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Abstract
Two distinct variable number tandem repeats (VNTRs) within the human serotonin
transporter gene (SLC6A4) have been implicated as predisposing factors for CNS
disorders. The first termed linked polymorphic region (LPR) located in the 5’
promoter exists as two common alleles, short (5 ) and long (/) of a repeated 22 or
23bp element. The second VNTR in intron 2 (Stin2) exists as three common allelic
variants containing 9, 10, or 12 copies of a repeated 16 or 17 bp element. Both of
these VNTRs have previously been demonstrated to act as transcriptional regulators
based on copy number and sequence. These two VNTR domains often correlate with
the same clinical conditions.
In this thesis I studied the potential molecular mechanism by which the SLC6A4
VNTRs could modulate expression of the SLC6A4 gene, and whether these VNTRs
mediate a response to drugs such as lithium and cocaine which alter the SLC6A4
gene expression.
Data presented in this thesis demonstrate that the two alleles of the 5’ promoter
VNTR are bound and differentially regulated by CTCF; a transcription factor known
to modulate the function of the Stin2 VNTR as a transcriptional regulator in vitro. I
further demonstrate that the 5’ LPR and Stin2 VNTRs act synergistically when in the
context of the same reporter gene construct and that this activity can be differentially
modulated by CTCF. We extrapolated our findings to the endogenous gene and
demonstrated that both lithium and cocaine were found to exert their mechanism of
action at least, in part, via regulation of chromatin structure associated with the
SLC6A4 gene locus. This chromatin modulation was correlated with binding of
proteins to the VNTRs. Lithium and cocaine displayed differential effect on proteins
binding to the VNTRs of the SLC6A4 gene which could modulate epigenetic
markers, demonstrating distinct pathways by which these stimuli can regulate
expression of the SLC6A4 gene.
Taken together these data indicate the potential for the 5’ LPR and Stin2 VNTRs to
act together in cis to modulate SLC6A4 gene expression. The ability of distinct
polymorphic domains within the same gene to modulate a response to the same
signal transduction pathway under normal physiological conditions or response to a
particular drug might reflect a variation in the transcription of the SLC6A4 gene,
therefore, should be incorporated into clinical genetic correlations with a specific
condition.
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Chapter 1
General Introduction

1.1 Epigenetics
1.1.1

Basal transcription machinery
Genetic information flows from DNA to RNA in a process known as

transcription. To achieve precise regulation of mRNA transcription, the cell utilises
the coordinated action of general transcription and mRNA modification factors. In
eukaryotes, genes transcription is predominately carried out by the enzyme RNA
polymerase II.
RNA polymerase II alone is incapable of specific initiation and transcription,
and requires the activity of other factors known as the general transcription factors
(GTFs) such as TFIIA, TFIIB, TFIID, TFIIE, TFIIF and TFIIH. The GTFs
sequentially assemble on the core promoter forming stable nucleoprotein complexes
and recruit RNA polymerase II to form the preinitiation complex (PIC). Three
distinct classes of DNA sequence elements direct RNA polymerase II transcription.
The first includes DNA sequences within the core promoter; a pyrimidine-rich
initiator motif and generally a TATA-box (consensus TATAAA) located
approximately 25-35 bp upstream of the transcription start site. Both of these DNA
elements are recognised by the GTF machinery to initiate transcription. The other
two classes are cA-regulatory elements: proximal-promoter elements and distalpromoter elements (enhancers). Transcription factors bind to these c/.v-regulatory
elements, regulating transcription rate and expression pattern by either activating or
inhibiting the recruitment and assembly of the PIC (Figure 1.1) (reviewed in
Orphanides et al., 1996).
During initiation, RNA polymerase II is phosphorylated at serine 5 of its Cterminal domain (CTD), and dissociates from the initiation complex. The initiated
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form of RNA polymerase II is then phosphorylated at serine 2 and begins
synthesising RNA (elongation phase). A single gene can be transcribed
simultaneously by several RNA polymerase II enzymes following one another
(Hahn, 2004). The synthesised transcript known as pre-mRNA will undergo further
processing before being transported to the cytoplasm. Both ends of the pre-mRNA
are modified and introns (non-coding DNA sequences) are spliced out during RNA
processing. Alteration of the mRNA ends involves the addition of modified guanine
nucleotides to the 5’ end (5’ cap) and a poly-A-tail to the 3’ end of the transcript.
These modified ends promote the transport of mRNA into the nucleus as well as
preventing mRNA from degradation.
The binding of activators or repressors to regulatory sequences within genes
is not the only transcription regulatory mechanism. DNA is packaged into
chromatin, and chromatin structure is now known to be a key mechanistic factor in
transcriptional regulation of eukaryotic genes. In the following sections, I will
discuss DNA packaging into chromatin, the role of chromatin in transcriptional
regulation and the importance of histone and DNA modifications in this regulation.

Figure 1.1: Association of RNA polymerase II and GTFs to core promoter for
transcription initiation.
Core promoter elements shown are the TATA-box, promoter-proximal elements and
promoter-distal elements (enhancers) (modified from B. Lewin, Genes IX).
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1.1.2 Packaging of DNA in chromosomes
Eukaryotic DNA is packaged into the nucleus of the cell in the form of
chromatin, and must remain functional and accessible to several processes requiring
protein access to DNA such as transcription, replication and DNA repair. The
nucleosome is the fundamental unit of chromatin, including a repeating unit of 147
bp of DNA wrapped 1.65 turns around the core histones octamer; consisting of two
copies of each of the histones H2A, H2B, H3 and H4 (Komberg and Thomas, 1974;
Luger et al., 1997). Histones are small basic proteins consisting of globular domains
and a charged amino-terminus (N-terminus) tail. These histone tails extend outwards
from the nucleosome between turns of DNA. More than one fifth of the histones’
amino acids are positively charged (lysine and arginine) which enables tight binding
to the negatively charged DNA backbone, with more than 14 contact points between
histones and DNA, making the nucleosome a very stable protein-DNA interaction
under physiological conditions. Decondensed chromatin, also known as 11-nm fiber
resembles ‘beads on a string’, each ‘bead’ is a nucleosome and the ‘string’ is the
linker DNA. A more condensed higher-ordered structure is achieved by the binding
of a fifth histone; the linker histone HI to the DNA and due to interactions of histone
tails to linker DNA and nucleosome on either side, this level of condensation is
known as ’30-nm fiber’. The 30-nm fiber forms looped domains ‘300-nm fiber’. The
looped domains are further folded producing the characteristic metaphase
chromosome (Figure 1.2) (Felsenfeld and Groudine, 2003; Luger et al., 1997).
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Figure 1.2: The nucleosome and DNA packaging into chromatin
(A) The chromatin nucleosome consists of a 147 bp of double helix DNA wrapped
1.65 turns around the histone octamer; two copies of the histone proteins (H2A,
H2B, H3 and H4) and a linker histone HI (B) The organisation of DNA within the
chromatin structure (modified from Felsenfeld and Groudine, 2003).
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1.1.3 The role of chromatin during transcription
Cells must express a particular subset of genes in a specific expression
pattern, and often maintain cellular memory of these expression profiles in order to
achieve different phenotypic properties and functions. Following the finding that
nucleosomes hinder RNA polymerase II transcription in vitro (Knezetic and Luce,
1986; Lorch et al., 1987), in addition to gene expression increasing upon
nucleosome loss in vivo (Han and Grunstein, 1988) it became apparent that
nucleosomes play more than a structural role, and have an active role in regulating
appropriate levels of transcription. The packaging of DNA into nucleosomes
prevents the recognition of DNA sequences by sequence specific DNA-binding
proteins and affects DNA transcription at all stages (reviewed in Workman and
Kingston, 1998). The nucleosome structure affects the binding of activators or
repressors to regulatory DNA sequences and regulates the formation of the
transcription pre-initiation complex and the binding of TATA-binding protein (TBP)
to promoter regions (Imbalzano et al., 1994). Nucleosome structure further restrains
transcription by inhibiting RNA polymerase elongation. Various studies have
demonstrated that RNA polymerase is either slowed or completely stopped by
nucleosomal structure (Lorch et al., 1987; Chang et al., 1997; Studitsky et al., 1994;
Izban et al., 1992; Studitsky et al., 1995; Bondarenko et al., 2006; Kireeva et al.,
2005). Unwrapping of nucleosomal DNA is an important mechanism that increases
accessibility of regulatory proteins and transcription factors to their target DNA
sequences. Nucleosomal structure is modified by various modifications mainly on
histone tails (histone modifications), which result in regulation of underlying DNA.
Other factors, including DNA méthylation and small nuclear RNAs have also been
implicated in transcription regulation (Goldberg et al., 2007). Therefore, cells
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achieve and maintain tissue-specific gene expression and/or silencing patterns
(inherited ‘on-off states’) through heritable changes in gene function that occur
without alteration to the DNA sequence, such mechanisms are termed ‘epigenetic’.

1.1.4

Epigenetic control of transcription

1.1.4.1 Histone modifications
Core histone tails are subjected to a variety of post-translational
modifications that are considered key reactions to the modulation of chromatin
structure and function. Modifications known thus far are lysine (K) and arginine (R)
méthylation, lysine acetylation, serine (S) and threonine (T) phosphorylation, lysine
ubiquitylation, lysine SUMOylation and poly-ADP-ribosylation of glutamic acid. A
specific set of modifications partitions the genome into euchromatin; where DNA is
more accessible to the transcription machinery and compromises the bulk of
transcriptionally active regions within the genome, or heterochromatin; gene-poor,
relatively inaccessible to DNA binding proteins and transcriptionally silent.
Heterochromatin domains usually occur in large blocks such as those at and near
telomeric and centromeric sequences or smaller regions dispersed throughout the
genome. Defined boundary elements act as barriers between euchromatin and
heterochromatin domains preventing euchromatin genes being silenced by
heterochromatin spreading (Noma et al., 2001). A summary of most common
histone modifications is presented in Figure 1.3.
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Figure 1.3: Modifications of the N-terminal residues and globular domain of
histones. Méthylation, acetylation, phosphorylation and ubiquitylation of specific
residues are shown (adapted from Lodish et al., Molecular Cell Biology, 6th ed).
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1.1.4.2 Histone modifications in transcriptional regulation
Various models have been proposed to explain the role of histone
modifications in transcriptional regulation. One is that histone modifications affect
chromatin structure directly. All histone modifications, apart from méthylation,
change nucleosome electrostatic net charge, therefore, disrupting structural
properties of DNA-histone interactions (Roth and Allis, 1992). Furthermore, the
addition of these chemical moieties to the histone proteins affects chromatin highordered structure (e.g. ubiquitylation and SUMOylation add large moieties, twothirds the size of the histone protein). A second model ‘the signalling-pathway
model’, states that histone modifications create binding surfaces for various non
histone proteins, known as effector protein complexes that bind to these covalent
modifications to carry out enzymatic activities (e.g chromatin remodelling) that
further modify chromatin and regulate transcriptional activity (Schreiber and
Bemnstein, 2002). Either model can be reconciled with the ‘histone code’ hypothesis
which suggests that distinct histone modifications, act sequentially or in combination
to specify distinct expression patterns (Strahl and Allis, 2000; Jenuwein and Allis,
2001). The recruitment of effector proteins to histone modifications is targeted as
these proteins bind through specific domains. Acetyl-groups on lysine residues are
recognised by bromodomains, whereas, méthylation is recognised by chromo-like
domains of the royal family (chromo, tudor, MBT) and non-related PHD domains
(Dhalluin et al., 1999; Jacobs et al., 2002). For instance, BPTF a factor in the NURF
chromatin remodelling complex was found to bind tri-methylated lysine 4 in histone
H3 (H3K4m3) via a PHD domain activating Hox gene expression (Wysocka et al.,
2006). Another example is the recruitment of the heterochromatin protein 1 (HP-1)
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to H3K9me that is associated with deacetylase activity and maintains pericentric
heterochromatin (Zhang et al., 2007).
Studies have suggested that nucleosomal DNA is accessible to transcription
factors, and that chromatin remodelling further enhances the binding of specific
transcription factors (Bucceri et al., 2006, Utley et al., 1997). Genome-wide studies
have revealed that nucleosomes are at a lower density and less stable in promoter
regions compared to the open reading frame and intergenic regions and that there is
an inverse relationship between nucleosome occupancy at promoters and
transcriptional activity of the gene (Lee et al., 2004; Bernstein et al., 2004; Sekinger
et al., 2005; Ercan and Simpson, 2004). Furthermore, Yaun et al., have revealed in
yeast, that most transcription factor motifs were devoid from nucleosomes and that
chromatin organisation at RNA polymerase II promoters have a nucleosome-free
region, approximately 200 bp upstream of the start codon. The nucleosome-free
region contains transcription factor binding sites and included known DNasehypersensitive sites (DHSs) (Yuan et al., 2005).
In response to signalling cascades to transcription factors, positive-histone
modifications marks are established on the gene locus, during initiation, early and
mature elongation, to open the chromatin by transient displacement of nucleosomes,
recruiting positive-regulatory protein complexes and RNA polymerase II, resulting
in gene activation. In contrast, the binding of repressors establishes negative marks
across the gene to close the chromatin and suppress transcription. However, histone
modifications are often more complex as many of these marks have opposing roles
depending where the modification is taking place (promoter versus coding regions).
Furthermore, positive-acting marks are now known to recruit both negative and
positive regulators (Shi et al., 2006; Huang et al., 2006). In addition, negative marks
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were found within active genes across ORFs (Vakoc et al., 2005). Therefore, the
presence of modifications is not simply a reflection of a specific on’ or ‘off
regulatory status.
Two families of enzymes modulate chromatin structure and function. One
family are the ATP-dependent chromatin remodelling enzymes. The second are
enzymes that covalently modify specific residues, mainly at the histone tails (Strahl
and Allis, 2000).

1.1.4.3 Chromatin remodelling
To enhance the accessibly of DNA binding proteins to nucleosomal DNA,
the cell employs chromatin remodelling complexes to catalyse the movement of
nucleosomes relative to DNA. These chromatin remodelling enzymes utilise ATPhydrolysis to catalyse the transient unwrapping of the DNA from the histone
octamer. Chromatin remodelling complexes can be separated into several groups
including: SWI/SNF, ISWI, NURD/Mi-2/CHD and SWR1. Various models have
been proposed by which remodelers can mobilise or eject nucleosomes to expose the
DNA either by sliding the histone octamer into a new position, by removing or
replacing the H2A-H2B dimer or by completely displacing the octamer (Figure 1.4)
(Cairns, 2007). Each remodelling complex disrupts nucleosome structure in a
particular manner and has a unique mode of regulation, as each complex is
associated with different cofactors and interacts selectively with other regulatory
proteins that bind specific DNA sequences. For example, chromatin ejection can be
carried out by the SWI/SNF remodelling complex but not by the ISWI complex
(Lorch et al., 2006). However, remodelling complexes still share common
properties; for instance, most remodelers can slide nucleosomes, though with
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different efficiencies (Varga-Weisz et al., 1997; Owen-Hughes and Workman,
1996). Following remodelling, the nucleosome-free region is available for the
formation and binding of the pre-initiation complex (PIC). During transcription
elongation, histone acetyltransferase complexes associate with the elongating form
of RNA polymerase. These then acetylate histones in front of RNA polymerase II to
facilitate the disassembly of nucleosomes. Lee et al., showed that highly transcribed
regions are partially depleted of nucleosomes in coding regions. Following the
passage of RNA polymerase II, histone deacetylase complexes remove the
destabilising acetyl-group to facilitate the reassembly of nucleosomes (Lee et al.,
2004). However, some positive marks, such as methylated histones may be left
behind for subsequent rounds of transcription.

Transcription
factors and RNA
pol II bind to DNA.

