetic parameter kcat/Km which is defined
by Km and Vmax values set by the Michaelis-Menten equation:

where, V is the velocity of an enzymatic reaction.
Vmax is the maximal reaction velocity that can be achieved by an enzyme under
saturating substrate concentration [S]. The Michaelis-Menten constant Km is equal to
the substrate concentration that gives half-saturation of the enzyme. It is thus equal to
the substrate concentration at one-half the Vmax. kcat is the catalytic turnover number of
the enzyme defining the maximum number of substrate molecules converted to
product per unit of time. Therefore, the kcat/Km value indicates the catalytic efficiency
of an enzyme.
There are specific requirements for enzymes used in suicide gene therapy. An ideal
suicide gene candidate would exhibit a highly different and increased selectivity, and a
higher catalytic turnover, for the nucleoside analog compared to the endogenous
enzymes (Knecht et al., 2007). Most preferably, the nucleoside analog should not be
activated at all by the human dNKs. In other words, an effective enzyme-prodrug
system should preferably have both low Km and high Vmax values for the prodrug,
defining a favorable kcat/Km (Springer and Niculescu-Duvaz, 2000). Most of the existing
enzyme-prodrug systems do not show these favorable kinetic properties. For example,
HSV-tk has a 70-fold higher Km value for its prodrug ganciclovir (GCV) than for
thymidine (Thd) (Mercer et al., 2002) which in vivo results in substrate out-competition
of GCV by Thd (Springer and Niculescu-Duvaz, 2000, Knecht et al., 2007). In order to
improve gene therapy efficiency, modifications of existing suicide genes such as
mutations have been attempted, however, with limited success. Therefore, new suicide
genes with better kinetic parameters of the encoding enzymes are needed.
1.2.3 Prodrugs and the blood-brain barrier
One of the major complicating factors of suicide gene therapy, specific for brain tumors
is the presence of the blood-brain barrier (BBB) that restricts the passage of solutes
(Basilion et al., 2000, Huynh et al., 2006). BBB is a membranic structure formed by the
tight junctions between endothelial cells in central nervous system vessels. In addition
to good pharmacological properties, systemically delivered prodrugs in suicide gene
therapy systems of brain tumors need to sufficiently cross the BBB. Most prodrugs of
the existing suicide gene therapy systems do not successfully pass the BBB. For
example, GCV poorly penetrate into the brain and moreover, it becomes rapidly
6

eliminated from the brain by unclear mechanisms (Brewster et al., 1994). Enhanced
delivery of drugs including the prodrugs into the brain is under extensive investigation.
Some encouraging results have been observed in preclinical research (Brewster et al.,
1994), though their clinical translation remains elusive.
In this perspective, the antiretroviral agent zidovudine (azidothymidine, AZT), which is
currently approved for human immunodeficiency virus (HIV) infection could be an
ideal prodrug. The presence of azido group increases the lipophilic nature of AZT,
allowing it to cross cell membranes easily by diffusion and thereby also to cross the
BBB. AZT exhibits better pharmacological properties than many other nucleoside
analogs e.g. GCV, with better solubility and better BBB penetration (Klecker et al.,
1987, Blum et al., 1988). The cerebrospinal fluid-plasma ratio of AZT increases in a
linear fashion with time after drug administration (Rolinski et al., 1997). Another
advantageous feature of AZT in humans is that both steps, the phosphorylation to
monophosphate and to diphosphate are poorly supported by endogenous cellular dNKs,
and represent two rate limiting steps in AZT activation towards a cytotoxic compound
(Furman et al., 1986, Lavie et al., 1997). Therefore, the differential properties of the
human dNKs and an AZT-specific dNK will limit AZT activation and cell killing effect
exclusively to targeted tumor cells and will spare normal cells. However, the need for
an enzyme to phosphorylate both of those rate limiting steps requires identification of a
suitable enzyme which can be used in suicide gene therapy in combination with AZT.
To date none of the enzymes encoded by suicide genes has strongly indicated their
specificity for AZT.
1.2.4 Gene delivery systems
Gene therapy has long suffered from inefficient gene transfer technologies. Suicide
genes are traditionally delivered into malignant gliomas by either viral or non-viral
vectors. Retrovirus, adenovirus, adeno-associated virus and herpes simplex virus 1 in
their replication-defective or replication-competent and tumor-selective forms have
been studied as gene delivery systems (Ma et al., 2002, Chiocca et al., 2003, Hampl et
al., 2003, Rainov and Kramm, 2003, Wang et al., 2003). However, their success has
been limited due to insertional mutagenesis, short-term transgene expression, low
transgene capacity, neurovirulence, recombination with wild type, immunogenecity and
above all, poor penetration into the glioma tissue (Lawler et al., 2006). Intratumoral
grafting of engineered viral vector produing cells, usually fibroblasts has also been
attempted. But these cells are not tumor tropic and therefore, unable to target
disseminated tumor cells (Ram et al., 1997, Rainov and Kramm, 2003, Lawler et al.,
2006). Non-viral gene delivery systems such as liposomes also face similar distribution
challenges as viral systems. In addition, they have lower in vivo transfection
efficiencies and shorter transgene expression times (Li et al., 2005) (Yoshida et al.,
2004). Interestingly, NSCs have recently emerged as attractive delivery vehicle in
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gene therapeutic strategies of brain diseases where diffuse and targeted gene delivery
is critical for success (Benedetti et al., 2000, Ehtesham et al., 2002a, Ehtesham et al.,
2002b, Brown et al., 2003, Yang et al., 2004, Li et al., 2005, Muller et al., 2006).
NSCs have inherent migratory capacity toward intracranial pathology including stroke,
neurodegenerative diseases and brain tumors, can simultaneously express transgenes
and are less immunogenic (Muller et al., 2006) (Staflin et al., 2004, Lawler et al.,
2006). When they are implanted intracranially contralateral to malignant gliomas or
even intravenously they display robust tropism for the tumor (Aboody et al., 2000,
Brown et al., 2003, Yip et al., 2003). These properties of NSCs can be exploited to
deliver a therapeutic or antitumor gene into the brain tumor. Therefore, NSCs as
delivery vehicle of suicide genes can eliminate a number of viral and non-viral vectorrelated limitations of suicide gene therapy. If the NSCs armed with a suicide gene that
kills dividing cells, become problematic themselves in term of tumorogenicity, they
will self-eliminate which is a built-in safety bonus. Although NSCs are less
immunogenic, an immune reaction against NSCs intermixed with a tumor raises little
concern because that serves only to enhance bystander tumor killing effect (Freeman et
al., 1997). Several investigators have already

Figure 2 Tropism of neural stem cells for malignant gliomas. Schematic diagram
showing neural stem cells injected intracranially contralateral to brain tumor are
migrating towards the main and distant sites of the tumor through the corpus
callosum. (From Müller F-J et al. (2006), Nature Review Neuroscience)
demonstrated that NSCs can efficiently deliver tumor-toxic genes, for example HSVtk, CD, tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) and
cytokines IL-4 and IL-12, reduce tumor volume and increase survival (Benedetti et
al., 2000, Ehtesham et al., 2002a, Ehtesham et al., 2002b, Li et al., 2005, Uhl et al.,
8
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The mechanism of cell death in dNK/nucleoside analog gene therapy is apoptosis and
tumor cells are known to phagocytose nearby apoptotic vesicles (Freeman et al., 1993,
Samejima and Meruelo, 1995, Hamel et al., 1996) (Denning and Pitts, 1997).
Therefore, release of apoptotic vesicles by dying tumor cells or gene delivering stem
cells and then, phagocytosis of those vesicles by neighboring tumor cells could be
another potential mechanism of bystander effect. Phagocytosis of material e.g.,
hydrolases or other lytic enzymes from dying cells to bystander cells has also been
suggested as a mechanism for the bystander effect (Freeman and Zwiebel, 1993, Pope
et al., 1997, Sturtz et al., 1997) (Denning and Pitts, 1997).
Another effect called the “Good Samaritan effect” has also been described in suicide
gene therapy. This effect refers to the observation that transfected cells can be
protected from the active drug, presumably by lowering the concentration of the
cytotoxic metabolites through GJC (Wygoda et al., 1997, Andrade-Rozental et al.,
2000). This can be considered as beneficial, especially in NSC-mediated suicide gene
therapy, because the transgenes will last longer, producing more toxic metabolites,
thus enhancing the bystander effect.
In viral vector-based suicide gene therapy, immune system also plays an important
role in enhancing the bystander effect in vivo through the release of cytokines
(Freeman et al., 1997). Therefore, the therapeutic effect is found be more pronounced
in immunocompetent animals. However, immunogenicity is also one of the main
disadvantages of viral vectors, as it causes loss of transgene expression and a
systemic immune response is detrimental (Basilion et al., 2000).
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1.3

GAP JUNCTION COMMUNICATION (GJC)
Figure 4 Schematic diagram showing
gap junction channels. A gap junction
channel is formed by assembling two
hemi-channels (connexons), each of
which contributed by apposing cell
membranes of two neighboring cells.
Each connexon is composed of six
connexin proteins.

Gap junctions are cylindrical hydrophilic channels spanning the plasma membranes of
two adjacent cells, with each cell contributing half the channel (hemichannel) termed
connexon. Each connexon is a multimeric assembly of six proteins named connexins
(Evans and Martin, 2002). 21 types of connexins (Cxs) have been so far characterized
in humans (King and Lampe, 2005). Connexin 43 (Cx43) is the most widely expressed
connexin and begins to assemble in the plasma membrane at very early stage of
embryonic development (Willecke et al., 2002, Saez et al., 2003, Houghton, 2005). Gap
junctions exist in all multi-cellular organisms and in almost all cell types in these
organisms (Evans and Martin, 2002). They differ from other membrane channels since
they exist between two cells, are relatively nonspecific, and the molecular movement
through the channels occurs by passive diffusion. The gap junctional channels have
an apparent selectivity based principally on molecular size, allowing the movement of
molecules smaller than 1000 Da, such as ions, nucleotides, second messengers, amino
acids, short peptides and other metabolites (Saez et al., 2003). Consequently, GJC is an
important mechanism for maintaining cellular homeostasis, proliferation and
differentiation.
Gap junction channels typically remain open, and only close under specific
circumstances. These include the pathophysiological state of the tissue or organism, the
presence of external stimuli and the cell cycle. As the cells proceed through the cell
cycle, the GJC decreases and becomes remarkably diminished at the mitotic phase
(Lampe and Lau, 2004). In conditions with increased mitotic activity such as cancers,
GJC is often found severely impaired (Mesnil et al., 2005). For example, malignant
gliomas show markedly diminished GJC which is also correlated with a lack or very
low expression of Cx43 (Huang et al., 1999). A variety of other diseases including
some forms of neuropathy, hereditary deafness, cataracts, skin diseases and heart
diseases also display deficient or improper GJC (Willecke et al., 2002).
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1.3.1 Regulation of gap junction communication
Figure 5 Regulation of gap junction
communication. Schematic diagrams
(A and B) and atomic force
microscope (AFM) images (C and D)
show an open gap junction channel
when the channel forming connexin 43
is not phosphorylated (A and C) and a
closed gap junction channel when the
connexin 43 is phosphorylated (B and
D). (AFM images from Nicholson et
al (2003), Journal of Cell Science).

The regulation of GJC is largely mediated by connexin synthesis and phosphorylation.
Connexin synthesis determines the number of gap junctions, while phosphorylation
regulates channel permeability and gating mechanism. Although there are some
contrasting reports, it is generally accepted that phosphorylation of Cx43 is associated
with closure of gap junction channels. Cx43 phosphorylation can also occur during
their oligomerization into connexon prior to reaching the cell membrane and thus may
affect the connexon trafficking and assembly with partner cell connexon (Lampe and
Lau, 2000). It also plays a role in connexon disassembly and degradation processes.
Cx43 is phosphorylated at different serine (Ser) residues in the C-terminal region by
various kinases including mitogen-activated protein (MAP) kinases, protein kinase C
(PKC), protein kinase A and casein kinase 1 (Lampe and Lau, 2000).
It has been demonstrated that the level of GJC is predictive for the extent of the
bystander effect in suicide gene therapy (Mesnil and Yamasaki, 2000, Asklund et al.,
2003). Therefore, the efficacy of this therapy could be improved by enhancing the
GJC which can be achieved either by inducing connexin expression with
pharmacological agents or by transferring connexin gene. It has been shown that by
transduction of a foreign Cx43 gene into malignant glioma cells increase bystander
effect in HSV-tk/GCV suicide gene therapy approach (Marconi et al., 2000).
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1.4

NEURAL STEM CELL (NSC)