Figure 1.4: Chromatin remodelling.
Chromatin remodelling complexes catalyse the movement of nucleosomes relative to
DNA for subsequent general factor binding (adapted from B. Lewin, Genes IX).
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1.1.4.4 Histone acetylation
Acetylation of lysine residues within the histone N-terminal tails is among
the best-characterised histone modification. Lysine acetylation neutralises histone
net-positive charge, decreasing the strength of the electrostatic interaction between
histones and DNA. This results in a more decondensed and open chromatin
configuration that is more accessible to DNA binding proteins (Figure 1.5).
Accumulated evidence in the literature supports a general model that histone
acetylation is almost invariably associated with transcriptionally active DNA
(Kurdistani et al., 2004; Bulger el al., 2005; Sterner and Berger, 2000; Kuo and
Allis, 1998; Struhl, 1998; Mizzen and Allis, 1998). Histone acetylation is catalysed
by histone acetyltransferases (HATs), which are transcriptional co-activators, as they
do not bind directly to DNA but rather bind DNA-binding activators (Utley et al.,
1998). Acetyl-transferases are divided into three main families, CBP/p300, GNAT,
and MYST (reviewed in Sterner and Berger, 2000).
It is suggested that recruitment of HATs to defined sites via sequence
specific activators leads to histone acetylation at specific lysine residues ‘selectively
targeted acetylation’ rather than broader acetylation, the latter resulting in ‘simple
charge neutralisation’ (Deckert and Struhl, 2001; Vogelauer et al., 2000). For
example, the histone acetylase Gcn5 was found to preferentially acetylate lysine 8
and 16 of histone H4 and lysine 14 of histone H3 (Kuo et al., 1996). However, this
model cannot be generalised as most of the eukaryotic chromatin is hypoacetylated
and activation of cell-specific genes were found within broad acetylated domains
(e.g P-globin loci) (Litt et al., 2001; Hebbes et al., 1992).
The acetylation of histones can be reversed by the activity of histone
deacetylase complexes (HDACs) that remove acetyl-groups from histone tail lysine
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residues, increasing histone net positive charge, thereby increasing histone-DNA
interaction, which results in a more condensed and closed chromatin structure.
Histone deacetylation is associated with heterochromatin repressed DNA (Figure
1.5) (Pokholok et al., 2005). The activity of the HDAC complexes is also believed to
be site specific, for instance, HDAC/Rpd3 preferentially deacetylates lysines 5 and
12 of histone H4 (Taunton et al., 1996). The interplay between FLATs and HDACs is
one mechanism that determines the dynamic transition in chromatin structure and
function.
Various groups have studied the sequential action of histone modifying and
remodelling enzymes and have demonstrated that histone acetylation precedes and
promotes the action of the ATP-dependent chromatin remodelling complex
SW1/SNF, which alters chromatin for subsequent general factor binding (Dilworth et
al., 2000; Agalioti et al., 2000; Hassan et al., 2001; Reinke et al., 2001). Histone
acetylation is necessary, but not completely sufficient for transcription, and other
histone modifications and chromatin remodelling is required to act in synergy with
histone acetylation to achieve full chromatin accessibility.
Activation

Repression

Figure 1.5: Acetylation of histone tails promote loose chromatin structure and
associate with transcription, whereas deacetylation results in condensed
chromatin and associate with repressed heterochromatin DNA.
Transcription factor binding recruit the activity of either coactivators (HATs) or
corepressor (HDAC) that will either activate or repress transcription.
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1.1.4.5 Histone méthylation
Histone méthylation is more complex than histone acetylation, as its effect on
transcriptional regulation is dependent on the residue being modified (Kouzarides,
2002). Histones are methylated either on their lysine and/or arginine residues.
Méthylation of lysine residues can be one of three different forms (mono-, di-, tri
methyl), while méthylation of arginine residues can be (mono- or di-methyl/
asymmetric or symmetric). Méthylation of lysine 4, 36 and 79 in histone H3 is
associated with transcriptional activation, whereas, méthylation of lysine 9 and 27 in
histone H3 and lysine 20 in histone H4 is associated with transcriptional repression
(Kouzarides, 2007; Lee et al., 2004; Sims et al., 2003; Noma et al., 2001). For
example, in yeast, méthylation of lysine 9 in histone H3 is strictly localised to a
heterochromatin region, whereas méthylation of lysine 4 in histone H3 is specific to
euchromatin regions (Noma et al., 2001).
The methyl-groups are relatively small, and unlike acetylation, méthylation
does not neutralise the positive net charge of histones, therefore, it is unlikely to
affect chromatin structure. Histone méthylation functions by creating a binding
surface for effector proteins with a specific binding domain to carry out a defined
function. For example, méthylation of lysine 4 recruits the function of positive
acting effector complexes (e.g SAGA, MLL and NuA3) across promoters and ORFs
during gene activation (Sims et al., 2006; Wysocka et al., 2006; Martin et al., 2006).
In contrast, méthylation of H3K9 recruits the repressor chromo-containing HP-1
protein to promoter regions and has been mainly linked to heterochromatic domains
and repressed genes (Bannister et al., 2001; Lachner et al., 2001). However, the
association of H3K9 méthylation with repressed DNA is not specific, as H3K9
méthylation was also found to be enriched in coding regions of active genes along
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with méthylation of H3K36 and is suggested to play a role in transcription
elongation (Vakoc et al., 2005; Kouzarides, 2007). The involvement of a single
modification in regulating various epigenetic functions adds to the complexity of
histone modification. For example, a single lysine residue can be methylated by
various histone methyltransferases. It is thought that these enzymes are being
recruited by different DNA-bound proteins and may be within different complexes,
which have different roles in gene regulation.

The histone demethylase can reverse histone méthylation. The first
demethylase to be identified was LSD1 (Shi et a l, 2004), new other demethylases
have now been identified (reviewed by Zhang and Reinberg, 2001). LSD1 has
differential role in transcriptional regulation, when LSD1 demethylates H3K4, it
leads to transcriptional inactivation, whereas, when it demethylates H3K9 it was
found to activate transcription (Metzger et al., 2005). Reversing the méthylation of
arginine residues is carried out by deiminase; deiminases convert arginine residues to
citrulline. Citrullinated histones are then converted back to unmodified histones or
replaced by unmodified histones (Arita et al., 2006).
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1.1.4.6 DNA méthylation
DNA méthylation is a stable epigenetic mark that occurs predominantly at
CpG dinucleotide sequences in mammals and is inherited throughout cellular
divisions (Bird, 2002). The majority of the CpG dinucleotides in the genome are
methylated; however, cluster of CpGs termed ‘CpG islands’ are found in the
promoter region of the gene remain unmethylated (Takai and Johnes, 2002, Ng and
Bird, 1999). DNA méthylation regulates various genomic functions, such as gene
regulation, chromosomal stability and imprinting (reviewed in Bird, 2002). DNA
méthylation is catalysed by the activity of two types of DNA methyltransferases
(DNMTs): de novo and maintenance methyltransferases (reviewed in Bird, 2002;
Reik, 1999). De novo méthylation is catalysed by DNMT3a and DNMT3b, and
mediates DNA méthylation patterns during early embryo and development (Okano
et al., 1999). DNMT1 maintains these méthylation patterns during cellular divisions
(Liu et al., 1998). DNA méthylation is generally correlated with transcriptional
silencing, and the mechanisms by which DNA méthylation represses transcription
have begun to be uncovered. DNA méthylation can directly inhibit transcription by
preventing transcription regulatory factors from binding to their sequences (Bell et
al., 1999; Hark et al., 2000; Tate and Bird, 1993), or indirectly by methyl-binding
proteins such as MeCP2 and MBD2 binding to methylated DNA, and recruiting the
function of histone deacetylase complex (HDAC) and chromatin remodelling
complexes (NURD), respectively, altering chromatin structure and repressing
transcription (Bird and Wolffe, 1999; Nan et al., 1998; Jones et al., 1998; Zhang et
al., 1999; Wade et al., 1999). The interaction between these methyl-binding proteins
and histone modifying complexes suggests a link between DNA méthylation and
histone modifications. More evidence is emerging that pattern of DNA méthylation

17

is linked to pattern of histone modifications. For example, méthylation by DNA
methyltransferase leads to the recruitment of the methyl-CpG-binding protein 2
(MeCP2), which in turn recruit and associate with the histone deacetylase complexes
(HDACs), histone methyltransferases (HMTs), or SWI/SNF chromatin remodelling
complex (Zhang and Reinberg, 2001; Nan et al., 1998; Jones et al., 1998;
Harikrishnan et al., 2005). In such model, DNA méthylation influences histone
modifications; however, it has been shown that the opposite also occur; histone
modification influences DNA méthylation, as in fungus Neurospora crassa,
méthylation of histone lysine 9 was found to be essential for DNA méthylation
(Tamara and Selker, 2001; Jackson et al., 2002). Mutskov et al., have shown that
acetylation, prevent DNA méthylation, and that DNA méthylation often leads to
histone deacetylation (Mutskov et al. 2002). Regardless of the order of modification,
the evidence is suggesting a cross-talk between DNA méthylation and histone
modifications takes place. Figure 1.6 represents a model depicting the relationship
between DNA méthylation and histone modifications.

18

A

B

Figure 1.6: Models depicting the relationship between DNA methylation,
histone deacetylation, and histone methylation.
(A) The binding of methyl-binding proteins to methylated DNA may recruit histone
deacetylase complexes to deacetylate histone tails, facilitating methylation of
histones by histone methyl-transferase. (B) MBD domain-containing HMTs may
bind directly and methylates histone tails. (C) Methylated histone tails may recruit
DNA methyltransferase to methylates CpG sequences for long term gene silencing.
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1.1.5

Epigenetic inheritance
During the process of development, mature cells become phenotypically

different, though genotypically identical. Distinct cellular functions and phenotypic
properties arise from differential epigenetic regulation, which maintains tissuespecific patterns of gene expression that are set up during differentiation and passed
through generations of cells. This specific pattern of gene expression is known as
‘transcriptional memory’ (Bird, 2007). During DNA replication pre-existing
nucleosomes are dissembled and reformed over the newly synthesised daughter cell
strands, enabling both DNA modifications and stable histone modification to be
transferred from one generation to the next.
A key feature in epigenetic mechanisms is their potential in maintaining
stable modifications within the cell. For example, as most neuronal cells do not
divide, epigenetic regulation of a particular gene expression pattern is sustained
within individual cells, such as that of lysine 4 methylation on histone H3. Different
patterns of H3K4 methylation associate within different stages of the transcription
machinery. H3K4 distribution pattern is that monomethylation is enriched towards
the 3’ end, and dimethylation peaks in the middle, whereas trimethylation occurs
around the transcription start site and the 5’ end of ORF (Pokholok et al., 2005).
Various studies have suggested that this epigenetic mark; methylation of H3K4 serve
as a ‘short-term memory’ informing the cell of the transcription status of a given
gene and how far RNA polymerase II has transcribed through the gene (Ng et al.,
2003). Furthermore, a recent study by Kundu et al., demonstrated the SWI/SFN
chromatin remodelling enzymes in yeast cells established a ‘heritable epigenetic
state’ that allowed a rapid resume of transcription of the GALJ gene (Kundu et al.,
2007).
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Epigenetics marks are potentially affected by the environment and some
evidence is emerging that epigenetic marks can be acquired during a lifetime and
passed through generations (Meany, 2001). A study by Fraga et al., has revealed that
the amount and pattern of DNA methylation and histone acetylation diverge in
monozygotic twins as they become older (Fraga et al., 2005). Various other studies
have shown that the epigenomic state of a gene can be established through
behavioural programming early in life and persevered into adulthood (Weaver et al.,
2004; Meany, 2001; Champagne and Meany, 2001; Champagne et al., 2003).
Therefore, the long-term impact of the environment on epigenetic regulation is
thought to have an effect on phenotype, physiology and behaviour.
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1.1.6

Epigenetic regulation in psychiatric disorders & drug addictions
Alteration in expression levels of a number of genes in specific brain regions

has been reported in various psychiatric disorders (Freeman et al., 2001; Kreek et al.,
2005; Freeman et al., 2002), however, the molecular mechanisms for such changes
Eire still unclear. One characteristic feature of psychiatric disorders, particularly
depression, is the long-lasting nature of the disease and the slow response to
treatment. Recent psychiatric research is suggesting that these long-lasting changes
in gene expression might be due to modulation of epigenetic mechanisms regulating
neuronal gene expression. A study by Tsankova et al., shows several transient and
lasting changes in histone modifications and gene expression in rat hippocampus
following acute and chronic seizure (Tsankova et al., 2004). Another study by the
same group revealed robust and long lasting histone modifications associated with
the promoter of the BDNF gene in the hippocampus of a mouse model of depression
(Tsankova et al., 2006). Interestingly, the negative-histone modification marks were
present for four weeks following ending of defeat-stress and were not reversed by
anti-depressant treatment, indicating the stability of these ‘acquired marks’ at the
BDNF promoter. In fact the anti-depressant action of this treatment was due to the
establishment of positive-histone marks; methylation of H3K4 and acetylation of
histone H3 across the BDNF promoter (Tsankova et al., 2004). These studies
implicate the role of long-lasting epigenetic marks or ‘epigenetic scars’ in regulating
changes in neuronal gene expression.
It is still unclear why drug behaviour persists long after drug-intake
cessation, and why gene expression profiles altered during drug-intake persist after
drug abstinence (Grimm et al., 2003). Recent psychiatric research suggests that
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drugs of abuse and drug-associated cues or stresses, exert long lasting changes in
gene expression through changes in epigenetic mechanisms, such as regulation of
chromatin structure (Renthal et al., 2007; Levine et al., 2005; Kumar et al., 2005).
One mechanism, by which drugs of abuse and antipsychotic drugs can exert
their effect on chromatin modification, is via modulating intracellular signalling
cascades. Cocaine was found to up-regulate cAMP, which activates protein kinase A
(PKA). PKA phosphorylâtes the transcription factor CREB at serine 133 and the
phosphorylated-CREB recruits the activity of the co-activator CREB binding protein
(CBP) which acetylates histones nearby its binding site, facilitating the binding of
further transcriptional activators (Carlezon et al., 1998). Acute cocaine treatment
was also found to increase histone H4 acetylation in cfos and fosb promoters within
30 minutes that was removed within 3 hours (Kumar et al., 2005). It is essential to
explore how repeated cocaine exposure effects epigenetic regulation of gene
expression and how it differs from a single exposure. Various studies have
demonstrated that repeated cocaine administration induces expression of Several
genes for days or weeks following exposure (Grimm et al., 2003; Bowers et al.,
2004; Bibb et al., 2001; Yao et al., 2004; McClung and Nestler, 2003). Freeman et
al., have shown that changes in histone acetylation and gene expression persisted for
up to 2 weeks after cocaine withdrawal (Freeman et al., 2008). A better
understanding of how epigenetic changes associate with psychiatric disorders and
drug addiction will help in understanding the neurobiology of these diseases and
help in developing new therapies.
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1.2 Genetic variation role in transcriptional regulation
1.2.1