A stem cell is a cell that can continuously self-renew and under right conditions, has
the ability to differentiate into many different cell types that make up the organism.
Self-renewal is defined as the ability to generate daughter cells identical to their
mother. Differentiation is the structural and functional specialization of cells and
tissues during development, which occurs by the gradual maturation of cells with
specialized structures and functions from unspecialized precursors as a result of
reprogramming of gene expression.
Stem cells can be totipotent, pluripotent or multipotent. Totipotent stem cells are the
cells which can develop into any cell found in the multi-cellular organism, such as the
fertilized egg or early embryonic cell. Approximately four days after fertilization in
humans, the totipotent cells start to specialize and form a cluster of cells known as a
blastocyst. Inner cell mass of the blastocyst consists of pluripotent stem cells. They
can give rise to all cell types in the human body except for extraembryonic tissue (e.g.
placenta) and thus, unlike totipotent stem cells, can not develop into a complete
organism. After further development, some of these cells are finally restricted to give
rise to one or a few cell types, so they become multipotent stem cells.
NSCs are multipotent stem cells which can give rise to neurons and glial cells (Gage,
2000). These cells must also migrate to specific locations in the neuraxis. NSCs can be
obtained from embryonic (< 8 weeks gestational age) or fetal (> 8 weeks gestational
age) neural tissue (Uchida et al., 2000). Certain adult brain regions, such as
subventricular zone of lateral ventricle and hippocampus also contain NSCs and they
can as well be harvested (Eriksson et al., 1998, Johansson et al., 1999).
1.4.1 Markers for neural stem cells
NSCs are isolated by expression of their markers CD133 (prominin-1) or nestin.
Nestin is a class VI intermediate filament protein and has been the most extensively
used marker to identify NSCs within various areas of the developing nervous system
and in cultured cells in vitro. Specifically, nestin is considered as a marker for dividing
and migrating NSCs (Gilyarov, 2008). It is expressed both in neuronal and glial
progenitors as well as in their common progenitors. Mature cells in the nervous system
do not express nestin. However, it can be re-expressed in the brain cells under certain
pathological conditions such as brain injuries and neoplastic transformation (Dahlstrand
et al., 1992, Holmin et al., 1997). The transient expression of nestin in NSCs has been
suggested to be a major step in the neural differentiation pathway (Lendahl et al.,
1990), the exact role, however, is still undefined. As a cytoskeletal component, nestin
has been suggested to take part in stabilizing cell structure and coordinating changes in
intracellular dynamics (Herrmann and Aebi, 2000, Michalczyk and Ziman, 2005),
which are presumably necessary for dividing and migrating NSCs. Other multipotent
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stem cells such as hematopoietic stem cells and pancreatic islet stem cells have also
been shown to express nestin (Lumelsky et al., 2001, Shih et al., 2001).
The cell surface antigen CD133 is a 120 kDa membranous glycosylated protein and
has been used to directly isolate NSCs. Due to its location in membranous protrusions,
a functional role of plasma membrane organization has been attributed to CD133
(Corbeil et al., 2001), although the specific role is still unclear. However, for NSCs, it
has been suggested that CD133 expression may sustain a stem cell phenotype and upon
its repression, a cell becomes committed to differentiation (Marzesco et al., 2005). Its
expression also correlates with the proliferative behavior of NSCs (Kania et al.,
2005). CD133 is also used as a marker for hematopoietic stem cells and cancer stem
cells (Mizrak et al., 2008).
1.4.2 Neural stem cell differentiation
NSCs require growth factors such as basic fibroblast growth factor (bFGF) and
epidermal growth factor (EGF) for their proliferative expansion and simultaneously
keeping the stem cell phenotype in vitro. They start differentiating along neuronal and
glial lineages upon withdrawal of the growth factors (Cattaneo and McKay, 1990).
Neuronal class III ȕ-tubulin (Tuj1) is used to characterize postmitotic, immature
neurons and the class III intermediate filament protein glial fibrillary acidic protein
(GFAP) is used to characterize the differentiated astrocytes. The differentiation
processes are regulated by the dynamic interplay between extracellular cues including
cytokine signaling and intracellular programmes such as epigenetic modification. There
is increasing evidence that epigenetic mechanisms involving, for example, changes in
DNA methylation and histone modification are closely associated with fate
specification of NSCs. These epigenetic alterations could provide coordinated systems
for regulating gene expression at each step of neural cell differentiation.
1.4.3 Potentials of neural stem cells
In addition to delivering suicide genes into brain tumors, NSCs can also be
genetically engineered to express and deliver therapeutically important exogenous
genes for many intractable neurodegenerative diseases. They have also great potential
in neuroregenerative medicine. Exploiting their differentiation property, NSCs could
be used to replace degenerating nervous tissue. These cells have also an inherent
biology to spontaneously secrete therapeutically important molecules such as glial
cell derived neurotrophic factor (GDNF), brain-derived neurotrophic factor (BDNF),
nerve growth factor (NGF) and various other neurotrophins which can protect and
rescue sick neurons (Blesch and Tuszynski, 2001, Ourednik et al., 2002, Svendsen
and Langston, 2004). NSCs are also attractive tools to explore mechanisms of brain
development and carcinogenesis.
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chromatin. DNA is wrapped around nucleosomes which are then folded through a
series of successively higher order structures to eventually form a chromosome. This
DNA packaging provides the basic physical structure for an added layer of regulatory
control for gene expression. Nucleosomal structure can be altered by chromatin
remodeling factors and histone modifications to allow regulated access to the DNA.
Histones can be modified by acetylation, methylation, citrullination, phosphorylation,
sumoylation, ubiquitination and ADP-ribosylation. Histone acetylation is the most
abundant and reversible chromatin modifications and involves two classes of enzymes,
histone acetyltransferases (HATs) and histone deacetylases (HDACs). HATs add acetyl
groups at lysine residues within histone tails while HDACs remove them. The level of
histone acetylation is the result of these converse activities of HATs and HDACs. The
acetyl groups neutralize the positive charge of lysines and thereby their electrostatic
interactions with the negatively charged DNA phosphate backbone. This results in
relaxation of the chromatin and increased access of transcription factors to the DNA
(Jenuwein and Allis, 2001).
HDACs can act as transcription repressors, due to histone deacetylation, and
consequently promote chromatin condensation. The HDAC activity is reported to be
necessary for the progression of differentiation of embryonic stem cells (Lee et al.,
2004) and hematopoietic stem cells (Koipally et al., 1999). When embryonic rodent
hippocampal stem cells are differentiated into neurons and astrocytes, an upregulated
HDAC activity is found (Ajamian et al., 2003). Accordingly, the HDAC inhibitor
trichostatin A (TSA) inhibits the oligodendrocytic differentiation of rodent NSCs
(Marin-Husstege et al., 2002, Shen et al., 2005) and promotes self-renewal of
hematopoietic stem cells (Young et al., 2004).
1.5.2 DNA methylation
DNA methylation involves the addition of a methyl group to the number 5 carbon of
the cytosine pyrimidine ring of DNA. In adult somatic tissues, DNA methylation
typically occurs in a CpG dinucleotide context; non-CpG methylation is prevalent in
embryonic stem cells. In humans, the process of DNA methylation is carried out by
three enzymes, DNA methyltransferases 1, 3A and 3B (DNMT1, DNMT3A,
DNMT3B). It is thought that DNMT3A and DNMT3B are the de novo
methyltransferases that set up DNA methylation patterns early in development.
DNMT1 is the proposed maintenance methyltransferase that is responsible for
copying DNA methylation patterns to the daughter strands during DNA replication
(Chen and Li, 2004).
DNA methylation is known to regulate single gene expression in the differentiation
process and in most cases expressed genes are demethylated at promoter regions
(Roloff and Nuber, 2005). For example, astrocytic differentiation of forebrain
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progenitors is activated following demethylation of a promoter region of the
astrocytic gene GFAP (Takizawa et al., 2001).
1.5.3 Relationship between epigenetic mechanisms
DNA methylation may impact on the transcription of genes in two ways. First, the
methylation of DNA may itself physically impede the binding of transcriptional
proteins to the gene and secondly, and likely more importantly, methylated DNA may
be bound by proteins known as methyl-CpG-binding domain proteins (MBDs). MBD
proteins then recruit additional proteins to the locus, such as HDACs and other
chromatin remodelling proteins that can modify histones, thereby forming compact,
inactive chromatin termed silent chromatin (Fuks et al., 2000, Bachman et al., 2001).
This link between DNA methylation and chromatin structure is very important. In
particular, loss of methyl-CpG-binding protein 2 (MeCP2) has been implicated in Rett
syndrome and methyl-CpG-binding domain protein 2 (MBD2) mediates the
transcriptional silencing of hypermethylated genes in cancer (Nan et al., 1998). It is
also observed that chromatin regions which contain hypoacetylated histones contain
hypermethylated DNA (Jones and Wolffe, 1999) and chemical compounds such as
TSA which inhibit HDAC activity induce DNA demethylation (Selker, 1998, Ou et al.,
2007).

Figure 7 Relationship between epigenetic mechanisms (From Harrison’s Principles of
Internal Medicine 16th Edition)
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1.5.4 HDAC inhibitors and suicide gene therapy
HDAC inhibitors selectively modulate gene expression by inducing histone acetylation
and thereby altered chromatin structure (Johnstone, 2002). In addition to histones,
HDACs have many other protein substrates such as DNA binding proteins,
transcription factors, hormone receptors and cytoskeleton proteins, which are involved
in regulation of gene expression. Inhibition of HDAC acitivity thus can cause
accumulation of acetylated forms of these proteins and alter their function (Xu et al.,
2007). HDAC inhibitors induce different phenotypes in various transformed cells
which ranges from growth arrest, differentiation, senescence to different forms of cell
death. In comparison, normal cells are relatively more resistant to HDAC inhibitorsinduced cell death. Therefore, HDAC inhibitors have been widely touted as one of the
most promising anti-cancer drugs and at least 16 of them including butyrates have
already entered clinical studies in patients with hematologic and solid tumors including
malignant gliomas (http://clinicaltrials.gov) (Gilbert et al., 2001, Baker et al., 2002,
Phuphanich et al., 2005).

Figure 8 Enhancement of bystander effect by the HDAC inhibitor 4-Phenylbutyrate
(4-PB) in stem cell-mediated suicide gene therapy. Neural stem cells (NSC) carrying a
suicide gene (SG) causes glioblastoma multiforme (GBM) cell death upon exposure to
nucleoside analog prodrug (NA) and generation of active NA (NA-TP) as described in
Figure 3. The cell death does not occur if there is not enough gap junction
communication (GJC) as the middle cartoon depicts (white arrows indicate suboptimal
GJC). However, if the cells are treated with NA in combination with 4-PB, the GJC
between the stem cells and GBM cells could be enhanced (single headed black arrows)
resulting in increased tumor cell killing and thereby improved efficacy of the suicide
gene therapy. As GBM cells are known to have weak GJC, its enhancement by 4-PB
(double headed black arrows) and transfer of phosphorylated NA through them could
also play an important role in suicide gene therapy.
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Interestingly, the HDAC inhibitor 4-Phenylbutyrate (4-PB) has also been shown to
increase GJC in malignant glioma cellls through upregulation of Cx43 expression
(Asklund et al., 2004). 4-PB thus may be a promising adjuvant in suicide gene therapy
of malignant gliomas to enhance gap junction-mediated bystander cell killing effect. 4PB is a short chain fatty acid which can be administered orally and is in clinical use
since more than 20 years for urea cycle disorders (Summar, 2001, Wilcken, 2004).
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2 AIMS OF THE STUDY
The overall aim of this thesis was to explore possibilities to improve a suicide gene
therapy approach of malignant gliomas from different aspects including finding a
suicide gene with better catalytic property for a suitable prodrug, enhancement of
bystander effect and targeted gene delivery into the tumor. In doing so, we specifically
aimed at
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x

Investigating HDAC inhibitors, specifically 4-PB as a candidate modulator of
suicide gene therapy with respect to gap junction-mediated bystander effect

x

Investigating a human neural stem cell line as delivery vehicle of suicide genes
by examining its tropism for malignant gliomas and its interaction, specifically
gap junction formation, with the glioma cells

x

Investigating 4-PB effects on the stem cell line, especially on its self-renewal,
differentiation and hetero-cellular GJC with malignant glioma cells, and

x

Finally, identifying a better suicide gene specific for a suitable prodrug and
investigating its efficacy in in vitro and in vivo malignant glioma models using
the stem cell-mediated gene delivery strategy.

3 MATERIALS AND METHODS
Routine laboratory materials and methods such as culture of commercially available
cell lines, immunohistochemistry, Western blot analysis and RT-PCR are described in
each paper included in this thesis. Other specific materials and methods are described in
this section.
3.1

MATERIALS AND CELL LINES

3.1.1 Drugs and chemicals
Following are the main drugs and chemicals used: 4-PB (Triple Crown America,
USA), TSA (Wako Chemicals GmbH, Germany), GCV (Cymevene, Roche AB),
AZT (Sigma A2169), 18Į-glycyrrhetinic acid (AGA) (Sigma) and Methyl-ȕcyclodextrin (Kleptose CRYSMEB) (Roquette).
3.1.2 Malignant glioma cell lines
The rat glioma cell line C6 (I), human GBM cell lines U343MGa (II) and U87MG (II
and IV) were used in various experiments in this thesis. They were cultured in
Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen) supplemented with 10%
fetal bovine serum (FBS), 100 µg/ml streptomycin, and 100 µg/ml penicillin.
3.1.3 Neural stem cell lines
The human embryonic/fetal neural stem cell lines NGC-407 (II, III and IV) and
HNSC.100 (II) were used in this thesis. NGC-407 cell line established by NsGene
A/S (Ballerup, Denmark) in collaboration with Prof. Olle Lindwall, Lund University,
is described below. HNSC.100 cell line (provided by ZGene A/S, Hørsholm,
Denmark) was obtained from human fetal diencephalon and telencephalon
(gestational age 10–10.5 weeks) and is a well characterized neural stem cell line
(Villa et al., 2000).
3.2