Allelic variation in gene expression
The regulation of expression of a given gene can vary between individuals

because of epigenetics and polymorphic variation in regulatory domains where for
example, transcription factors may bind. Many studies have shown that cisregulatory loci (e.g regulatory polymorphisms) in promoters and other non-coding
regions of a gene, in addition to transcription factors (trans-acting modulators)
regulate allele-specific expression (Yan et al., 2002; Bray et al., 2003; Lo et al.,
2003; Heils et al., 1996; Klenova et al., 2004; Roberts et al., 2007). In the absence of
these cw-regulatory domains, paternal and maternal alleles of a gene are equally
expressed, unless one allele is imprinted. However, when an individual is
heterozygous for a c/s-regulatory domain, mRNA expression level will vary from
each allele; termed differential allelic gene expression. Different combinations of
these polymorphisms within our genome create the ‘genetic fingerprint’ which
contributes to determining phenotypic diversity and can lead in part, to individuality
between us. Nearly three decades ago, King and Wilson suggested that changes in
the mechanisms controlling gene expression, rather than the DNA sequence itself
account for the morphological, behavioural and cognitive differences between
human beings and other primates (King and Wilson, 1975). Therefore, it is
suggested that the person we are, is not solely determined by our genes but how their
expression is controlled, hence drugs such as cocaine or alcohol vary our behaviour
in part by modulating gene expression.
The phenotypic consequences of allelic differential expression will depend
on the gene function itself; however, there is growing evidence that genetic variation
plays a crucial role in an individual’s susceptibility to behavioural and affective
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disorders. Many alleles that modify disease risk have been identified in various
disorders, such as Alzheimer’s disease (Brookes and Prince, 2005), schizophrenia
(Liu et al., 1999; Bray et al., 2003), anxiety (Evans et al., 1997), obsessive
compulsive disorder (OCD) (Baca-Garcia et al., 2006), unipolar depression (Ogilvie
et al., 1996), bipolar depression (Battersby et al., 1996; Collier et al., 1996a;
Bellivier et al., 2002) and Parkinson’s disease (Skipper et al., 2006).
Polymorphisms in regulatory regions may also play a major role on how we
respond to drugs and our environment. This suggests that individuals with a
particular combination of polymorphisms may respond differently to the same
medications or environmental stresses. There are several challenges in identifying
these cw-regulatory regions within the genome, one of which being the tissuespecificity of these regulatory domains as well as the difficulty in identifying the
causative regulatory variants that are in linkage disequilibrium with other
polymorphic regions ‘haplotype’. Identification of specific polymorphisms which
associate with specific disorders, or respond to specific environmental stimuli, could
lead to tailored treatments or bespoke medication for individuals based on genomic
variation (Haddley et al., 2008).
Various in-vitro and in-vivo approaches have been carried out to detect
differential allelic gene expression. In-vitro techniques, such as transient transfection
assay, assessing the effect of the polymorphic domain on reporter gene expression,
and protein-DNA interaction, such as gel-shift assays and footprinting, are widely
used. However such approaches are difficult to interpret due to the effect of various
trans-acting factors on allelic expression (e.g., tissue-specific expression) and the
lack of the native chromatin configuration of the DNA sequences. Furthermore, the
design of the construct is critical; the choice of the fragment size to include in the
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reporter gene, as polymorphic regions may have a variable effect when assessed
separately or when in the context of the full-promoter, in which a naturally occurring
haplotype may, exist. An in-vivo approach to assess allele-specific c/s-acting
regulatory domains on mRNA expression is allelic expression imbalance (AEI). This
is a quantitative method that discriminates expression level when the transcript is
heterozygous for a marker (exonic SNPs or intronic SNPs in hnRNA), in which one
allele acts as an internal control for the other, eliminating trans-acting and other
environmental factors that may affect expression (Yan et al., 2002). Another
advantage of such a technique is that the alleles are expressed in their natural
chromatin-context.
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1.2.2

Genetic variability

1.2.2.1 Single Nucleotide Polymorphism (SNP)
Genetic variation is manifest in a number of modes, the most common
genetic variation in DNA sequences are single nucleotide polymorphisms (SNPs),
which are present at a frequency of about 1 in every 1,331 bp in the human genome
(Sachidanandam et al., 2001). SNPs can occur in different forms, such as
substitution, deletion, or insertion. The SNP consortium’s allele frequency project or
the International HapMap project is a collaboration of numerous international
research groups working together to produce a freely available, extensive analysis of
the variation in the human genome across different populations (http://snp.cshl.org)
which promises to provide new material for genetic and disease mapping studies
(Haddley et al., 2008). HapMap, which estimates the occurrence of 10 million SNPs
within the genome, has currently identified more than 1.42 million SNPs
(Sachidanandam et al., 2001). Many of these SNPs occur together, the non-random
association of SNPs is known as ‘linkage disequilibrium’ (LD). This linkage occurs
as a result of inheritance and SNPs sites that are in strong linkage disequilibrium to
each other are termed ‘haplotype blocks’. SNP haplotype are usually within 40 kb of
DNA, however, in some cases haplotype blocks were found to extend over 1000 kb
(Gabriel et al., 2002; Daly et al., 2001). Therefore, a particular haplotype, rather than
an individual SNP, may be associated with predisposition to a specific condition
forming ‘disease haplotype’. Haplotypes may be identified by a common tagging
SNP (tSNP) reducing the need to examine all individual SNP loci when performing
an association study. A tSNP is defined as a change in a particular nucleotide at a
given position associated with a specific haplotype.
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1.2.2.2 Micro-, minisatellites and Variable Number Tandem Repeats (VNTRs)
Micro-satellites are short tandemly repeated sequences of 1-6 nucleotides
(e.g., di- tri- or tetra-nucleotides repeats), that can duplicate transcription factor
binding sites or mediate protein-protein interaction. Micro-satellites are highly
unstable and the proposed mechanism for the tandem repeat instability and
variability is ‘polymerase slippage’. During DNA replication, because of the
repeated sequences, DNA polymerase slippage involves a region of nonparing; the
unpaired DNA region is forced to ‘loop out’. If the loop is within the newly
synthesised strand it result in an insertion, if the loop is on the template strand, it is
removed by enzymatic activity and result in deletion (Figure 1.7). Minisatellites are
longer repeats consisting of 10-100 nucleotides repeated several times in tandem,
which are bordered by unique DNA sequences. Mini-satellites are more stable than
micro-satellites, and the proposed genetic mechanism that originate such variability
among individuals are unequal crossover (non-allelic homologous recombination) or
unequal sister chromatid exchange (Figure 1.8). Micro- and mini-satellites frequently
exist as multi-allelic polymorphisms due to variation in the number of the tandem
repeat units and are used as genetic markers by applying genotyping techniques.
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Figure 1.7: Diagram illustrating the mechanism of DNA replication slippage.
DNA polymerase backwards slippage causes insertion, whereas, forward slippage
causing deletion (adapted from Strachan and Read, Human Molecular Genetics; 3rd
edition).
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A)

B)

Figure 1.8: Diagram illustrating the mechanism of unequal crossover or
unequal sister chromatid exchange from tandemly repeated array causing
either insertion or deletion.
A) Example showing how intragenic equal crossover (homologous recombination)
occurring between alleles on nonsister chromatids can generate novel fusion (hybrid)
gene composed of adjacent segment from the two alleles. B) Example of unequal
crossover (non-allelic homologous recombination) or unequal sister chromatid
exchange. Unequal crossover involve unequal paring of nonsister chromatids
followed by chromatid breakage and rejoining. Unequal sister chromatid exchange
involve unequal paring of sister chromatids followed by chromatid breakage and
rejoining (adapted from Strachan and Read, Human Molecular Genetics 3rd edition).
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A subclass of minisatellites which shows some degree of degeneration ‘non
perfect repeats’, where one repeat may be slightly different from the next but overall
the core consensus sequence is maintained, are termed variable number tandem
repeats (VNTRs) (Jeffreys et al., 1985). The majority of VNTRs are found in non
coding regions of the genome and many are found at higher density in gene enriched
areas compared to non-genic regions (G. Breen SDGP, IOP, Kings College, London,
personal communication), implying their role in transcriptional regulation. VNTRs
have the potential to act as transcriptional regulatory domains as they have sufficient
DNA sequences in the repeat to act as sequence specific DNA-binding sites for
transcription factors. Many of the VNTRs are present in the genome as a feature of
an emerging evolution. VNTRs display evolutionary conservation between humans
and non-human primates but are often not found in lower mammals (Lesch et al.,
1997; Soeby et al., 2005).
Based on published data by our group, VNTRs can function in both a tissuespecific and stimulus-inducible manner to fine-tune gene expression. This fine
tuning could be correlated, mechanistically, not only with normal physiological
function and variation between individuals, but also with a predisposition to
behavioural disorders by altering neurotransmitter signalling in response to
challenges and stress. Furthermore, if stimulus inducible expression varies
dependent on a specific polymorphism associated with a disorder then that may have
similar implications in the response of an individual to pharmacological treatment of
that disorder (Haddley et al., 2008; Fiskerstrand et al., 1999; MacKenzie and Quinn,
1999; Lovejoy et al., 2003; Klenova et al., 2004; Roberts et al., 2007).
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1.3 The serotonin transporter (SLC6A4)
1.3.1

Serotonin (5-HT)
The biochemical pathway for serotonin (5-hydroxytryptamine) synthesis

initially involves the conversion of the amino acid L-tryptophan to 5hyroxytryptophan by the enzyme L-tryptophan hydroxylase. The subsequent
metabolic

step

of

serotonin

synthesis

involves

decarboxylation

of

5-

hyroxytryptophan by the enzyme L-aromatic acid decarboxylase. Serotonin (5-HT)
is an important neuromodulator of emotional behaviour and psychological states.
Disturbances in the serotonergic system have been implicated in the pathophysiology
of many CNS-related disorders such as anxiety (Lesch et al., 2003; Ressler et al.,
2000), depression (Ressler et al., 2000), aggression and antisocial behaviour (Lesch
et al., 2000), addiction (Kreek et al., 2005) and suicide (Arango et al., 2002).

1.3.2

Serotonin transporter
5-HT transporter also termed (5HTT, SLC6A4, SERT) is a Na+/Cl" dependent

transporter that belongs to the solute carrier gene family (SLC). The structural basis
of 5HT reuptake by the SLC6A4 is poorly understood, however, it is believed that
Na+, C f and 5HT bind simultaneously to a single multifunctional binding site from
the cell exterior, which triggers a conformational change, resulting in the binding site
becoming accessible to the cell interior. The dissociation of Na+>CT and 5HT lead to
K+ binding which facilitates the conformational change back with extracellular
accessible binding site. Na+-K+-ATPase maintains the ion gradient across the cell
membrane. In the CNS, 5-HT and SLC6A4 are mostly localised in the perisynaptic
membrane of neurons of the raphe nuclei whose processes innervate many areas of
the brain thought to be involved in cognition and behaviour regulation (McLaughlin
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et al., 1996; Zhou et al., 2000). Following 5-HT release into the synaptic cleft,
SLC6A4 mediates the presynaptic reuptake of 5-HT to the cell for recycling or
metabolic degradation by monoamine oxidases; terminating the serotonergic
neurotransmission (Rudnick and Clark, 1993). By determining the duration and
magnitude of the 5-HT synaptic signal, SLC6A4 plays a key role in regulating the
spatiotemporal fine-tuning of the 5-HT neurotransmission (Blakely et al., 1991).
Therefore, any modulation in the expression or action of SLC6A4 would be
expected to have consequences on behaviour and mood and has been strongly linked
with depression (Owens and Nemeroff, 1994; Owens and Nemeroff, 1998). It is not
surprising then, that the serotonergic signalling pathway is often a target for treating
these complex disorders. In particular, changing the bioavailability of 5-HT in the
synaptic cleft is a major mechanism of regulating 5-HT signalling. The family of
antidepressants known as selective 5-HT reuptake inhibitors or SSRIs (such as
Prozac) target only SLC6A4 (Roman et al., 2003). SSRIs block the transporter
effectively raising, or at least maintaining, the concentration of 5-HT in the synaptic
cleft. Tricyclic antidepressants (TCA) such as amtriptyline also target the SLC6A4
and are still in widespread use despite having a number of undesirable side effects
because they also target other norepinephrin transporters (Roman et al., 2003).

Two VNTRs identified in the non-coding regions of the SLC6A4 gene have
been associated with various psychiatric disorders. These VNTRs are currently being
investigated by a number of research groups, including our own, for their correlation
with behavioural and psychiatric conditions.
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1.3.3

Genetic variation in the SLC6A4 gene

1.3.3.1 SLC6A4 LPR: association studies and functionality
The human serotonin transporter gene (SLC6A4) encompasses 14 exons spanning ~
39 Kb on chromosome 17ql 1.2, encoding a 630 amino acid protein that has twelve
hydrophobic transmembrane domains (Lesch, et al., 1994). Although no coding
mutations have been identified in the SLC6A4 gene, polymorphisms within the non
coding regions of the SLC6A4 gene have been associated with susceptibility to
affective disorder. The first of these to be identified was a biallelic insertion/deletion
found in the 5’ promoter region ~1.4 kb upstream the transcription start site (Heils et
al., 1995; Heils et al., 1996). This VNTR, termed, SLC6A4 linked polymorphic
region (LPR) was initially identified as two allelic variants containing either, 14
(short/deletion) or 16 (long/insertion) copies of a 22-23 bp repeat (Figure 1.9). More
recently, Nakamura et al., verified the existence of subgroups within these variants
to uncover as many as 14 allelic variations of this locus (Nakamura et al., 2000).
One particularly interesting variant of the long (/) polymorphism contains an A to G
(la or lg) substitution, tSNP (rs25531) (Figure 1.9) (Hu et al., 2004; Kraft et al.,
2005; Wendland et al., 2006). Inclusion of this tSNP (lg) has conferred clinical
properties normally associated with the short (.v) allele onto the long (/) allele.
However, no significant variation was observed between /a and Ig variants in a study
employing the use of allelic expression imbalance (AEI) (Martin et al., 2007). They
further identified two SNPs in the middle of the first intron; rsl6965628 and
rs2020933 that showed a significant correlation with the allelic transcript ratio of the
SLC6A4, therefore, contributing to the differential expression of the SLC6A4 gene
(Matrin et al., 2007).
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The distribution of these genotypes varies, with heterozygous and III
individuals appearing with considerably more frequency than homozygous s/s
individuals in the Caucasian population (Heils et al., 1995; Heils el al., 1996).
However, allelic frequencies vary among different ethnic groups. In a review of the
literature, Smits et al., determined that the frequency of the alleles for the Caucasian
population was 27.4-28.3% (///), 43.4—51.0% (s/l) and 21.6-28.3% (sis), whilst in
Asian populations the allelic frequency was 4.2-10.0% (///), 30.0-39.2% (s/l) and
55.6-60.0% (s/s) (Smits et al., 2004).
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L -a lle le 5' LPR sequence
C C C T A C T G C A G Q C C IC C C A G CA T C C C
CCCTGCAACCTCCCAGCAACT
CCCTGTACC C C T C CTAGGATCG C
TCCTGCATCCCCCATTATCCCCC
CCTTCA C C C C T C G C G G C A T C C C
CCCTGCACCCCCAGCATCCC
C CC TG C A G C CC C CC C A G CA T CT C
CCCTGCACCCCCAGCATCCC
CCCTGCAGCCCTTCCAG CATCC
CCCTGCACCTCTCCCAGGATCTC
C C C T G C A A C C C C CA TTA T C C C
CCCTGCACCCCTCGCAGTATCCC
C C C T G C A C C C C C CA G CA TC C C C
CCATGCACCCCCGGCATCCC
CCCTGCAC C C C T C C A G C A TTC T
CCTTGCACCCTACCAGTAT

R epeat Num ber
RP1
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RP12
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RP16

S -a lle le 5 ‘ LPR sequence
CCC TA C TG C A G C G C IC C C A G CA T C C C
CCCTGCAACCTC CCAG CAACT
C C C T G T A C C C C T C C TA G G A T C G C
TCCTGCATCCCCCATTATCCCCC
CCTTCAC C C C T C G C G G C A T C C C
CCCTGCA CCCCCAG CA TCCC CCC

G CAG CCCTTCCA G CATCC
C C C T G C A C C T C T C C C A G GA T C T C
C C C T G C A A C C C C CA TTA T C C C
CCCTGCACCCCTCGCAGTATCCC
CCCTGCACCCCCCAGCATCCCC
CCATGCACCCCCGGCATCCC
CCCTGCAC C C C T C CA G CA TTCT
CCTTGCACCCTACCAGTAT

Figure 1.9: Schematic representation of the SLC6A4 structure:
(A) Schematic representation of the SLC6A4 structure, highlighting the 5’ LPR and
Stin2 VNTRs from the transcription start site. (B) Structure and sequence of the
SLC6A4 5’ LPR VNTR Left: /-allele LPR sequence, Right: 5-allele LPR sequence
showing individual repeats (RP1 through RP16). The 44 bp insertion is highlighted
in red and the SNP (rs25531) highlighted in green. CTCF binding motifs are
underlined.
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Association studies compare the genotype or haplotype of loci between
patients and healthy individuals and analyse the data obtained to identify possible
correlations between the occurrence of a specific variant and a disorder. Choosing a
candidate gene is usually a guess, based on available physiological knowledge.
Many association studies have indicated that the SLC6A4 LPR variants have been
linked with a number of affective disorders. The homozygous s/s genotype has been
associated with an increased risk to depression (Cervilla et al., 2006), unipolar
depression (Collier et al., 1996b), bipolar depression (Cho et al., 2005), anxiety
(Lesch et al., 1996; Hariri et al., 2002a), substance abuse (Gerra et al., 2005), and a
predisposition to suicide or depression following stressful life events (Caspi et al.,
2003; Zalsman et al., 2006). The effect of stress may be important in these
association studies as would be suggested by recent evidence demonstrating an
altered amygdala response to stress depending on variable 5-HT signalling resulting
from SLC6A4 LPR genotype (Hariri et al., 2002a; Hariri et al., 2006b). Conversely,
the homozygous HI genotype is associated with a predisposition to OCD (Bengel et
al., 1999) and increased intensity of hallucinations in individuals with schizophrenia
(Malhotra et al., 1998).