METHODS

3.2.1 The neural stem cell line NGC-407 and its characterization (II)
Human embryonic tissue was derived from an elective first trimester abortion, and
was recovered with the permission of the Ethics committee of Lund University
(ethical permission no. LU 549-02). Cells had been isolated from the ventral
mesencephalon of the 7-week-old embryo and immortalized using a retroviral vector
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containing the v-myc oncogene. Immediately after dissection, the embryonic neural
tissue was cut in a drop of cell dissociation solution (Sigma). The cut tissue was
centrifuged at 1000 rpm for 5 min and resuspended in fresh culture medium. Four
days after seeding, the cell cultures were transduced at an MOI of 1 with a retroviral
vector construct consisting of the gag–v-myc fragment of v-myc (GenBank accession
number AF033809) cloned as an EcoRI/DraI fragment between EcoRI and HpaI sites
of pLXSN (Clontech) (GenBank accession number M28248). A gene conferring
neomycin resistance present in the vector allowed selection of transduced cells by
adding geneticin at a concentration of 800 g/ml. The immortalized NGC-407 cells
were grown as an adherent monolayer in DMEM/F-12 (Invitrogen) supplemented
with N2 supplement 1x (Invitrogen), 0.5% human serum albumin (Sigma), 0.6%
glucose (Sigma), 5 mM HEPES (Invitrogen), B27 supplement (Invitrogen), 40 ng/ml
basic FGF (bFGF) (R&D Systems) and 20 ng/ml epidermal growth factor (EGF)
(R&D Systems). The medium was renewed every 2–3 days. The cells were
differentiated by removing the growth factors from the culture medium 24 hours after
seeding. Characterization of the cells was performed by western blot and
immunohistochemical analysis of the NSC markers nestin and CD133 and the
differentiated cell markers ȕ-tubulin III for neurons and GFAP for astrocytes.
3.2.2 Identification and characterization of a new suicide gene (IV)
A novel suicide gene of plant origin, a tomato thymidine kinase 1 (ToTK1) was
identified and characterized in collaboration with Prof. Jure Piškur, Lund Univeristy,
the Technical University of Denmark and ZGene A/S (Hørsholm, Denmark).
Identification
Deposited GenBank sequences were searched for human thymidine kinase 1 (TK1)
homologs from plants and several putative TK1 were obtained. In this way, a TK1
homolog from tomato, Lycopersicon esculentum (Expressed Sequence Tag ACCN
BG129197, clone cTOF23J5) of 513 bp was found. Several sequences containing open
reading frames (ORFs) encoding a kinase were sub-cloned from genomic DNA and
cDNA libraries or plasmids obtained from the originator laboratories and inserted into
the EcoRI/BamHI site of pGEX-2T (Amersham-Pharmacia). The corresponding
original plasmid for ToTK1 was obtained from the Clemson University Genomic
Institute and the insert complete sequence was determined giving an ORF of 234 amino
acid residues (GenBank accession number AF514775). The plasmid was used as a
template in the PCR-mediated sub-cloning into the EcoRI/BamHI site of pGEX-2T
(Amersham-Pharmacia). The resulting expression plasmid was named P579. The TKdeficient E. coli strain KY895 (F-, tdk-1, ilv) was transformed with the plasmid P579.
Growth of colonies was tested with logarithmic dilutions of various nucleoside analogs
including AZT to determine the lethal dose (LD100) of the nucleoside analogs.
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Recombinant expression and purification
ToTK1 was overexpressed in KY895 as fusion proteins with an N-terminal glutathione
S-transferase (GST) fusion tag and purified by gluthatione-Sepharose affinity
chromatography followed by thrombin cleavage. Briefly, transformed KY895 were
grown to an OD600 nm of 0.5–0.6 in LB/ampicillin (100 ȝg/ml) medium at 37°C and
protein expression was induced by addition of 100 ȝM isopropyl-ȕ-Dthiogalactopyranoside. The cells were further grown for 4 h at 25°C and subsequently
harvested by centrifugation. The cell pellet was homogenized by sonication in the
binding buffer A (20 mM NaPO4, pH 7.3; 150 mM NaCl; 10% glycerol and 0.1%
Triton X-100) in the presence of a protease inhibitor cocktail (Complete,
ethylenediaminetetraacetic acid free from Roche Dignostics), subjected to
centrifugation at 10 000 g for 30 min, filtered and loaded onto a 1 ml column
(glutathione-Sepharose from Amersham Pharmacia) pre-equilibrated in binding buffer
A. After loading of the sample, the column was washed with 20 ml of binding buffer A.
Subsequently, the column was washed with 2.5 ml of 10 mM ATP/MgCl2 in buffer A
and incubated for 1 h at room temperature and then for 30 min at 4°C. The column was
washed again with 5 ml of buffer A and 1 ml of thrombin (50 U/ml) solution was
applied on the column. The column was gently shaken overnight at 4°C and the protein
was eluted from the column in buffer A.
Enzyme assay
dN kinase activity was determined by initial velocity measurements based on four time
samples by the DE-81 filter paper assay using tritium-labeled nucleoside substrates and
liquid scintillation. The standard assay conditions were: 50 mM Tris-HCl, pH 8.0, 2.5
mM MgCl2, 10 mM dithiothreiotol, 0.5 mM CHAPS, 3 mg/ml bovine serum albumin,
2.5 mM ATP and the 3H-labeled acceptor substrate at different concentrations. The
dNMP kinase activities were determined by initial velocity measurements based on
four time samples with assay conditions described above. The reaction was terminated
by thermal inactivation of the enzyme and the products of the monophosphate kinase
reaction were analyzed by thin layer chromatography spotting 5 µl of the terminated
reaction on polyethyleneimine-cellulose plates. The separation took place in 0.25 M
LiCl as the developing solvent. The spots were identified under UV using a marker mix
of the corresponding nucleotides (25 nmol of each), cut out and the radioactivity
extracted with 0.2 M KCl/ 0.1 M HCl and determined by liquid scintillation. One unit
(U) of kinase activity is defined as 1 µmol of the corresponding monophosphate or
diphosphate product formed per minute. The kinetic data were evaluated by nonlinear
regression analysis using the Michaelis-Menten equation v = Vmax x [S]/(Km + [S]). The
equations were fitted to all available data in a global fit.
3.2.3 Vector construction and establishment of stable cell clones
Vectors carrying EGFP/HSV-tk sense/antisense (I)
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The cloning of pBudCE4.1 EGFP/HSV-tk sense and pBudCE4.1 EGFP/HSV-tk
antisense carrying an EGFP (enhanced green fluorescent protein) gene driven by an
EF-1 a promoter, and a HSV-tk gene in either sense or antisense orientation driven by
a cytomegalovirus (CMV) promoter was performed as described by Asklund et al
(Asklund et al., 2003). pDsRed2-C1 (red fluorescent protein, RFP) was used as
provided (Clontech). Rat glioma C6 cells were transfected with either pBudCE4.1
EGFP/tk sense or pBudCE4.1 EGFP/tk antisense or pDsRed2-C1 using Lipofectamin
Plus reagent (Invitrogen) according to the manufacturer’s instruction. The selection of
positive clones was started after 60 h by either adding zeocin (Invitrogen; 400µg/ml)
to pBudCE4.1 EGFP/tk sense and pBudCE4.1 EGFP/tk antisense transfected cells, or
geneticin (Invitrogen) to a final concentration of 500µg/ml to pDsRed2-C1
transfected cells.
Vectors carrying ToTK1 (IV)
The cDNA of ToTK1 was cloned into a retrovirus vector based on the Moloney murine
leukemia (MLV) virus to generate a replication-deficient recombinant retrovirus
containing the ToTK1. DNA fragments were amplified with Pfu polymerase
(Stratagene) using primers with designed flanking restriction enzyme sites. ToTK1
constructs were cut with BglII/XhoI and cloned into the BglII/XhoI site of the pLCXSN
plasmid vector (Clontech) under the control of the CMV promoter. The plasmid was
purified using the Qiagen plasmid kit (QIAGEN) and the DNA sequence of the
constructed plasmid was verified by DNA sequence determination. pLCXSN alone and
the vector containing HSV-tk (cloned into BamHI/XhoI site) were used as controls.
U87MG cells were transduced with the retroviral vectors containing either ToTK1 or
HSV-tk.
NGC-407 cells were transfected with ToTK1 containing pCI plasmid (Promega) using
FuGENE 6 Transfection Reagent (Roche) and following the manufacturer’s
instructions. Positive NGC-407 cell clones were then selected with hygromycin. The
recombinant cells were also tested for sensitivity to AZT.
3.2.4 FACS analysis (I)
C6 cells carrying EGFP/HSV-tk were mixed with the C6 cells carrying only RFP and
co-cultured. They were treated with GCV, 4-PB and AGA separately or in
combination. To determine the number of EGFP positive, the cell cultures were
subjected to FACS analysis. After one wash with PBS, cells were trypsinized,
pelleted and adjusted to 1–5 x106 cells/ ml in PBS containing 10% FCS. Cell
cytometry was performed using a FACScan cell analyzer (Becton–Dickinson
Bioscience, San Jose, CA, USA). EGFP detection was conducted at 530/30 nm.
Fluorescence >650 nm was measured for internal reference. WinMDI2.8
(http://facs.scripps.edu) was used for analyzing FACS data.
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3.2.5 Fluorescent dye transfer test for functional GJC (I and II)
Background
Goldberg et al (Goldberg et al., 1995) first described the fluorescent dye transfer
method based on the fluorescent probes calcein and dioctadecyl
tetramethylindocarbocyanine perchlorate (DiI) to study GJC. Calcein is a watersoluble acetomethylic (AM) ester which is hydrolyzed intracellularly by cellular
esterases to generate green fluorescent calcein. Calcein can diffuse via gap junctions
to neighboring cells as a marker for functional gap junction coupling. Cell coupling is
defined as calcein diffusion from the labeled cells to at least one adjacent cell. On the
other hand, DiI is a lipophilic tracer and thus membrane-bound and non-transferable
from cell to cell. When cells are double labeled with calcein and DiI and mixed with
unlabeled cells, the DiI stain makes it possible to distinguish primary calcein-labeled
cells from gap junction-mediated calcein-labeled cells.
Procedure
Donor cells were incubated for 20 min at 37 °C with 10 ȝM DiI (Molecular Probes,
V-22885) and 5ȝM calcein-AM (Molecular Probes, C-3099) in serum free medium.
These double labeled cells were rinsed with PBS, trypsinized, rinsed again with PBS
and added to a subconfluent monolayer of unlabeled recipient cells at a ratio of 1:50
(labeled: unlabeled). Calcein dye transfer was documented using a fluorescent
microscope and analyzing acquired images. The gap junction blocker AGA was used
to validate the gap junction-mediated calcein transfer.
3.2.6 Cell proliferation and viability assays (I, II and IV)
Cells were seeded in equal number in 3-4 replicates. The viability was monitored by
MTT (Sigma) or XTT (Roche) colorimetric assays which are based on the
measurement of tetrazolium salt MTT or XTT reduction by the viable cells. The cells
were incubated with MTT dissolved in serum-free culture medium (0.5 mg/ml) for 30
min at 37 °C. The reduced MTT product formazan dye was solubilized by adding
isopropanol. Where XTT assay was used, the defrosted XTT labeling mixture was
directly added to the cell culture following manufacturer’s instruction. After
incubation, plates were read at a microplate reader (570 nm with 650 nm reference for
MTT and 450 nm with 690 nm reference for XTT). AGA was used to investigate the
bystander effect (I and IV). The IC50 value was calculated as the mean value of these
experiments using SigmaPlot® and the formula A = Amax/(1+(I/IC)) (IV).
3.2.7 LUMA analysis (III)
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Genomic DNA of proliferating and differentiating NGC-407 cells cultured with or
without 4-PB was extracted using the GeneElute Mammalian Genomic DNA Miniprep
kit (Sigma). DNA was quantified using NanoDrop ND-1000 spectrophotometer. Global
DNA methylation was assessed by LUMA as described in detail elswhere (Karimi et
al., 2006). Briefly, genomic DNA (200–500 ng) was separately cleaved with HpaII +
EcoRI and MspI + EcoRI and the degree of cleavage was subsequently quantified by
pyrosequencing using PSQ96TM MA system and software (Biotage AB). The calculated
ratio HpaII/MspI (ranging from 0 to1) represents the degree of global DNA methylation
– the more HpaII/MspI ratio, the less methylation, and vice versa.
3.2.8 Animal studies (IV)
Nude rat model of human glioblastoma multiforme for studying the efficacy of
ToTK1/AZT therapy
All animal experiments were conducted in accordance with the ethical guidelines from
Stockholm local ethics committee. Male nude rats ((Hsd:RH-rnu), Harlan, Germany),
aged 8-9 weeks with an average weight of 150-200 g were anesthetized by isoflurane
inhalation and on a stereo tactic platform under microscopic guidance, a burr hole of <1
mm diameter was made in the skull, 2 mm right lateral and 3 mm posterior to bregma.
A total of 3x105 NGC-407-ToTK1 and U87MG cells mixed at the indicated ratios in a
4µl volume were slowly injected 5 mm deep from the skull surface using a 5 µl volume
Hamilton syringe. Starting 24 hours after implantation, the rats were treated
intraperitoneally with AZT 400 mg/kg of body weight per day in 2 divided doses for
upto 21 days. The control groups received equal volume of vehicle (15 % Methyl-ȕcyclodextrin). After sacrificing the animals, brains were quickly collected and
immediately frozen in 2-methyl butane (Sigma) cooled by dry ice. The brains were then
transferred into a -750C freezer until they were sectioned by a cryostat onto SuperFrost
Plus glass slides (Menzel-Gläser) at a 14 µm thickness.
In vivo investigation of NGC-407 cell tropism for malignant gliomas (IV)
The NGC-407 cells used in this experiment were transfected with pCI-EGFP plasmid
expressing green fluorescent protein (GFP) using the Nucleofector™ (Amaxa
Biosystems, Germany) following the provided protocol. The cells were selected for their
resistance to hygromycin. As described in the previous section, a burr hole in the skull of
nude rats was created at 2 mm right lateral to bregma. 1.5x105 U87MG cells in 3ȝl
volume were injected through the burr hole, 3.5 mm deep from the skull surface. The
tumors were allowed to grow for 7 days. Then, 5x105 NGC-407-GFP cells were injected
just contralateral to the U87MG cells implantation. 14 days after NGC-407 cells
implantation, the animals were sacrificed and collected brains were sectioned and
analyzed by immunohistochemistry to trace the NGC-407 cells by their GFP expression.
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3.2.9 Experimental magnetic resonance imaging (MRI) (IV)
MRI experiments were performed using a 4.7 T horizontal bore animal MR system
operating on a Paravision (version 3.0.2) software platform (Bruker Biospec,
Germany). Animals were anesthetized with, and maintained on isofluorane, and body
temperature was maintained with a heated air stream. Respiratory activity was
monitored continuously throughout the experiments. Multislice T2-weighted images of
animal brains were acquired in the coronal, sagittal and axial planes (TR 2,500 ms, TE
95.6 ms, slice thickness 1.5 mm or 0.5 mm, FOV 3.5 cm, 5-16 slices depending on
tumor size).
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4 RESULTS AND DISCUSSIONS
Malignant gliomas are amongst the most devastating and intractable of all cancers. In
spite of exhausting all available therapeutic options including surgical resection,
radiotherapy and chemotherapy, the median survival time after diagnosis is only 12
months for the most common and aggressive glioma GBM (Wen and Kesari, 2008).
The success of suicide gene therapy against them has been limited due to inefficient
gene transfer technologies, insufficient expression of the transgene, limited prodrug
penetration into the brain, inappropriate enzymatic activities or low bystander killing
effects. In this thesis, all these components of suicide gene therapy have been addressed
by in vitro and in vivo experimentations with a goal to improve this promising
therapeutic approach for malignant gliomas.
4.1

4-PB ENHANCES GJC-MEDIATED BYSTANDER EFFECT (I)

First, stable C6 rat glioma cells expressing either RFP or EGFP/HSV-tk sense or
antisense orientation were established in order to investigate bystander tumor cell
killing effect by MTT assay and validate it by FACS analysis. Co-culture of RFP
carrying cells and EGFP/HSV-tk sense or antisense carrying cells were treated with
GCV in the presence or absence of 4-PB. Co-cultures consisting of HSV-tk antisense
cells served as HSV-tk negative control. We found that 4-PB dramatically increased
GCV-induced cell killing of the culture where a portion of cells expressed the HSV-tk
sense. When the gap junction blocker AGA was added to the culture, the 4-PB
enhancement was substantially reduced. FACS analysis showed that AGA did not
prevent death of the HSV-tk positive cells. This suggests that the 4-PB-mediated
enhanced cell killing is due to the death of bystander HSV-tk negative (RFP positive)
cells which should be gap junction dependent as bystander effect is known to be
mediated to a large extent by GJC (Fick et al., 1995). 4-PB was found to increase the
gap junction protein Cx43 expression, which supports the role of GJC in the 4-PB
enhancement of the bystander effect. Cx43 is also known as a tumor suppressor
independent of its function of gap junction formation (Rose et al., 1993, Moorby and
Patel, 2001, Zhang et al., 2003). Therefore, upregulation of Cx43 by 4-PB can be
beneficial from two aspects, enhancement of bystander effect as well as suppression
of tumor growth.
4.2

4-PB INCREASES HSV-TK TRANSGENE EXPRESSION (I)

FACS analysis also revealed that death of the cells carrying HSV-tk sense was
extensive in presence of 4-PB along with GCV compared with the cell death by GCV
treatment alone. To explore the mechanism behind this increased cell death, we
performed RT-PCR to measure HSV-tk expression in those cells. Interestingly, the
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CMV-promoter driven HSV-tk-expression was substantially increased by 4-PB, while
expression of endogenous glucose 6-phosphate dehydrogenase was unchanged. This
corresponds with previous reports that HDAC inhibitors can activate silenced
transgenes (Rosenqvist et al., 2002). The elevated HSV-tk expression might have led
to an enhanced effect of the ganciclovir treatment by an increased GCV
phosphorylation rate. Thus, the enhanced bystander killing effect caused by the
combined treatment with 4-PB and GCV could be inhibited by AGA, but it could not
prevent the gap junction independent death of the cells carrying HSV-tk sense.
4.3

NGC-407 CELLS POSSESS NSC CHARACTERISTICS (II)