The SLC6A4 LPR VNTR has been shown to be functional transcriptional
regulator that will affect gene expression in vitro. The /-variant of the 5’ LPR within
the context of its own promoter was found to direct higher levels of reporter gene
expression compared to the 5-variant in the human placental choriocarcinoma cell
line—JAr (Heils et al., 1996) and in lymphoblast cell lines (Lesch et al., 1996).
However, when Sakai et al., isolated the /- and s- variants from the promoter and
cloned it upstream of a minimal promoter in a luciferase reporter vector no
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differential transcriptional activity were observed between the /- and 5 -variants in
either COS-7 cells or PC-12 cells. The authors further reported that all variants
tested acted as silencers not enhancers in the RN46 cells (Sakai et al., 2002).
Conversely, Mortensen et al., did not find any difference in the activity of the /- and
s- variants in JAr cells, but did see differential activity in RN46A cells (Mortensen et
al., 1999).
Investigating the functionality of the SLC6A4 VNTR in vivo has also resulted in
conflicting outcomes. Having one or two copies of the 5-allele, resulted in 40-70%
less mRNA levels compared to III genotype (Lesch et al., 1996; Bradley et al., 2005;
little et al., 1998). In contrast, a study employing allelic expression imbalance (AEI)
technique did not observe a correlation between SLC6A4 LPR variants and SLC6A4.
mRNA levels in B-lymphocytes (Lim et al., 2006). Binding studies demonstrated
that the /// genotype was associated with higher rates of 5-HT uptake in blood
platelets in healthy individuals (Greenberg et al., 1999) as well as in OCD and
depressed individuals (Hanna et al., 1998; Nobile et al., 1999) and in lymphoblast
cells compared with either s/l or s/s (Lesch et al., 1996). Consistent with this data,
employing functional neuroimaging studies using single photon emission computed
tomography (SPECT) Heinz et al., found that individuals with the 5 -allele show less
5-HT binding in the midbrain compared to HI individuals (Heinz et al., 2000b).
Contrastingly, later SPECT studies did not show any correlation between genotype
and functional regulation of the SLC6A4 in the midbrain (Willeit et al., 2001).
Supporting a lack of function in vivo, quantitative autoradiography in the prefrontal
cortex of post-mortem brains of suicide victims did not show any correlation
between 5-HT binding and SLC6A4 LPR genotype (Mann et al., 2000). Further in
vivo evidence against a role for this polymorphism regulating SLC6A4 function
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exists from recent positron emission topography (PET) studies which fail to show
any association between genotype and SLC6A4 binding in the brain (Shioe et al.,
2003; Parsy et al., 2006). Transgenic animal studies have also hinted at the possible
functionality of the SLC6A4 LPR by over-expressing human SLC6A4 in mice to
mimic the higher mRNA expression levels, increased uptake and binding observed
with the III genotype. The HI genotype is associated with non-anxious controls in
healthy human volunteers, and in the transgenic mice over-expressing the SLC6A4
resulted in a low-anxiety phenotype (Jennings et al., 2006). Recently, Philibert et al.,
suggested that mechanisms linking the SLC6A4 polymorphisms to vulnerability to
epigenetic effects should be considered in association studies, as they demonstrated
methylation of CpG island in the 5’ region of the SLC6A4 significantly affects
expression of the SLC6A4 gene, and that the extent of that effect is dependent on the
5’ LPR genotype (Philibert et al., 2007).
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1.3.3.2 Stin2 VNTR association studies and functionality
Another widely studied VNTR found in the non-coding region of the SLC6A4 gene
that has been proposed to, predispose to a variety of neurological disorders is located
in intron 2 and comprises 9, 10 or 12 copies of a 16-17 bp repeat termed, Stin2.9,
Stin2.10 and Stin2.12 respectively (Figure 1.10) (Battersby et al., 1996; Ogilvie et
al., 1996; Ogilvie and Harmar 1997). Allelic frequencies of this domain vary among
different ethnic groups. In a Europeans population the allelic frequency was found to
be 66.7% (12-copy allele), 30.4% (10-copy allele) and 1 %( 9-copy allele), whilst in
Asian populations the allelic frequency was 75.6% (12-copy allele) and 22.4% (10copy allele) (Gelemter et al., 1999).
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10 repeat sequence

GGCTGTGACCCAG GG TG
GGCTGTGACC CG GAG TG
GGCTGTGACCCG GGG TG
GGCTGTGACC CGGGTG
GGCTGCGACCTGGGGTG
GGCTGTGACCTGG GATG
GGCTGTGACCCGGGTG
GGCTGTGACCTGGGGTG
GGCTGTGACCCGGGTG
GGCTGTGACCTGGGGTG
GGCTGTGACCCGGGTG
GGCTGTGACCTGG GATG

GGCTGTGACC CAGGGTG
GGCTGTGACCCGGAGTG
GGCTGTGACCCG GGG TG
GGCTGTGACCCGGGTG
GGCTGCGACCTGGGGTG
GGCTGTGACCTGGGATG
GGCTGTGACCCGGGTG
GGCTGTGACCTGGGGTG

GGCTGTGACCCAGGGTG
GGCTGTGACCCGGAGTG
GGCTGTGACCCG GGG TG
GGCTGTGACCCGGGTG
GGCTGCGACCTGGGGTG

GGCTGTGACCCGGGTG
GGCTGTGACCTGGGATG

GGCTGTGACCCGGGTG
GGCTGTGACCTGGGATG

9 repeat sequence

GGCTGTGACCCGGGTG
GGCTGTGACCTGGGGTG

Repeat Number
RP1
RP2
RP3
RP4
RP5
RP6
RP7
RP8
RP9
RP10
RP11
RP12

Figure 1.10: Schematic representation of the structure and sequence of the
SLC6A4 intron 2 VNTR.
The Stin2 VNTR exists mainly as 9, 10 and 12 copies of a 16-17 bp repeat.

39

...........

Association studies have also linked this polymorphism with a number of
cognitive and affective disorders including; unipolar depression and bipolar disorder
to which the Stin2.9 allele seems to be a predisposing factor (Ogilvie et al., 1996;
Battersby et al., 1996); anxiety which correlated with the presence of at least one
copy of Stin2.9 (Evans et al., 1997); the Stin2.12 allele has been associated with
varying aspects of schizophrenia (Liu et al., 1999; Hranilovic et al., 2000; Kaiser et
al., 2001); individuals homozygous for the 10 allele of Stin2 have recently been
shown to be predisposed to suicide (Hranilovic et al., 2003; Jemej et al., 2004);
OCD in which the Stin2.12 was seen at a higher frequency in affected individuals
compared to healthy controls (Baca-Garcia et al., 2006; Ohara et al., 1999).
However, there is not yet conclusive evidence that polymorphic variation at this loci
influences susceptibility to affective disorders, because this finding has not been
replicated in all independent studies (Collier et al., 1996a; Kunugi et al., 1996;
Collier et al., 1996b; Bellivier et al., 1998; Furlong et al., 1998; Gutierrez et al.,
1998a; Gutierrez et al., 1998b; Hoehe et al., 1998; Rees et al., 1997). Furthermore,
recent meta-analysis suggests no significant allele frequency associations of the
Stin2 VNTR with affective disorder (Furlong et al., 1998; Lasky-Su et al., 2005;
Lotrich and Pollock, 2004). Nevertheless, published data by our group have
previously demonstrated the role of the Stin2 VNTR on transcriptional regulation
both in vitro (Fiskerstrand et al., 1999; Lovejoy et al., 2003; Klenova et al., 2004;
Roberts et al., 2007) and in vivo in the CNS region initially involved in serotonergic
lineage (MacKenzie and Quinn, 1999). In vitro, the SLC6A4 Stin2 VNTR was
shown to support differential reporter gene expression, with Stin2.12 acting
significantly as stronger enhancer compared to Stin2.10 (Fiskerstrand et al., 1999).
In addition, further work by our group has suggested that the copy number of the
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repeat unit is not the only factor functioning in the observed regulation of
transcription, but that primary sequence variation between the individual repeating
units can also affect enhancer activity (Lovejoy et al., 2003). This is similar to the
effect of the SNP (rs25531) found within the LPR (Hu et al., 2004; Wendland et al.,
2006). These finding may explain in part some of the conflicting data in the literature
regarding the functionality of these domains and suggests that clinical analysis
should take into account the sequence variation within the VNTRs when being
associated with a particular disorder. Our group have previously addressed the
biochemistry of transcription factor interaction with the Stin2 VNTR and
demonstrated that it is bound and differentially regulated by the transcription factors
YB-1 and CTCF in a tissue-specific and stimulus-inducible manner (Klenova et al.,
2004; Roberts et al., 2007). Demonstrating the significance of the primary sequence
in modulating the regulatory function of the VNTR, suggest that variation in the
primary sequence could alter the affinity or specificity of transcription factors
binding, which may explain, in part, the differential regulation of the Stin2 VNTR
alleles by CTCF and YB-1.

1.3.4 The role of the SLC6A4 polymorphism during development
5-HT modulates various developmental processes such as neuronal division,
synaptogenesis, differentiation and migration (Gasper et al., 2003). Our group has
suggested that the Stin2 VNTR may play a regulatory role in development of the
serotonergic system, as the alleles of the Stin2 VNTR displayed differential
transcriptional regulation in vivo in a transient transgenic mice model, in a temporal
and tissue-specific manner (MacKenzie and Quinn, 1999). This developmental role
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for the VNTRs may be particularly significant considering recent implications that
transient alterations in 5-HT homeostasis in embryogenesis modify the fine wiring of
brain connections leading to permanent changes in adult behaviour (WhitakerAzmitia, 2001; Malhotra et al., 2004; Gingrich et al., 2001). In light of these
findings it is possible that the effects of the SLC6A4 polymorphisms are more
pronounced during embryogenesis and development with the possibility that
disrupting normal maturation of certain neuronal network may act via persisting
changes in the serotonergic system and will influence behaviour and increase
vulnerability to psychiatric disorders in adults (Caspi et al., 2003; Parsey et al.
2006). This was demonstrated by the study of Ansorge et al., in which early-life
blockade of the SLC6A4 was found to alter emotional behaviour in adult mice
(Ansorge et al., 2004). The role of the polymorphism in early development may
explain in part, the bewilderment of how the ^-variant, the transcriptionally less
active allele being associated with lower transporter levels and depression be
reconciled with the clinical observation of improved response to depression by SSRI
blocking the function of the transporter. It is therefore suggested that for the
polymorphism to increase vulnerability to stressful life-events, it would have
affected the SLC6A4 levels in an early phase of life (Caspi et ah, 2003) or even
during late gestation (Ansorge et al., 2004).
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1.3.5

Gene/environment (GxE) interaction role in the SLC6A4 polymorphism

Personality traits are suggested to be generated by a complex interaction of
environmental and genetic factors. Various studies is suggest that the effect of the
SLC6A4 polymorphisms might not become apparent only following environmental
factors, as mice with disrupted SLC6A4; homozygous (-/-) and heterozygous (+/-)
displayed more fearful behaviour compared to controls (+/+) only in response to
stress (Wellman el al., 2007; Murphy et al., 2001). The potential interaction between
the SLC6A4 polymorphism and early experiences were demonstrated in studies in
non-human primates; rhesus macaques with 5-variant analogous to that of human,
displayed decreased serotonergic function only among monkey reared in stressful
conditions (Bennett et al., 2002). Furthermore, peer-reared females with the s-variant
were more vulnerable to alcoholism and showed more aggressive behaviour,
whereas, monkeys reared by their mothers were not differentiated by genotype (Barr
et al., 2004; Champoux et al., 2002; Barr et al., 2003). More recently, in a human
study, Caspi et al., showed that individuals with the 5-allele genotype exhibits
depression and suicidality behaviour more than individuals homozygous for the /allele only following stressful life event and childhood maltreatment (Caspi et al.,
2003). Furthermore, in adult twins study, individuals with s/s genotype displayed
increased sensitivity of depressogenic effects of stressful-life events (SLEs) than
those with one copy of the /-variant (Kendler et al., 2005). More recently, Gotlib et
al., demonstrated that cortisol levels were produced at higher and more prolonged
levels in response to stress in girls homozygous for the 5-allele compared to girls
with one or two /-alleles (Gotlib et al., 2008). These studies emphasise the
significant impact of the environment and early experiences on genetic
polymorphisms and suggests that with a particular genotype an individual may be
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more vulnerable to environmental stress and have higher tendency to develop
psychiatric disorders, depending on their genetic makeup (recently reviewed in Uher
and McGuffin, 2008).
1.4 Transcription factors involved in the regulation of the SLC6A4 gene
1.4.1

CTCF
CTCF is a 11-Zinc finger DNA-binding protein, named for “CCCTC-

binding factor”. CTCF is ubiquitously expressed, highly conserved and recognises
multiple DNA target sequences (Ohlsson et al., 2001). The wide range of dissimilar
CTCF DNA targets ‘multivalent’ is recognised by combinatorial usage of the zinc
fingers (ZFs), which were maintained, unchanged throughout vertebrate evolution
(Filippova et al., 1996; Ohlsson et al., 2001). There are thousands of CTCF DNAbinding sequences in the genome, these sites map to promoters (c-myc, APP,
Lyzozyme, BRCA1), introns (SLC6A4 VNTR), inter- and intragenic regions (Kim
et al., 2007). The CTCF binding sites are characterised by a 20-mer motif. More
recently, Kim et al., identified ‘new consensus’, which has key conserved
nucleotides with the previously reported ‘consensus’ (Figure 1.11): C (position 6) G
(position 11), G (position 14) and C (position 16); nucleotides at other positions can
vary. It is this variation within the consensus sequence which is thought to generate
versatility in CTCF function (Kim et al., 2007).

Figure 1.11: DNA logo representing CTCF-binding motif.
Height of each letter represents the relative frequency of occurrence of the
nucleotide at each position, previously reported consensus is shown in black
(adapted from Kim et al., 2007).
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CTCF various functions include a role in regulation of cell proliferation (Qi
et al., 2003; Rasko et al., 2001), tumour suppressor (Filippova et al., 1998; Filippova
et al., 2002; Yeh et al., 2002), apoptosis (Docquier et al., 2005), as well as
differentiation and development (Torrano et al., 2005; Li et al., 2004a). CTCF also
plays major role in epigenetic control (Bell and Felsenfeld, 2000; Kanduri et al.,
2000; Szabo et al., 2000).
CTCF functions can be regulated by various mechanisms, such as posttranslational modifications; CTCF can be phosphorylated at the C-terminus by
protein kinase CK2. This post-translational modification of CTCF is important for
transcriptional regulation and is involved in differentiation pathways of leukaemia
cell lines (Klenova et al., 2001; El-Kady and Klenova, 2005; Delgado et al., 1999).
Another CTCF post-translational modifications is poly-(ADP-ribosyl)ation at the Nterminus, this post-translational modifications was found to be important for
regulation of insulator function (Yu et al., 2004; Klenova and Ohlsson, 2005). CTCF
function can also be regulated by interacting with various other proteins. Many
interaction partners have been identified, such as the co-repressor sin3A/HDAC
(Lutz et al., 2000), the Y-box binding protein-1 (YB-1) (Chemukhin et al., 2000),
the nucleolar protein nucleophosmin (Yusufzai et al., 2004), the chromodomain
helicase protein CHD8 (Ishihara et al., 2006), the transcription factor Kasio
(Defossez et al., 2005) and the largest subunit of RNA polymerase II (Chemukhin et
al., 2007). The interaction of CTCF with these proteins and many others has been
implicated in a wide range of activities such as chromatin organisation and gene
regulation.
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CTCF is a highly versatile factor that exerts diverse regulatory functions by
various mechanisms. In transcriptional regulation, CTCF interacts with promoter and
upstream regulatory elements of the gene, acting either as promoter activator (e.g.,
amyloid beta-protein precursor) (Vostrov and Quitschke, 1997) or promoter
repressor (e.g., chicken lysozyme and c-/nyconcogenes) (Burcin et al., 1997;
Filippova et al., 1996). CTCF was also found to regulate the transcriptional activity
of the SLC6A4 gene, and this regulatory role is believed to be mediated by the Stin2
VNTR (Klenova et al., 2004; Roberts et al., 2007). CTCF plays a crucial role in
organising

epigenetically

controlled

chromatin

insulators,

by

blocking

communications between functional promoters and surrounding enhancers or
silencers (e.g., (l-globin, c-MYC) (Farrell et al., 2002; Lutz et al., 2003; Kanduri et
al., 2000; Hark et al., 2000). Furthermore, CTCF was found to have a role in Xchromosome inactivation (Chao et al., 2002) and genomic imprinting.
The role of CTCF as enhancer-blocking and regulating chromatin boundary
was first demonstrated within the insulin-like growth factor2/H 19 imprinting control
region (ICR) (Hark et al., 2000; Kanduri et al., 2000). The Igf2/H19 ICR is a
differentially methylated region. CTCF binds to the unmethylated allele inherited
maternally, insulating Igf2 promoter to the access of distally located enhancer. The
methylated ICR in the paternal alleles cannot be bound by CTCF, therefore, Igf2
promoter in activated by the enhancers distal to the H I9 gene (Figure 1.12) (Kanduri
et al., 2000; Hark et al., 2000; Bell and Felsenfeld, 2000).
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Figure 1.12: Model of CTCF enhancer-blocking activity.
Differential méthylation of the insulator (at the imprinting control region) leads to
mono-allelic expression of the Igf2 and HI 9 genes.

The mechanism of insulators functions remains unclear. It is suggested that
the formation of special chromatin structure by insulator, competes for enhancerbound activators, preventing the activation of the downstream promoters (Bulger and
Groudine, 1999). Other models proposed, is that CTCF may facilitate the formation
of loops, restricting the effect of enhancers for local interactions with promoters
(Ling et al., 2006; Kurukuti et al., 2006; Yusufzai et al., 2004; Reik et al., 2004).
This model is viable, as CTCF is known to multimerise, probably through the zincfingers that are not involved in DNA-binding, therefore, bringing distal genomic
sites into proximity (West et al., 2002; Yusufzai et al., 2004). CTCF has also been
proposed to have a protecting role against DNA méthylation. Rosa-Velazquez et al.,
have shown that the loss of CTCF from i?ô-promoter associate with the binding of a
methyl-binding protein, that can lead to epigenetic silencing (De LA RosaVelazquez, 2007; Butcher et al., 2004). Furthermore, CTCF was shown to mediate
inter-chromosomal co-localisation between the maternal allele of the Igf/H19 on
chromosome 7 with the paternal allele of Wsbl/Nfl on chromosome 11,
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demonstrating the role of CTCF in long-range allele-specific associations between
gene regions on different chromosomes (Ling et al., 2006; Krueger and Osborne,
2006). The potential mechanism of CTCF mediating genome organisation (Figure
1.13) was recently reviewed by Williams and Flavell, (2008).
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Figure 1.13: Potential mechanism of CTCF-mediated genome organisation.
(A) CTCF folds the genome into loop domains, thereby isolating genes from the
influence of their neighbours. (B) CTCF folds chromatin to bring distal regulatory
elements or co-regulated genes closer together to form a chromatin hub or
holocomplex. (C) CTCF links genes or regulatory elements on different
chromosomes to mediate interchromosomal regulation (adapted from Williams and
Flavell, 2008).
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1.4.2

Y-box binding protein, YB-1
YB-1 is a multifunctional transcription factor that belongs to the cold-shock

domain (CSD) protein superfamily. YB-1 has been implicated as an important
regulator of multiple cellular processes due to its ability to interact with both DNA,
RNA, and many other cellular proteins (Kohno et al., 2003; Matsumoto et al., 1998),
such processes include; development, multidrug resistance, oncogenesis, RNA
splicing, DNA repair, and immune responses (Bader and Vogt, 2005; En-Nia et al.,
2005; Gaudreault et al., 2004; Gimenez-Bonafe et al., 2004; Huang et al., 2005;
Ohba et al., 2004).
YB-1 can regulate gene expression by various mechanism, YB-1 interacts
directly with the Y-box sequence motif CTGATTGG and either activate or inhibit
gene expression (Swamynathan et al., 1998; Ladomery et al., 1995; Ohga et al.,
1998). YB-1 can also interact with other transcription factors and function either as
co-activator or co-repressor, regulating gene expression in a Y-box independent
manner (Kohno et al., 2003; Swamynathan et al., 1998). Furthermore, YB-1 can also
bind single-stranded DNA, either to enhance or inhibit DNA binding of transcription
factors (Coles et al., 2002; Kohno et al., 2003). Using yeast-one hybrid screen, our
group identified YB-1 interaction with the SLC6A4 Stin2 VNTR (Klenova et al.,
2004). They further demonstrated YB-1 differentially binds and regulates the alleles
of the Stin2 VNTR, suggesting a role of YB-1 in regulating the expression of the
SLC6A4 via this VNTR (Klenova et al., 2004; Roberts et al., 2007).
YB-1 is not only involved in DNA processes, but also has a role in all steps of
mRNA biosynthesis and translational control. YB-1 can regulate gene expression at
the mRNA level by binding to pre-mRNA during transcription (Kohno et al., 2003;
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Soop et al., 2003), has a role in pre-mRNA alternative splicing (Chansky et al.,
2001; Stickeler et al., 2001) and determines mRNA stability in a cap-dependent
manner (Evdokimova et al., 2001). YB-1 also regulates gene expression at the
translational level, by either inhibiting or stimulating translation of transcripts in
various mammalian cells models (Nekrasov et al., 2003; Evdokimova et al., 1999).
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1.5 Drugs involved in the regulation of the SLC6A4 gene
1.5.1

Lithium

1.5.1.1 Lithium mechanism of action
Lithium is one of the most successful mood stabilisers used for treatment of
bipolar disorders (Goodwin et al., 1999), however, the precise molecular mechanism
for its therapeutic action is still not fully understood. Lithium is believed to regulate
a functional balance between a number of integrating pathways, rather than acting on
a single neurotransmission system to achieve its dramatic mood stabilising effect.
Lithium’s multitude of effects include neurotransmitters/receptor neuronal signal
transmission, signal transduction pathways and gene expression patterns (reviewed
in Shiah and Yatham, 2000; Bezchlibnyk and Young, 2002; Manji et al., 1998;
Williams and Harwood, 2000; Manji et al., 2000). Lithium has been shown to
regulate and stabilise glutamate uptake in presynaptic nerve endings, therefore acting
as an effective mood stabiliser (Dixon and Hokin, 1998). Lithium treatment was also
found to protect neurons against apoptopic cell death by increasing the levels of the
cytoprotective protein bcl-2 in rat frontal cortex and promotes cell survival and
growth of axons in the mammalian brain (Chen et al., 1999a; Manji et al., 1999).
Another mechanism by which lithium promotes cell survival is through the growth
factor-induced, Akt-mediated signalling (Chalecka-Franaszek and Chuang, 1999;
Sasaki et al., 2006). Lithium’s effect on two pathways have received intense
research, these are phosphoinositide (PI) metabolism and glycogen synthase kinase-3
(GSK-3p) signalling pathway. It is believed that lithium acts in these pathways via
an initial signal that could modulate gene expression, rather than ongoing factor in
its clinical effects.
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1.5.1.2 Lithium effect signal transduction systems
1.5.1.2.1

Inositol depletion hypothesis

Inositol phospholipids play a major role in receptor-mediated signal
transduction pathways and are involved in diverse range of responses in the CNS
(reviewed in Fisher et al., 1992). The serotonergic receptors (e.g 5 -HT2) are one
example of phosphoinositide-coupled receptors in the CNS. Lithium, at a
therapeutically relevant concentration (0.8-1.2 mM), inhibits the activity of two
intracellular phosphatases in this pathway; inositol monophosphatase (IMPase)
(Hallcher and Sherman, 1980; Berridge et al., 1989; O’Donnell et al., 2000), and
inositol polyphosphate-1-phosphatase (Acharya et al., 1998). Lithium inhibitory
effect on these enzymes will lead to the depletion of phosphatidylinositol
bisphosphate (PIP2), a necessary precursor for the generation of the two secondary
messengers inositol-1, 4, 5 trisphosphate (IP3) and diacylglycérol (DAG) in response
to extracellular signals. Preventing the formation of IP3 and DAG will inhibit
transmembrane signalling (Figure 1.14).
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Figure 1.14: Inositol depletion hypothesis.
Binding of agonists (e.g neurotransmitters) to specific cell-surface receptor activates
phospholipase C (PLC) which hydrolyse PIP2 to two second messangers, IP3 and
DAG. IP3 stimulate the release of Ca2+ for the endoplasmic reticulum, whereas DAG
activates protein kinase C (PKC). The cell maintains sufficient supplies of myo
inositol for the resynthesis of phosphoinositides. Lithium inhibitory effect on these
phosphatases depletes inositol and PIP2, ultimately repressing PKC activation and
calcium release, therefore, indirectly inhibiting transmembrane signalling (modified
form Phiel and Klein, 2001).

The consequences of inositol depletion are thought to be affecting several
pathways, and ultimately modulating neuronal function. Inhibiting both Ca2+ and
DAG will inhibit the PKC signalling pathway and affect neuronal function and
neurotransmitter release (Nishizuka, 1992). Furthermore, lithium modulating the
ratio of InsP4/InsP5 to InsP6 alters the activity of chromatin remodelling factors
regulating gene expression in yeast (Shen et al., 2003; Steger et al., 2003; Rando et
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al., 2003). Lithium modulation of PI-PKC signalling pathway is suggested to
contribute to the long-term action of lithium in bipolar disorders. However, data in
support of the inositol depletion hypothesis has not always been reproducible and
highly dependent on the cell and animal models used (reviewed in Fisher et al.,
2002; Jope and Williams, 1994).

1.5.1.2.2

Activation of the Wnt signalling pathway via inhibition of GSK-3

Another pathway affected by lithium treatment, is the Wnt signalling pathway. In
eukaryotes, glycogen synthase kinase-3 (GSK-3 P) phosphorylates P-catenin, leading
to its rapid degradation and inhibition of the Wnt signalling pathway (Figure 1.15).
The binding of Wnt to its receptors inhibits GSK-3 P, which results in P-catenin
stabilisation and translocation into the nucleus interacting with Tcf/Lef DNA binding
factors and activating downstream gene expression. Lithium acts on this pathway by
inhibiting the GSK-3 P directly; this has been demonstrated both in vitro (Klein and
Melton; 1996; Stambolic et al., 1996) and in vivo (Hedgepeth et al., 1997). GSK-3P
plays a critical role in the CNS (reviewed in Dale, 1998; Willert and Nusse, 1998).
Inhibition of GSK-3 p by lithium within the Wnt pathway modulates gene expression
and neuronal plasticity involved in mood recovery and stabilisation by modulating
the function of microtubule associated proteins (MAPs) such as tau and MAP-IB
(Hong et al., 1997; Jope et al., 1999). Many studies have suggested that GSK-3
inhibition shows anti-depressant-like and anti-mania-like affects in rodents models
(O’Brien et al., 2004; Kaidanovich et al., 2004).
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Figure 1.15: Lithium activates the Wnt signalling pathway.
Lithium inhibits the activity of GSK-3ß, which result in ß-catenin stabilisation and
localisation in the nucleus, interacting with Tcf/Lef-dependent transcription
(modified form Phiel and Klein, 2001).
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1.5.1.3 Lithium effect on transcription factors and gene expression
Because of the characteristic delay in clinical response to lithium therapy, an
effect of lithium on neuronal gene expression is suggested (Phiel and Klein, 2001).
In support of this, lithium was found to regulate AP-1 DNA-binding activity (Yuan
et al., 1998; Ozaki et al., 1997; Unlap et al., 1997). The effect of lithium on AP-1
DNA-binding activity was shown to be time and concentration-dependent, affecting
gene expression levels in cultured cells (Yuan et a l, 1998; Chen et al., 1999b).
Lithium was also found to increase the expression of tyrosine hydroxylase (TH)
through AP-1 DNA-binding activity in brain areas implicated in the pathophysiology
of mood disorders (Chen et al., 1998). Other genes known to be regulated by AP-1
in the brain include genes for various receptors, neurotrophins, neuropeptides
(Hughes and Dragunow, 1995). Lithium also regulates the function of other
transcription factors such as CREB. CREB binds at specific promoter sites (cAMP
response elements) such as that of brain-derived neutrophic factor (BDNF) initiating
transcription. BDNF is involved in differentiation and neuronal growth in
developing brain and neurons survival in adult brain (Ozaki et al., 1997; Wang et al.,
1999; Nibuya et al., 1996). The four principle levels of lithium effect are
summarised in Figure 1.16.
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Figure 1.16: Four principle levels of lithium effects.
Lithium exerts it primary effect at the genomic level, regulating gene expression
by modulating transcription factors binding, mRNA stability and export to the
nucleus. Lithium has multiple targets in various signal transduction pathway,
regulating secondary messengers signals. These effects results in changes in
neuronal circuits, thereby regulating affective and cognitive systems, ultimately
bringing long-term stabilisation of mood (modified from Manji et al., 2001).
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1.5.2

Cocaine
The dopamine transporter (DAT) is the key target for cocaine’s effect. By

blocking the transporter, dopamine accumulates in the synaptic cleft, increasing
dopaminergic neurotransmission in the nucleus accumbens (NAc) and other regions
of the limbic forebrain, causing its immediate psychological effect ‘euphoria’.
Cocaine is also known to inhibit other neurotransmitters transporters such as the
SLC6A4 and norepinephrine (NET), the increase in neurotransmission of these
systems contributes to the behavioural effect of cocaine (Uhl et al., 2002).
It is suggested that individual’s vulnerability to addiction is influenced by
their genetic makeup and is moderately to highly heritable (Nestler and Malenka,
2004; Goldman et al., 2005). Various studies have shown the polymorphisms within
genes in neurobiological pathways that mediate cocaine effects, such as that of the
dopamine transporter may play role in cocaine-dependence etiology (Guindalini et
al., 2006; Mayer and Hollt, 2005). Moreover, the environment is believed to interact
with genetic factors, increasing individual vulnerability to addictive disorders
(Mayer and Hollt, 2005). As discussed in section 1.1.5, early life experiences may
have influences in adult behaviour (Lehmann and Feldon, 2000; Anisman et al.,
1998; Lehmann et al., 2000). Kosten et al., have shown that neonatal isolation were
found to show phenotypic alteration in cocaine self-administration in adult rats
(Kosten et al., 2005, 2006). Furthermore, in utero exposure to cocaine was found to
induce specific and very consistent neurodevelopment alteration and neurochemical
changes in 5-HT neurons. These alterations are likely to alter synaptic circuitry
causing long-lasting structural and functional changes that last during maturation
(Cabrera-Vera et al., 2000; Murphy et al., 1995). Such stable molecular and cellular
changes established at the brain following chronic cocaine exposure causes
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behavioural abnormalities, for example, autism and developmental abnormalities
were observed in children prenatally exposed to cocaine (Davis et ah, 1992).
One of the main questions to be answered in the field of drug addiction is
how repeated exposure (chronic intake) of cocaine causes addiction and why
individuals are vulnerable to relapse even after years of abstinence? The constancy
of addict abnormal behaviour suggests gene expression pattern alteration in the
brain. However, cocaine is now known to have initial effects that are quickly
reversed to normal, as well as many intermediate and longer-term effects that persist
for longer time and it is suggested that repeated exposure of cocaine can lead to
cumulative-effects that may last for months or years and may be irreversible
(Nestler, 2004).
Dopamine build-up due to blocking the dopamine transporter is the initial
effect of cocaine and is usually associated with the pleasure and euphoria feeling due
to dopamine effect on the limibic system, particularly the nucleus accumbens,
hippocampus and frontal cortex (Nestler, 2004). Cocaine intermediate-changes are
observed in gene expression. These changes in gene expression are believed to
significantly contribute to the transition phase from drug abuse to addiction. Two
transcription factors have been implicated in the mechanism of cocaine addiction:
the cyclic-AMP response-element-binding protein (CREB) and AFos B (Figure
1.17). The cAMP-PKA-CREB pathway leads to several effects on various
intracellular signalling pathways, and have an important role in earlier phase of
cocaine exposure (Nestler, 2004). The increase in expression level of the
transcription factor AFos B is believed to be the ‘molecular switch to addiction’
(Nestler et ah, 2004; McClung et ah, 2004) and has a more dominant role during
more prolonged periods of cocaine exposure (McClung and Nestler, 2003).
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Cocaine’s long term effect usually involves structural changes in nerve cells
(Robinson and Berridge, 2001). Identifying genes regulated by CREB and AFos due
to cocaine intake will reveal more details underlying cocaine long-lasting effects on
the brain (Nestler, 2001).