By definition, NSCs should have unlimited self-renewal capacity and differentiate to
both neurons and glial cells. As the human embryonic midbrain cell line NGC-407 had
been immortalized for uniformity and in vitro expansion, their self-renewal capacity is
predictable. We aimed to investigate multipotentiality of these cells in vitro. NSCs are
grown and maintained in a medium which is supplemented with mitogens to promote
their proliferation (Gage, 2000). In such a proliferating condition, we found that all
NGC-407 cells expressed the NSC-marker nestin abundantly and uniformly, while a
very few number of cells expressed astrocytic marker GFAP and neuronal marker ȕtubulin III. NSCs are known to start differentiating upon mitogen withdrawal from the
culture media (Cattaneo and McKay, 1990). When bFGF and EGF was removed from
the media, majority of NGC-407 cells differentiated to astrocytes and a smaller portion
of the cells generated neurons. Importantly, immunocytochemical staining showed that
there is minimal overlap between staining of the respective differentiated cell markers
GFAP and ȕ-tubulin III, which is consistent with lineage specific differentiation. A
recent report on this cell line by other investigators verifies this observation (Roybon et
al., 2008).
4.4

NGC-407 CELLS SHOW TROPISM FOR MALIGNANT GLIOMAS (IV)

One of the important issues in NSC-mediated therapy for brain tumors is selecting an
appropriate NSC type through investigation of the efficiency of cell engraftment,
survival, transgene expression and migration. Several studies have demonstrated the
ability of NSCs to migrate towards malignant gliomas. However, those studies mostly
used NSCs and glioma cells, both of murine origin (Aboody et al., 2000, Glass et al.,
2005, Shah et al., 2005, Staflin et al., 2007). NGC-407 cells are of human embryonic
origin and had been obtained, propagated and maintained following GLP guidelines
which renders them to be possibly utilized in both preclinical and clinical studies.
Therefore, we examined these cells for their in vivo survival, transgene expression as
well as migratory capacity towards human glioblastoma xenografts. NGC-407 cells
carrying a GFP reporter gene were implanted into the nude rat brain, contralateral to
the hemisphere bearing a glioblastoma xenograft. NGC-407 cells were traced by their
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GFP expression at different time points after the stem cell implantation. We found
that NGC-407/GFP cells extensively migrated towards the GBM xenografts in the
opposite hemisphere through corpus callosum. They infiltrated the tumor bed and
were found intermingling with the tumor cells inside the xenograft 2 weeks after their
implantation. This also demonstrates that NGC-407 cells can survive in vivo and can
efficiently express the foreign gene GFP.
4.5

4-PB ENHANCES GJC BETWEEN NGC-407 AND GLIOMA CELLS (II)

NSC-mediated suicide gene therapy has been applied in animal malignant glioma
models. Many in vitro and in vivo reports demonstrated that NSCs carrying a suicide
gene can efficiently eliminate glioma cells (Benedetti et al., 2000, Ehtesham et al.,
2002a, Ehtesham et al., 2002b, Brown et al., 2003) (Yang et al., 2004, Li et al., 2005).
However, the heterocellular GJC between NSCs and the glioma cells and the extent of
bystander effect on which this therapeutic approach entirely depends, have not been
properly addressed. By fluorescent dye transfer method, we investigated functional
GJC between NGC-407 and human glioblastoma cell lines in vitro. We found that both
proliferating and differentiating NGC-407 cells were capable to form functional GJC
with human glioblastoma cells, although the extent of dye tranfer from the
differentiating cells was relatively limited, which corresponds with downregulated
Cx43 expression in these cells. After observing the homocellular GJC modulatory
effect of 4-PB in glioma cells (I), we were interested to examine the 4-PB effect in this
heterocellular GJC. 4-PB upregulated C×43 expression along with increased
membranous deposition in both proliferating and differentiating NGC-407 cells.
Simultaneously, Ser 279/282 phosphorylation of C×43 known to be catalyzed by MAP
kinase was inhibited by 4-PB in both these cell types. As a result, we observed an
amplified homocellular GJC among NGC-407 cells, as well as a substantial increase of
heterocellular GJC between both proliferating and differentiating NGC-407 cells and
human glioblastoma cells. It is important to see that 4-PB enhances GJC in both types
of the NGC-407 cells. It is thus likely that 4-PB will maintain an optimum level of the
heterocellular GJC irrespective of the differentiation status of NSCs in vivo. Therefore,
4-PB could be an attractive adjuvant drug for enhancement of bystander effect in NSCmediated suicide gene therapy of malignant gliomas.
4.6

4-PB PRESERVES STEMNESS OF NGC-407 CELLS (III)

4-PB effects on NSC differentiation also needs to be accounted for in utilization of 4PB in NSC-mediated suicide gene therapy. We treated NGC-407 cells with 4-PB in
both their proliferating and differentiating conditions and examined their differentiation
status by stem cell markers nestin and CD133, and differentiated cell markers GFAP
and ȕ-tubulin III. We found that 4-PB inhibited both astrocytic and neuronal

30

differentiation of NGC-407 cells indicated by downregulation of the respective markers
and suppression of morphological characteristics of mature cells such as formation of a
delicate network. This corresponds with the reports that HDAC activity is essential for
the progression of differentiation of embryonic stem cells including NSCs and HDAC
inhibitors such as TSA and sodium butyrate inhibits glial differentiation (MarinHusstege et al., 2002, Ajamian et al., 2003, Lee et al., 2004, Shen et al., 2005).
However, it has also been reported that HDAC inhibitor valproic acid stimulates
neuronal differentiation of adult NSCs (Hsieh et al., 2004). These contrasting effects of
HDAC inhibitors on neural stem cell differentiation has been suggested as being cell
type specific (Roloff and Nuber, 2005, Meshorer, 2007). Importantly, we have also
found that 4-PB preserved the stem cell phenotype of the NGC-407 cells. Nestin
became entirely degraded 5 days after induction of differentiation. However, some of
the differentiating cells retained the integrity of nestin upon exposure to 4-PB. CD133
was also found upregulated in these 4-PB cells. As Cx43 became downregulated in
differentiated NGC-407 cells, resulting in their reduced ability to form GJC with
glioma cells (II), this differentiation inhibitory and stemness preserving effect of 4-PB
may prove useful for NGC-407-mediated suicide gene therapy.
4.7

4-PB INDUCES GLOBAL DNA HYPOMETHYLATION IN NGC-407
CELLS (III)

As epigenetic mechanisms are integrated with each other (Ng and Bird, 1999, Fuks et
al., 2000, Bachman et al., 2001) and play a pivotal role during embryonic development
and NSC differentiation (Li, 2002) (Hsieh and Gage, 2004, Roloff and Nuber, 2005,
Kondo, 2006, Meshorer, 2007), we investigated the global DNA methylation levels in
NGC-407 cells upon differentiation and after 4-PB treatment. We found that NGC-407
cells become globally DNA hypermethylated 5 days after induction of differentiation,
which is consistent with the report that adult brain contains one of the most highly
methylated DNA in the body (Ehrlich et al., 1982). The hypermethylation corresponds
with upregulation and nuclear localization of the de novo DNA methyltransferase
DNMT3B which is known to play relatively more important role during early
development (Okano et al., 1999). When the cells were treated with 4-PB, the global
DNA methylation level was decreased. This correlates with the observed differentiation
inhibitory effect of 4-PB, as global DNA hypomethylation has been shown to inhibit
differentiation of embryonic stem cells, (Jackson et al., 2004). The hypomethylation
may be explained by the demethylating effect of 4-PB as a HDAC inhibitor as reported
previously for TSA (Chen and Pikaard, 1997, Selker, 1998, Ou et al., 2007). However,
we also found some corresponding changes in the expression and localization of
DNMTs. DNMT3B was located more in the cytoplasm than in the nuclei, and the
DNMT1 protein level was decreased, after 4-PB treatment.
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4.8

TOTK1 IS A NOVEL SUICIDE GENE (IV)