Figure 1.17: Scheme showing cocaine initial effects on the dopamine
transporter and subsequent effect in gene regulation (modified from Nestler
2001).
No effective treatment of addiction is yet available, as most available
treatment uses relatively untargeted methods to the initial acute effects of cocaine
(dopamine build-up). New medication ideally should target the long-lasting changes
that are present in the brain once addiction has been established (Nestler, 2005a).
Studies elucidating the effect of the environment as well as gene-gene interaction in
vulnerability of individuals to cocaine will facilitate the development of successful
treatment.
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1.6 Aims & Objectives
The two VNTRs within the SLC6A4 gene have been suggested to function as
transcriptional regulators (Lovejoy et al., 2003; Klenova et al., 2001; Heils et al.,
1996; Lesch et al., 1996) and have been associated with various affective disorders
(Battersby et al., 1996; Collier et al., 1996a; Kunugi et al., 1996; Bellivier et al.,
2002; Mellerup et al., 2001). However, there is not yet conclusive evidence
supporting that polymorphic variation at these loci influences susceptibility to
affective disorders, because this finding has not been replicated in all independent
studies and meta-analysis has raised further questions (Collier et al., 1996; Bellivier
et al., 1998; Furlong et al., 1998; Lasky-Su et al., 2005).
I this study, I aim to investigate whether the two transcription factors CTCF and
YB-1 (known to regulate the transcriptional, activity of the Stin2 VNTR) (Klenova et
al., 2004; Roberts et al., 2007), have the potential to bind and regulate the
transcriptional activity of the 5’ LPR alleles, which may provide a critical starting
point for an understanding of the polygenic contribution towards susceptibility to
affective disorder via a transcriptional regulation model. Furthermore, as most
studies in the literature, associate either VNTR with affective disorders, I aim to
investigate whether the two VNTRs may act in cis, in regulating the expression of
the SLC6A4 gene and whether different combinations of the specific variants exists
may result in differential expression. This may explain, in part, some of the
contradictory results in the literature, and may suggest that future association studies
should consider the genotype of both VNTRs when addressing their correlation to
specific neurological disorders. Finally, since lithium is highly used in treatment of
bipolar disorders and known to modulate the transcriptional activity of the Stin2
VNTR, and cocaine is known to bind to the serotonin transporter and affect
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serotonergic neurotransmission in the CNS, I aim to investigate how these stimuli
may affect the expression of the SLC6A4 gene and whether any epigenetic
modulation of expression of SLC6A4 gene may result due to exposure to such drugs,
which may explain the long-term effects of these drugs on the CNS. Understanding
the mechanism of action of such drugs may improve the understanding of psychiatric
disorders and enable the development of novel therapies, targeting risk-alleles.
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Chapter 2
Materials & M ethods

2.1 Materials
2.1.1

Commonly used solutions and reagents

2.1.1.1

Microbiology and Molecular Biology

Luria broth (LB) media
10.0 g/L Trypton, 5.0 g/L yeast extract and 10.0 g/L NaCl.

LB agar
10.0 g/L trypton, 5.0 g/L yeast extract and 12 g/L agar.
5x TBE buffer
54 g Tris(hydroxymethyl)methylamine (Tris) (BDH), 27.5 g

boric acid (VWR

International), 20 ml 0.5 M Ethylenediamine Tetraacetic Acid (EDTA) (Sigma) and
dHhO up to

1

litre.

6x agarose gel loading buffer
0.25% (w/v) Bromophenol blue, 0.25% (w/v) xylene cyanol,, 1 mM EDTA, 30%
glycerol and 70% water.

Sodium acetate buffer (3M pH 5.2)
20.412 g Sodium acetate [= CH3C00Na»3H20, trihydrate], adjust the pH to 5.2
with acetic acid, adjust the volume to 50 ml with dHaO.
ChIP fixation solution
20 ml lx PBS and 540 pi 37% formaldehyde.
ChIP glycine stop-fix solution
2 ml 1Ox Glycine, 2 ml 1Ox PBS and 16 ml dHzO.
ChIP cell scraping solution
400 pi lOx PBS, 3.6 ml dH2 0 and 10 pi of 100 mM PMSF (phenylmethylsulphonyl
fluoride) was added just before use.
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1M Sodium Butyrate
0.11 g sodium butyrate (Sigma, Cat. No. B-5887) in 1 ml (IH2O.

5M Betaine
0.586 g Betaine Anhydrous (Sigma, Cat. No. B-2629) in 1 ml dt^O.

2.1.1.2

EMSA gel electrophoresis

EMSA Buffer
20 mM HEPES, pH 7.5, 20% glycerol, 0.2 mM EDTA, 0.1 M KC1, 0.25 mM DTT,
0.5 mM PMSF, and 100 mM NaCl. DTT and PMSF were added just prior to use.
EMSA loading dye
20 mM HEPES, pH 7.5, 20% glycerol, 0.2 mM EDTA, 0.1 M KC1, 0.25 mM DTT,
0.5 mM PMSF, 100 mM NaCl, 0.01% bromophenol blue and 0.01% xylene cyanol.

2.1.2

Stimuli

1 M Lithium chloride (Sigma-Aldrich; Cat. No. L9650)
0.42 g in 10 ml of dHiO, used at 1 mM (1 pi in 1 ml of media).
1 mM Cocaine hydrochloride (Sigma-Aldrich; Cat. No. C5776)
0.0034 g in 10 ml of dH2 0 , use at 1 pM (1 pi in 1 ml of media) or at 10 pM (10 pi in
1

ml of media)
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2.1.3
2.1.3.1

Cell and tissue culture media
Cell lines

Complete media for JAr (human placental choriocarcinoma cell line)
RPMI-1640 medium (Sigma) supplemented with 10% heat-inactivated foetal calf
serum (Hy-Clone, Logan, UT), 2 mg/ml glucose, 1 mM sodium pyruvate , 2 mM Lglutamine, 10 mM HEPES and 1% (v/v) lOOx penicillin/streptomycin (equates to a
final concentration of 100 units penicillin/100 pg streptomycin (Sigma-Aldrich; Cat.
No. P0781).
Serum free media for JAr cell line
RPMI-1640 medium (Bioclear, Autogen) supplemented with 2 mg/ml glucose, 1
mM sodium pyruvate, 2 mM L-glutamine, 10 mM HEPES and 1% (v/v) lOOx
penicillin/streptomycin (equates to a final concentration of

10 0

units penicillin/ 1 0 0

pg streptomycin (Sigma-Aldrich; Cat. No. P0781).

Selective media for JAr cells
RPMI-1640 medium (Sigma) supplemented with 10% heat-inactivated foetal calf
serum (Hy-Clone, Logan, UT), 2 mg/ml glucose, 1 mM sodium pyruvate , 2 mM Lglutamine, 10 mM HEPES, 1% (v/v) lOOx penicillin/streptomycin (equates to a final
concentration of 100 units penicillin/100 pg streptomycin (Sigma-Aldrich; Cat. No.
P0781) and 50 ng/ml of the antibiotic geneticin (GIBCO; Cat. No. 11811-031).
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2.1.3.2

Media for culture of primary rat cells

Dissecting solution: 91 ml Hanks balanced salt solution (HBSS. Invitrogen-Gibco
BRL Cat. No. 24020-091) containing 3.5 ml 1 M HEPES, 1 ml 1 M MgCl2, 1 ml 200
mM L-glutamine, 1% (v/v) lOOx penicillin/streptomycin (equates to a final
concentration of 100 units penicillin/100 pg streptomycin (Sigma-Aldrich; Cat. No.
P0781).

Culture medium I: DMEM (Bioclear Cat. No. AB2052) supplemented with 10%
FCS.
Culture medium II: Neurobasal-A medium (Invitrogen/Gibco; Cat. No. 10888-022)
supplemented with 2% B27 supplement [Invitrogen/Gibco; Cat. No. 17504-044], 2
mM GlutaMAX I and 1% (v/v) gentamycin.

2.1.4

Plasmids

Reporter gene plasmids cloned and used during this study are listed in Table 2.2,
Appendix I. The YB-1 expression construct used in co-transfection experiments was
kindly gifted by Dr. H.D.Royer. The CTCF expression construct was obtained as
described in Klenova et al., (2004).

2.1.5

Animals

Male Wistar albino rats (2-7 days old) were used to generate primary cell cultures
from cortical tissue. All animals were purchased from the Biomedical Services Unit
at The University of Liverpool and culled under local and national schedule one
guidelines. All procedures were carried out according to the UK Home Office
regulations.
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2.2 Methods
2.2.1
2.2.1.1

General cloning methods
PCR primer design

Primers were designed with the aid of a primer design computer programme ‘net
primer’ http://www.premierbiosoft.com/netprimer/netprlaunch/netDrlaunch.html. In
general, primers were designed of a size between 20-25 bp nucleotides long, melting
temperature of 50-65 °C, GC content between 40-60% and self complementarity was
avoided to minimise primer secondary structure and primer dimer formation.
‘BLASTN searches’ http://blast.ncbi.nlm.nih.gov/Blast.cgi were used to confirm the
total gene specificity of the primer sequences chosen.

2.2.1.2

Standard Polymerase Chain Reaction
Polymerase chain reaction (PCR) was used as a method for analysing mRNA

expression and to amplify specific DNA fragments for use in molecular cloning.
PCR was performed in a PxE 0.2 thermal cycler (Thermo Electron Corporation).
50 pi PCR reactions included 10-100 ng DNA template, 2 mM MgCl2, 0.2 mM of
each dNTP, 0.2 pM of each primer, lx Diamond buffer and 1.5 units of Diamond
DNA polymerase (Bioline, Cat. No. BIO-21059). Due to the high GC content of the
SLC6A4 VNTR sequences, which contribute to formation of DNA secondary
structure, 0.5 M Betaine was added to the PCR mixture. The primers and the PCR
conditions used in specific reactions are detailed in Table 2.1 Appendix I. AscI
restriction site were introduced into Stin2 VNTR primers for subsequent cloning,
Kpnl and Xhol restriction sites were introduced to aid orientation.
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2.2.1.3

PCR purification
To purify double-stranded DNA fragments from PCR (primers, nucleotides

or polymerase) and other enzymatic reactions (see section 2.2.1.11), QIAquick PCR
Purification Kit (Qiagen) was used following manufacturer’s instructions. Briefly, 5
volumes of Buffer PB (Qiagen) to 1 volume of the PCR sample were mixed, applied
into the QIAquick column and centrifuged for 1 minute. The flow-through was
discarded and the column was washed by adding 750 pi of PE buffer and centrifuged
for 1 minute. The flow-through was then discarded and the column was recentrifuged for another

1

minute to completely remove residual ethanol from buffer

PE. The column was then placed into a fresh 1.5 ml Eppendorf tube, and the DNA
was eluted by adding 30 pi of nuclease-free water to the centre of the column,
incubated for

1

minute at room temperature and finally centrifuged for

2

minutes at

13,000 rpm.

2.2.1.4

Analysis of DNA using Agarose Gel-Electrophoresis
For the analysis of PCR products or fragments generated by restriction

digests (see section

2 .2 . 1 . 1 1

), agarose gel-electrophoresis was employed.

1 -2 %

agarose (multi-purpose agarose, Bioline, Cat. No. BIO-41025) was melted in 0.5x
TBE buffer and supplemented with 5 pi ethidium bromide (10 mg/ml aqueous
solution, Sigma E-5134). Gels of 100 ml were cast in 12x14 cm or 20.5x10 cm trays
and the appropriate combs were inserted. Gels were left to set for 30 minutes at room
temperature, and were then submerged in horizontal gel electrophoresis tanks
(Hybaid turn and cast submarine gel system, Hybaid, or Savant HG 350 tank)
containing 0.5x TBE buffer. Samples were mixed with loading buffer (lx final
concentration) and loaded into the wells. The size of a PCR product or restriction
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digest fragments was determined by loading a DNA ladder (Mass ruler; Fermentas
Cat. No. SM0403, lOObp

Ladder; Promega Cat. No. G2891 or 1Kb Ladder;

Promega Cat. No. G7541). In general, gels were run for 1 hour at 120 V (Hybaid);
however, to separate different variants of the VNTRs, gels were run at 60 V for 3
hours. The electrophoretically separated DNA was then visualised with an Evenscan
broadband dual wavelength transluminator in a Multilmagell Light Cabinet (both
Alpha Innotech Corporation) at a wavelength of 302 nm. Permanent records were
taken with a CCD camera (Alpha Innotech Corporation) and stored electronically.

2.2.1.5

Recovery of DNA from agarose-gels
PCR products, or specific fragments of a restriction digest, were isolated by

running the PCR reaction or the restriction digest out on agarose gels. The desired
band corresponding to products of the predicted size were excised from the agrose
gel under long wave UV translumination using a clean blade, and the DNA was
recovered from the gel slice using the QLAquick Gel Extraction Kit (Qiagen, No.
28706) following manufacturer’s instructions.
Briefly, gel slices were weighed and 3 volumes of buffer QG was added to 1
volume of gel. Gel slices were completely dissolved by incubating at 50 °C for 10
minutes. One gel volume of 100% isopropanol was added to each samples and
mixed. The sample mix was then applied to the QIAquick spin column, placed in 2
ml collection tube and centrifuged for

1

minute at 13,000 rpm using a bench top

centrifuge. The flow-through was discarded and the column was washed by adding
750 pi of PE buffer and centrifuged for 1 minute. The flow-through was then
discarded and the column was re-centrifuged for another

1

minute to completely

remove residual ethanol from buffer PE. The column was then placed into a fresh
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1.5ml Eppendorf tube, and the DNA was eluted by adding 30 pi of nuclease-free
water to the centre of the column, incubated for

1

minute at room temperature and

finally centrifuged for 2 minutes at 13,000 rpm.

2.2.1.6

Generation of VNTR reporter gene constructs

2.2.1.6.1

Cloning the VNTRs into intermediate vectors

2.2.1.6.1.1

Cloning into the intermediate vector pTTBlue

The amplified fragments from the PCR reaction were cloned into the
intermediate vector pT7Blue (Novagen) via blunt cloning into the EcoRV site and
positive clones were confirmed by sequencing. Briefly, 2 pi of the PCR reaction was
added to 5 pi of end-conversion mix (Novagen) in which insert to vector molar ratio
of 2.5:1 was obtained. Nuclease-free water to a total of 10 pi was added and the
reaction was mixed gently by stirring with a pipet tip. The reaction was incubated at
22 °C for 15 minutes and then inactivated by heating at 75 °C for 5 minutes. The
reaction was then cooled on ice for 2 minutes and briefly centrifuged to collect any
condensate material. 1 pi (50 ng) blunt vector (Novagen) and 1 pi T4 DNA ligase
(NEB) were added directly to the end-conversion reaction, which brought the total
volume to 12 pi. The reaction was mixed gently by stirring with the pipet tip and
incubated at 22 °C for 15 minutes or at 4 °C overnight.
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2.2.1.6.1.2

Cloning into the intermediate vector pGEM-T

Cloning of DNA fragments amplified by proofreading DNA polymerases
such as, Diamond DNA polymerase, into TA cloning vectors such as, pGEM-T
(Promega) gives very low efficiencies, as these enzymes generates blunt-ended PCR
fragments, due to removal of the 3’ A overhang usually generated by the 3’ to 5’
exonuclease activity enzymes such as Taq polymerase. To clone blunt-ended PCR
fragments into the intermediate vector pGEM-T modification before ligation was
required. The gel-purified fragments containing the VNTR of interest were modified
using an A-tailing procedure which creates an overhang of adenine nucleotides at the
3’ end of the fragment, complementary to the thymidine overhang found in the
pGEM-T vector. In brief, the reaction included 1-7 pi of the purified PCR product,
0.2 mM of dATP, 1.5 mM MgCk, lx Taq reaction buffer, 5 units of Taq DNA
polymerase and nuclease-free water to a final volume of 10 pi. The reaction was
incubated at 72 °C for 10 minutes. After this incubation period, the tubes containing
the reaction were placed in ice to halt the reaction. After addition of A-overhangs,
the fragments were ligated into an intermediate vector pGEM-T (Promega) applying
standard ligation reaction (as described in section 2.2.1.7).
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2.2.1.6.2

Cloning the VNTRs into reporter gene vectors

2.2.1.6.2.1

Cloning the 5’ LPR VNTR into Firefly luciferase reporter vector

The 5’ LPR VNTR fragments amplified by PCR were cloned into the
intermediate vector pT7 Blue (Novagen) via blunt cloning at the EcoRV site (as
described earlier in section 2.2.1.6.1.1). Positive clones were confirmed by
sequencing (as described in section 2.2.1.12) and VNTR inserts were released by
enzymatic digestion with Xbal and BamHI (as described in section 2.2.1.11).
Subsequently, VNTR fragments were cloned into Nhel and Bglll sites in the
multiple cloning site of the pGL3p vector which carries a reporter gene {Firefly
luciferase driven by a minimal SV40 promoter, Promega), creating pGL3p_long and
pGL3p_short.

2.2.1.6.2.2

Modification of the phRL luciferase vector

A renillin expression vector, phRLnull that contains a synthetic intron
(Promega, UK) was modified for subsequent cloning. The SV40 promoter was
removed from pGL3p with Notl and Ncol, blunted and subsequently cloned into the
EcolCRJ- site of the multiple cloning site of phRL null. An AscI linker was inserted
into the intron of this plasmid at the Bbsl site to allow subsequent insertion of the
Stin2 VNTR variants. This plasmid was termed modified phRLSV40.
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2.2.1.6.2.3

5’ LPR VNTR cloning in renillin luciferase reporter vector

The LPR constructs (pGL3p_long and pGL3p_short) were digested with
BamHI and Hindlll extracting the fragment containing the LPR VNTR, the SV40
promoter and the (3-lactamase gene. This was subsequently ligated to a BamHI and
Hindlll fragment from the modified phRLSV40 vector (containing a synthetic
intron, the renillin reporter gene and a SV40 polyA) generating phRLlong and
phRLshort.

2.2.1.6.2.4

Stin 2 VNTR and dual construct cloning

The Stin2 VNTR PCR products were cloned into the intronic AscI site in the
modified

phRLSV40

vector

creating

phRL_Stin2.9,

phRL_Stin2.10

and

phRL_Stin2.12. To generate the dual constructs, these intronic constructs were
digested with BamHI and Hindlll, to extract the Stin2 VNTR plus the renillin gene.
pGL3p_short, were digested with BamHI and Hindlll to extract the ¿■-variant of the
5’ LPR VNTR, the SV40 promoter and the P-lactamase gene. pGL3p_long has three
BamHI sites, therefore, pGL3p_long was first digested by Hindlll followed by
partial digest with BamHI of time intervals of 30, 60 and 90 minutes. The specific
fragment (3630 bp) containing the /-variants of 5’ LPR VNTR, the SV40 promoter
and the P-lactamase gene was extracted. The fragments containing the Stin2 VNTR
plus the renillin gene and the fragment containing the 5’ LPR VNTR, the SV40
promoter and the P-lactamase gene were ligated together, creating the dual
constructs: L9, L10, L I2, S9, S10, and SI2. Positive clones were confirmed by
sequencing. For schematic representation of the dual constructs cloning strategy
please see Figure 6.1 in results section.
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2.2.1.6.3

Cloning the VNTRs into Epstein-Barr virus (EBV) based vector

The six dual reporter constructs in phRL vector described above were
digested with Sac I and Not I to extract the fragments containing the appropriate
VNTR, the SV40 promoter and the renillin marker gene. The fragments were
blunted using T4 DNA polymerase (Promega, UK), re-digested with Not I and
subsequently cloned into the Epstein-Barr virus (EBV) based vector pMep.9, which
expresses EBNA-1 protein (kindly gifted by Dr. A. McBride). The pMep.9 vector
had previously been cut with Hind III and Xba I to remove the metallothionein
promoter. The backbone was blunted and re-cut with Not I. The final constructs were
termed pMep9_L pMep9_S, pMep9_L9, pMep9_L10, pMep9_L12, pMep9_S9,
pMep9-S10 and pMep9_S12. For vectors descriptions please see Table 2.2 in
Appendix I.
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2.2.1.7

Ligation
For ligations, different insert: vector molar ratios were used, usually ranging

from 1:1 to 3:1 ratios of molar ends. The amount of insert required was calculated
using the following equation:
ng vector x kb size of insert x insert: vector ratio = ng of insert
kb size of vector

In the ligation reaction 1 pi (25ng) of vector and appropriate volume of insert
were added to and 1 pi 1Ox ligase buffer and 1 pi 200 units of T4 DNA ligase (NEB
M0202S) in at total volume of 10 pi, incubated at room temperature for 4 hours then
at 4°C overnight.

2.2.1.8

Transformation of chemically competent E. coli cells
Once the generation of recombinant plasmid DNA was confirmed by

enzymatic digest (section 2 .2 . 1 .1 1 ) and sequencing (section 2 .2 . 1 . 1 2 ), intermediate
or reporter plasmids were transformed into strains of competent E. coli cells (DH5a, Invitrogen-Gibco BRL Cat. No. 18265-017). Briefly, 50 pi aliquot of competent
cells was defrosted on ice, the ligation reaction (10 pi) or 10 ng of plasmid DNA
were added to the defrosted cells and subsequently incubated on ice for 30 minutes.
The cells were subjected to heatshock in a water bath for 45 seconds at 42 °C and
then incubated on ice for 2 minutes. 950 pi of pre-warmed LB broth was added to
the cells, and the culture incubated at 37 °C for 1 hour, on a shaker at 225 rpm. 50200 pi of this culture was spread onto LB agar plates supplemented with 100 pg/ml
ampicillin, and grown at 37°C overnight.
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2.2.1.9

Blue/White screening of recombinants
Intermediate plasmids such as pT7-Blue and pGEM-T enable blue/white

screening of recombinants. The plasmid multiple cloning site is within the open
reading frame (ORF) of functional lacZ encoding active P-galactosidase that can
cleave the chromogenic substrate X-gal to yield a blue colony phenotype. Inserts
cloned disrupts this ORF, thereby preventing the production of functional Pgalactosidase, which results in the white colony phenotype when plated on Xgal/IPTG indicator plates.
82 mm LB agar plates containing 100 pg/ml ampicillin were evenly pre
spread with 35 pi of 50 mg/ml X-gal (5-bromo-4-chloro-3-indolyl-bD-galactoside
dissolved in dimethylformamide, Promega Cat. No. V3491) and 20 pi of 100 mM
IPTG (Isopropyl P-D-l-thiogalactopyranoside, BIO-37036). After spreading these
solutions, the agar plates were placed in an incubator for 30 minutes at 37 °C prior
use. 50-200 pi of the transformation culture was streaked out onto these plates,
followed by overnight incubation at 37°C. The following day, white positive
colonies were picked and screened in more detail for the correct insert.
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2.2.1.10

Isolation of DNA constructs from bacteria

2.2.1.10.1 Mini-preparation of plasmid DNA
A small scale preparation of plasmid DNA, for up to 20 pg, was used for
screening plasmids after manipulation for molecular cloning. The QIAprep Spin
Miniprep Kit (Qiagen, No. 27106) was used for this purpose. This kit uses a
modified alkaline lysis method, and the lysate is neutralised and adjusted to high salt
binding conditions. The neutralised lysate is cleared by centrifugation, before being
applied to a silica-gel membrane which selectively absorbs DNA in high-salt
conditions. Endonucleases are removed by a wash with buffer PB, and salts are
removed by a wash with buffer PE (both part of the kit). The plasmid DNA was
eluted in nuclease-free water.

2.2.1.10.2 Maxi-preparation of plasmid DNA
For the isolation of up to 500 pg of plasmid DNA the QIAGEN Plasmid
Maxi Kit (Qiagen, No. 12263) was used. The kit employ a modified alkaline lysis
procedure which results in a cell lysate containing plasmid DNA among protein,
chromosomal DNA and other cell debris. Debris are cleared from the lysate in a
neutralising potassium acetate buffer, and the plasmid DNA contained in the
supernatant is bound to an anion-exchange column under high salt and low pH
conditions. Medium-salt washes remove RNA, proteins etc, and the plasmid DNA is
eluted with a high-salt wash. The eluted DNA is then precipitated with isopropanol,
washed with 70% ethanol, and resuspended in nuclease-free water.
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2.2.1.11

Analytical restriction enzyme digests

Restriction enzymes were used for molecular cloning and to verify the
insertion and position of the VNTR fragments into the plasmid vectors. Restriction
enzyme (~5 unit/1 pg DNA) digests were carried out in lx restriction enzyme buffer.
The digests were carried out at the appropriate temperature for the respective
enzyme for a minimum time of 3 hours. DNA double digestion sequentially using
two restriction endonuclease enzymes was performed when the two enzymes buffer
salt concentration were not compatible, in such cases the first enzyme that function
in a low salt buffer was used first, followed by digestion with the second enzyme
that function in a high salt buffer. The second digest was set up adjusted to the
volume of the first reaction. Enzymes were mostly obtained from Promega, or
alternatively from New England Biolabs. The fragments generated by restriction
enzyme reaction were visualized after gel electrophoresis in a UV light
transilluminator.

2.2.1.12

Sequencing

DNA sequencing was performed by The Sequencing Service (School of Life
Sciences, University of Dundee, Scotland), using Applied Biosystems Big-Dye
Ver3.1 chemistry on an Applied Biosystems model 3730 automated capillary DNA
sequencer.
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2.2.1.13

Measurement of DNA concentration by spectrophotometry

DNA concentration was determined using UV spectrophotometer (Jenway
Genova Life Science Analyser Cat. No. 636 031). The UV spectrophotometer was
calibrated using 100 pi dtLO as blank. After calibration, 1:100 diluted DNA
preparation was placed into a quartz cuvette and placed in the cell holder for the
determination of concentration, using the following formula: original concentration
= O.D value “X” (at wavelength WL of 260 nm) x 50 ng/ml x dilution factor, where
1 O.D. at 260 nm for double-stranded (ds) DNA equals 50 ng/ml of dsDNA.
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2.2.2
2.2.2.1

Cell and tissue culture
Culture of JAr cells
JAr cells (human placental choriocarcinoma [ATCC HTB-144; American

Type Culture Collection, Manassas,VA]) were maintained as monolayers in RPMI1640 medium (Bioclear, Autogen) (described in section 2.1.3.1). JAr cells were
cultured at 37 °C, 5% CO2 , in T75 ml flasks and the culture media was changed
every other day. Cells were split when 70-80% confluence was achieved.

2.2.2.2

Generation of stable cell lines

JAr cells were maintained as monolayers in complete RPMI-1640 medium
(Bioclear, Autogen) (described in section 2.1.3.1). 2xl0 6 cells were transfected with
7 pg of each construct (pMep9_L, pMep9_S, pMep9_L9, pMep9_L10, pMep9_L12,
pMep9_S9, pMep9-S10 and pMep9_S12) using ExGen500 in vitro transfection
reagent (Fermentas) as described in methods section 2.2.4.1. pMep9 vector
comprises the neomycin gene which confers resistance to the antibiotic geneticin and
permits selection of transfectants. 48 hrs post-transfection the culture medium was
supplemented with 50 ng/ml of the antibiotic geneticin (GIBCO; Cat. No. 11811031) (selective medium) and cells were split at no more than 25% confluency. The
concentration of geneticin was determined as the minimum concentration required to
inhibit the growth of un-transfected JAr cells within 2-3 weeks. Cells were incubated
in selective media, which was replenished every 3-4 days, until geneticin resistant
cells were identified and cultured.
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2.2.2.3

Primary prefrontal cortical cultures

2.2.2.3.1

Dissection of prefrontal cortex from neonate Wistar rats

Wistar rat neonates aged 2-7 days old were culled in a gas chamber (CO2).
The head was severed from the body using a sharp razor blade applied in the dorsal
aspect of the neck area. Using a blade the skin was cut and the skull was removed
using curved forceps (Fisher Scientific Cat. No. DKC-790-D). With the use of micro
scissors (WPI Cat. No 501778) a longitudinal incision starting at the bregma point
was made along the sagittal suture of the skull. The skull plates were held by curved
forceps. The scoop-end of a spatula (Fisher scientific, Cat. No 3006) was placed
between the ventral surface of the brain and the inside of the base of the skull. The
spatula was then carefully moved from side to side to cut the underlying optic nerve
tracts, releasing the brain. The brain was removed using the spatula and placed in a
petri dish filled with pre-chilled dissection solution (section 2.1.3.2). Once in the
petri dish, the frontal cortex was dissected out using a clean scalpel by inserting the
blade with a 50° inclination pointing towards the root of the optical bulb. Finally, the
dissected frontal cortex was placed into a 15 ml falcon tubes containing dissection
solution for preparation of dissociated cultures.
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2 .2 .2 3 .2

Coating tissue culture plastics

24-well tissue culture plates used to grow cortical cultures were coated with
poly-D-lysine (100 pg/ml) which was prepared as a stock solution at concentration
of 10 mg/ml, aliquoted and stored at -20 °C under sterile conditions. Prior to
transfection, poly-D-lysine was dissolved in sterile dHiO and 200 pi (12.5 pg/cm2)
were added per well. The 24-well plates were placed in a 37 °C incubator overnight
to allow the poly-D-lysine to adhere to the surface of the wells. The following day,
prior to plating of the cells, the plates were washed twice with lx PBS to remove any
traces of poly-D-lysine.