By kinetic analysis, ToTK1 was found to efficiently phosphorylate AZT, known to
successfully pass the BBB (Klecker et al., 1987, Rolinski et al., 1997). Importantly, in
contrast to other nucleoside kinases/substrates, ToTK1 also phosphorylated AZTmonophosphates to AZT-diphosphates, the advantageous second rate limiting step in
AZT activation, which human endogenous cellular kinases are unable to catalyze
(Lavie et al., 1997). The Vmax and Km parameters of ToTK1 for AZT and Thd were very
similar. In contrast, most of the enzymes encoded by suicide genes in cancer gene
therapy have higher Km value for their respective nucleoside analog prodrugs than for
the endogenous precursors for DNA synthesis (Mercer et al., 2002), which results in
substrate out-competition of the prodrugs in vivo. ToTK1 had also a favorable catalytic
efficiency (kcat/Km) for AZT defined by its low Km and high Vmax values, which most of
the frequently used suicide gene systems such as HSV-tk/GCV lack (Springer and
Niculescu-Duvaz, 2000). Altogether, the kinetic parameters indicate that ToTK1 is
catalytically superior to other suicide genes including HSV-tk.
We then compared the efficiency of ToTK1/AZT suicide gene therapy approach with
HSV-tk/GCV system in an in vitro GBM model. ToTK1 dramatically increased the
sensitivity of human GBM cells to AZT, while HSV-tk increased the sensitivity to
GCV modestly. IC50 for AZT was 7.4 mM in parental U87MG cells compared to 16
µM in U87MG-ToTK1 cells, showing approximately 500-fold increase in AZT
sensitivity when the cells were transduced with ToTK1. On the other hand, GCV
sensitivity was increased only about 60-fold when the cells were carrying HSV-tk. IC50
for GCV was 1.6 mM in parental U87MG cells and 28.7 µM in U87MG-HSV-tk cells.
These results show that ToTK1 and AZT combination is more efficient than the
combination of HSV-tk and GCV as a suicide gene therapy approach.
4.9

NSC-MEDIATED TOTK1/AZT THERAPY FOR MALIGNANT GLIOMAS
(IV)

NGC-407 carrying ToTK1 were mixed with parental U87MG cells at 1:1, 1:3 and 1:30
ratios. Then they were co-implanted intracranially into nude rats. Another group of
animals received only parental U87MG cells. The rats were treated with AZT or equal
volume of vehicle intraperitoneally for up to 21 days starting 1 day after the
implantation. The AZT-treated rats which received cells at 1:1 and 1:3 ratios, survived
on average 6-7 days longer than the vehicle treated rats. The improvement of survival
was statistically significant (P < 0.05). Tumor growth was followed by MRI on day 1213 and 22-23 post-implantation and tumor volume was measured using the images.
Comparison of tumor size between the first and second MRI follow-ups in the vehicle
treated animals showed that after initial establishment, the tumor grew very fast. Upon
exposure to AZT, tumor size were 25% and 50% of the respective vehicle treated
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tumors at 1:1 and 1:3 ratios of NGC-407-ToTK1 and U87MG cells. There was no
difference in tumor size where only U87MG cells were injected, which indicates that
AZT does not have an effect in absence of ToTK1. At the 1:30 ratio, exposure to AZT
resulted in an apparent reduced tumor size and increased survival by 3 days, although
this was not statistically significant. It is important to note here that the reduced tumor
size was observed in immunocompromised animals which were used to prevent
rejection of human cell grafts. Immune response is known to improve the efficacy of
suicide gene therapy by enhancing bystander effect (Freeman et al., 1997). Therefore,
the observed effect may be even greater in immunocompetent animals or in a clinical
setting. However, considering the rapid growth of tumor, surgically debulked tumors
will presumably require several injections of ToTK1 expressing stem cells in a clinical
setting, a procedure which is technically not realistic in animal studies. Although this
experimental set-up does not closely mimic the clinical therapeutic approach where a
glioblastoma patient gets treatment for an existing tumor, it does provide evidence in
favor of the effectiveness of ToTK1 in vivo.
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5 CONCLUSION AND FUTURE PERSPECTIVES
Different suicide gene therapies have been applied in animal models of malignant
gliomas. A number of clinical trials have also been conducted, albeit with very
limited success (Oldfield et al., 1993, Ram et al., 1997, Palu et al., 1999, Trask et al.,
2000). Some hurdles, concerning specifically gene delivery system, transgene
expression, enzyme activity, brain penetration and activation of prodrug and
bystander effect, must be overcome before suicide gene therapy will become a
clinically efficient treatment of malignant gliomas. The papers included in this thesis
address all these issues.
Using the herpes simplex virus thymidine kinase/ganciclovir (HSV-tk/GCV) suicide
gene therapy system, we found that the histone deacetylase (HDAC) inhibitor 4phenylbutyrate (4-PB) dramatically enhanced the gap junction-mediated bystander
glioma cell killing effect and also activated the recombinant HSV-tk gene expression.
As neural stem cells (NSCs) has emerged as a potential gene delivery vehicle, we
characterized the human embryonic midbrain stem cell line NGC-407 and showed
that these cells can be used to carry and deliver a suicide gene into malignant gliomas.
NGC-407 cells were able to express a foreign gene over a long period of time in vivo,
possessed extensive migratory capacity for xenografted human malignant gliomas
and had the ability to form gap junction communicaiton (GJC) with the glioma cells.
Interestingly, 4-PB enhanced this heterocellular GJC between the NGC-407 and
glioma cells as it did for the homocellular GJC among glioma cells. 4-PB also
inhibited differentiation of NGC-407 cells and preserved their stem cell phenotype.
These findings are important for a NSC-mediated suicide gene therapy paradigm as
we also found that differentiated NGC-407 cells had less ability to form GJC with
glioma cells. Taken together, 4-PB can be used to improve NSC-mediated suicide
gene therapy through enhancing the bystander effect.
Finally, we identified and thoroughly characterized a novel suicide gene of plant
origin, a tomato thymidine kinase 1 (ToTK1) which is specific for the prodrug
zidovudine (AZT) known to successfully pass the blood-brain-barrier. One of the
unique properties of this kinase is its ability to catalyze the AZT monophosphate to
diphosphate reaction in addition to monophosphate conversion. Both these steps are
rate limiting in AZT activation. In an in vitro malignant glioma model, we found
ToTK1/AZT combination superior to HSV-tk/GCV approach as a suicide gene therapy
system. In order to examine in vivo efficacy, we delivered ToTK1 into human
glioblastoma xenografts by recombinant NGC-407 cells. After exposure to AZT, the
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xenografts were substantially smaller. Significantly improved survival was also
observed for the treated animals.
Various approaches are being investigated to improve suicide gene therapy strategy.
These include mutations of suicide genes, use of multiple genes, new prodrugs for old
enzymes, new formulations of prodrugs, development of efficient vectors, stem cell
delivery of suicide genes and radiosensitization of tumor cells (Benedetti et al., 2000,
Grignet-Debrus et al., 2000, Miura et al., 2002, Desaknai et al., 2003, Wiewrodt et al.,
2003, Niculescu-Duvaz and Springer, 2005). From this perspective, the ToTK1/AZT
combination along with stem cell-mediated gene delivery represents a promising new
treatment for malignant gliomas.
How 4-PB modulates this NGC-407 cell-mediated ToTK1/AZT therapy of malignant
gliomas as an adjunct remains to be further investigated.
As malignant gliomas are usually rapidly fatal, a survival benefit of only a few
months with new therapeutic regimens is considered clinically meaningful in most
clinical trials on this cancer (Stupp et al., 2005). The superiority over the clinically
attempted HSV-tk/GCV system, the observed growth inhibitory effect, and
significant survival benefit in animal models justify aiming for clinical trials of
ToTK1/AZT suicide gene therapy on malignant glioma patients, particularly with the
immediately fatal recurrent disease. This therapeutic strategy along with the stem
cell-mediated gene delivery may also be applied for other kinds of solid tumors.
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