2.2.2.3.3

Preparation of cortical cultures

Cortex tissue were stored in 15 ml falcon tubes containing dissection solution
and centrifuged at 1000 rpm for 5 minutes at room temperature in a bench top
centrifuge. The supernatant was replaced with 3 ml of trypsin/EDTA solution
(Sigma-Aldrich Ltd, Cat. No. T4049) and placed in an incubator at 37 °C for 20
minutes. The tissue was then centrifuged at 500 rpm for 5 minutes at room
temperature; after which the trypsin solution was decanted and replaced by fresh pre
warmed culture medium I containing penicillin/streptomycin (section 2.1.3.2). The
tissue was then centrifuged at 500 rpm for 3 minutes at room temperature; this
procedure was repeated three times. The resulting pellet was dissociated in 5 ml of
culture medium I (penicillin/streptomycin) using 2 Pasteur pipettes with pores of
decreasing diameter until the cell suspension was homogeneous and the solution
appeared turbid. The resulting cell suspension was passed through a 0.70 pm falcon
cell strainer (VWR) to remove debris, centrifuged at 1000 rpm for 5 minutes and
resuspended in 5 ml of culture medium I (without antibiotics). The dissociated cells

83

were counted under a contrast microscope using a cell counting chamber ( 1 0 5 per
well). The cells were then plated into poly-D-lysine coated 24-well plates for
transfection 24 hours later. Poly-D-Lysine was used as this substance will create a
matrix for the better adherence of neuronal cultures to the culture flask. After 7
hours, medium I was removed and replaced with 1 ml/well of culture medium II.
Medium II was renewed prior to transfections.

2.2.3

Lithium and cocaine cell treatments
Cells were plated into 24-well plates, 6 -well plates and T75-culture flasks for

luciferase assays, quantitative real-time PCR, and chromatin immunoprécipitation
(ChIP) assays, respectively. Prior to JAr cells treatment with lithium or cocaine the
cells were incubated in serum-free RPMI-1640 medium overnight. Cells were
subsequently incubated in serum-free RPMI-1640 medium supplemented with either
1 mM LiCl, 1 pM cocaine or 10 pM cocaine (described in section 2.1.2) for lhr
(acute treatment) or 4 hrs. Following treatment the cells were harvested immediately
(no recovery time allowed). Lithium and cocaine treated cells were subsequently
used

in

luciferase

assays,

quantitative

real-time

PCR,

and

chromatin

immunoprécipitation (ChIP) assays.
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2.2.4

Delivery of luciferase constructs into JAr cell lines and rat cortical
cultures
Reporter gene plasmids (Table 2.2, Appendix I) and expression constructs

were delivered into either JAr cells or prefrontal cortical cells using either ExGen
500 in vitro Transfection Reagent (Fermentas) or TransFast Transfection Reagent
(Promega). To normalise for transfection efficiency, either pmLuc-2 vector
containing a minimal TK promoter followed by an optimized Renilla luciferase
(Rluc) cDNA (Novagen) or a modified pMLuc-2 vector containing a minimal TK
promoter followed by an optimized Firefly luciferase cDNA were used

as an

internal control at a ratio of 50: 1; VNTR construct: pmLuc-2 plasmid.

2.2.4.1

ExGen 500 in vitro Transfection Reagent
ExGen 500 in vitro Transfection Reagent (Fermentas) was used to transfect

rat prefrontal cortical cultures and JAr cell lines. ExGen 500 is a polyethylenimine
cationic polymer. ExGen 500 and DNA charge-interact and form small, stable,
highly diffusible particles that settle on the cell surface. The ExGen 500/DNA
complex is then absorbed into the cell by endocytosis. These endosomes are ruptured
in the cytoplasm before lysosomal degradation releasing the ExGen 500/DNA
complex, allowing the DNA to be translocated into the nucleus. Following
manufacturer’s instructions,

1

pg of reporter constructs and

20

ng of the internal

control plasmid pmLuc-2 {Renilla luciferase or FireFly luciferase) were diluted in
100 pi of 150 mM NaCl, followed by gentle vortexing and brief centrifugation. 3.3
pi of ExGen 500 was added per 1 pg of DNA used. The solution was immediately
vortexed for

10

seconds and incubated for

10

minutes at room temperature.

10 0

pi of
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the ExGen 500/DNA mixture was added to each well (the volume of the ExGen
500/DNA mixture represented 10% of the total volume of the culture medium) and
gently rocked to achieve even distribution of the complexes. The plates were then
centrifuged for 5 min at 280x g at room temperature and finally incubated at 37°C
for 48 hours in a humidified 5% CO2 incubator. 48 hours post-transfection the cells
were lysed to analyse reporter gene expression.

2.2.4.2

TransFast Transfection Reagent
The TransFast Transfection Reagent (Promega) was used for transfection of

plasmid DNA into JAr cells. The TransFast Transfection Reagent is comprised of a
synthetic cationic lipid and a neutral lipid (DOPE). The lipid complex associates
with the DNA and similarly as for ExGen 500, is introduced into the cell by
endocytosis and later released into the cytoplasm allowing its passage to the nucleus
(Promega Madison, technical bulletin TB260).
24 hrs prior to transfection, 105 cells were seeded into 24-well plates and the
Transfast transfection reagent was resuspended in 400 pi nuclease-free water at
room temperature, making the final concentration of the cationic lipid component

1

mM, and it was then frozen at -20 °C. Immediately before transfection, the culture
medium was replaced by serum-free medium.

1

pg of reporter gene constructs and

20 ng of the internal control plasmid pmLuc-2 (Renilla luciferase or FireFly
luciferase) were diluted in 2 0 0 pi of serum-free culture medium in an eppendorf tube
and mixed with 3-6 pi Transfast transfection reagent, immediately followed by brief
vortexing. The mixture was incubated for 10-15 minutes at room temperature. The
culture medium was removed from the 24-well plate and the transfection mixture
(200 pi) was added to the cells. The culture plates were returned to the humidified
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37°C, 5% CO2 incubator for 1 hour, after which 800 pi of culture medium containing
serum was added to each well. The plates were returned to the incubator for 48 hours
and after this period the cells were harvested for luciferase assay.

2.2.5

Co-transfection experiments
To assess the potential regulation of the SLC6A4 promoter or VNTR

domains by the transcription factors, CTCF and YB-1, the full length human
expression constructs for CTCF (obtained as described in Klenova et al., 2004) and
YB-1 (kindly gifted by Dr. H.D.Royer) proteins were transfected into cell lines or
primary cultures of cortex simultaneously with the reporter constructs. The
constructs were co-transfected using transfection protocols described above. In these
co-transfection experiments the total amount of plasmid DNA transfected into the
cells was maintained constant. For this, per every 1 pg of either CTCF or YB-1
expression vector co-transfected with the reporter constructs, an equal amount of
inocous DNA (pGL3b) was included with the VNTR constructs.
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2.2.6

Analysis of transgene expression by reporter gene assay
Analysis of the amount of luciferase protein activity produced by the

transfected plasmids was estimated using the Dual Luciferase Assay kit (Promega,
Madison Cat. No E l500) on extracts of transfected cells. Briefly, cell extracts were
obtained as follows: culture medium was removed and wells were washed twice with
PBS. 70 pi of lx passive lysis buffer per well was added and incubated for 15
minutes on a rocking platform. 20 pi of the cell lysate were plated into a 96-well
plate and transferred into the Glomax 96 microplate luminometer (Promega). Firefly
luciferase reagent
luciferase reagent

(10 0
(10 0

pi containing the luciferase assay substrate) and sea pansy
pi, containing the sea pansy luciferase substrate) were

automatically injected into each well to calculate luminescence intensity. The seapansy luciferase substrate solution was added to each sample to determine the
protein production of the internal control (pmLuc-2) to normalise for transfection
efficiency in case the number of cells or the efficiency of the transfection varied
from well to well. Firefly (green-yellow light) was detected as wavelength of 550570 nm, whereas, Renilla (blue light) was detected as wavelength of 480 nm. The
calculated luminescence was processed by the Stingray 2.0 software and a readout
was produced.
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2.2.7

mRNA analysis

2.2.7.1

Extraction of total RNA from JAr clonal cell line and rat prefrontal
cortical cells
Total RNA was extracted from JAr cells or rat prefrontal cortical cells grown

in 6 -well culture plates. Up to 4xl0 5 cells were washed twice in lx PBS after
harvesting and spun down at 10,000 xg for 5 minutes. The supernatant was removed,
and samples either processed immediately or stored at -80°C. Briefly the cells were
lysed directly in the culture dish by adding 1 ml of TRIzol reagent (Invitrogen) and
incubated for 5 minutes at 15-30 °C to permit the complete dissociation of
nucleoprotein complexes. DNA and protein were removed through phase separation
by adding

200

pi of chloroform solution; samples were mixed by inversion for 15

seconds and incubated for 2-3 minutes at 15-30 °C. Samples were then centrifuged at
no more than 12,000x g for 15 minutes at 2-8 °C. Following centrifugation the
mixture separated into lower red, phenol-chloroform phase, an interphase, and a
colourless upper aqueous phase. The RNA containing aqueous phase was transferred
to a sterile-RNase free microcentrifuge tube containing 500 pi 100% isopropanol
and incubated for 10 minutes at 15-30 °C. The total RNA was precipitated by
centrifugation at 12,000 x g for 10 minutes at 2-8 °C. Total RNA pellet was washed
with 75% ethanol, and centrifuged again at 7,500x g for 5 minutes at 2-8 °C. The
RNA pellet was then left to dry for 15 minutes to allow evaporation of ethanol. To
dissolve the RNA, the pellet was resuspended in 50 pi of RNase free water and
incubated for 10 minutes at 55-60°C. The RNA samples were stored at -80°C.
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2.2.7.2

DNase digestion of total RNA extraction

Harvested total RNA was digested with RQ1 RNase-free DNase (Promega), in
order to ensure that all DNA contaminants were removed. 1 jag of total RNA was
digested with 1 pi (limit) RQ1 RNase-ffee DNase in a 10 pi volume reaction
containing 1 pi of RQ1 lOx buffer (Promega). The reaction took place at 37 °C for
30 minutes. 1 pi of Stop-solution (Promega) was added, and the enzyme was
inactivated at 65 °C for 10 minutes. Successful removal of DNA was determined by
visualisation of RNA and DNase treated RNA on a 1% agarose gel in
electrophoresis.
The RNA concentration was determined with a spectrophotometer after
DNase digestion (calculation was as follows Absorbance A260 nm x dilution factor
x 40). 1 pg of DNase digested RNA was used in reverse-transcriptase PCR (RTPCR). The amount of RNA used in RT-PCR was equivalent for all samples tested.
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Reverse Transcriptase PCR (RT-PCR)

2.2.13

Promega’s Reverse Transcription System (Cat. No. A3500) was used for the
reverse transcription step following manufacturer’s instructions. Briefly 1 pg of
DNase treated RNA was used as template in each RT- PCR reaction.
A usual reverse transcription (RT) reaction was the following:
MgCl2, 25mM

4 pi

Reverse Transcription lOx Buffer

2 pi

dNTP Mixture, 10 mM

2 pi

Recombinant RNasin Ribonucléase Inhibitor

0.5 pi

AMV Reverse Transcriptase

15u

Random Primers

0.5 pg

Total RNA

1

Nuclease-Free water to a final volume of

pg
20pl

For first strand cDNA synthesis the reverse transcription reaction was carried
out at room temperature for 10 minutes, then 42 °C for 15 minutes for primers
annealing. The 10 minutes incubation at room temperature allows extension of the
primers so they remain hybridised when the temperature is raised to 42 °C. To
inactivate the reverse transcriptase, the reaction was then incubated at 95 °C for 5
minutes and rapidly cooled to 4 °C for 5 minutes to keep the cDNA in a denatured
state. As a negative control the reaction was carried out with dH20 alone in the
absence

of

RNA.

The

cDNA

concentration

was

determined

with

a

spectrophotometer (calculation was as follows Absorbance A260 nm x dilution
factor x 33). For quantitative PCR (qPCR) the resulting cDNA was diluted to 10
ng/pl in nuclease-free water and subsequently 3 pi (30 ng) of this dilution were used
as template in each qPCR.
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Polymerase chain reaction to analyse mRNA expression

2.2.1 A

PCR was used as a method for analysing mRNA expression. PCR was
performed in a Px2 thermal cycler (Thermo Scientific). GoTaq DNA polymerase and
dNTPs were obtained from Promega. Primers were obtained from MWG Biotech,
Germany, prepared as a 100 pM stock and stored at -20 °C (see Table 2.3 in
Appendix I for primer sequences). Using 30 ng per reaction of first-strand cDNA the
PCR reaction was carried out as below:

30ng first-strand cDNA

3 pi

dNTPs Mixture, lOmM

0.5 pi

MgCl2, 25mM

1.5 pi

5x Buffer

5 pi

Forward primer

50 pmol

Reverse primer

50 pmol

Taq DNA polymerase

2.5 units

Nuclease-Free wate to a final volume of

25 pi

PCR programmes were adapted from a standard protocol. The annealing
temperature varied according to the melting temperature of the primer pairs used and
the extension time was adapted to the size of the expected product, with

1

minute

extension time for each 1000 bp as a guide line. The most commonly used reaction
conditions were as follows: initial denaturation: 94° C for 10 min for one cycle,
denaturation: 94 °C for 1 min, annealing: 60 °C for 1 min, extension: 72 °C for 1
min for 40 cycles and completion of strands: 72 °C for 10 min.
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22.1.5

Quantitative Real Time PCR
Quantitative real-time PCR was performed in a qPCR machine (iQ5

cycler, BioRad) using the iQ SYBR Green supermix (BioRad). SYBR green excites
in the presence of dsDNA and the level of fluorescence is directly proportional to the
copy number of amplicons produced. Melting curve analysis was carried out to
confirm the specificity of the products between 65-95 °C. The content of unknown
samples was calculated from the amount of the target gene, normalised to the
amount of a housekeeping gene; P-actin.

12.5

pi iQ SYBR Green master mix (containing modified Thermus

brockianus (Tbr) DNA polymerase, SYBR Green I, optimized PCR buffer, 5 mM
MgCl, dNTP mix including dUTP) and 0.18 pM of each primer (see Table 2.3 in
Appendix I for primer sequences) were added to 30 ng of each cDNA sample. The
modified Tbr DNA polymerase incorporates a non-specific DNA-binding domain
that lends physical stability to the polymerase-DNA complex.
qPCR cycling steps were carried out as outlined in the BioRad qPCR
machine (Block pre heating 95 °C for 10 min, denaturation 94°C for 30 seconds,
annealing 60 °C 40 seconds for 45 cycles.) Data were analysed using Bio-Rad iQ5
optical system software.
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2.2.8

Chromatin Immunoprécipitation (ChIP)

2.2.8.1

Ceil fixation and chromatin isolation
JAr cells were grown to 70-80% confluency in a T75 culture flask (~ lxl0 7

cells). When cells were ready to harvest, they were washed twice with lx PBS and
the DNA/protein interactions were cross-linked with 20 ml fixation solution (section
2 .1 .1 .1 )

and mixed thoroughly on a shaking platform for

10

minutes at room

temperature. After incubation, cells were washed by 10 ml lx ice-cold PBS for 5
seconds. Following the wash, cross-linking was quenched by addition of 10 ml
glycine stop-fix solution (section

2 .1 .1 .1 )

and mixed thoroughly on a shaking

platform for 5 minutes at room temperature. Cells were then washed by 10 ml lx
ice-cold PBS for 5 seconds and scraped off the culture plate by 2 ml of ice-cold cell
scraping solution (section 2.1.1.1) with a rubber policeman. Cells were then
transferred to a 15 ml conical tube on ice, and pelleted by centrifugation for 10
minutes at 2,500 rpm at 4 °C. The supernatant was then discarded, and the pellet was
resuspended in 1 ml ice-cold Lysis Buffer (Active Motif) and incubated on ice for 30
minutes. Lysis Buffer was supplemented with 5 pi of each of protease inhibitor
cocktail (PIC) and PMSF to ensure that the protein/DNA interactions were preserved
during chromatin purification and immunoprécipitation. To disrupt the cells and
release the nuclei, the cells were passed through a needle/syringe - 5 - 1 0 times, and
then transferred to a microcentrifuge tube and centrifuged at

5 ,0 0 0

rpm for

10

minutes at 4 °C to pellet the nuclei. The supernatant was carefully removed and
discarded. The nuclei pellet was then resuspended in 1 ml Shearing Buffer (Active
Motif) supplement with 5 pi protease inhibitor cocktail (Active Motif) and aliquoted
into three microcentrifuge tubes; each aliquot approximately 350 pi.
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2.2.8.2

Chromatin sonication shearing
Each of the 350 pi chromatin aliquots was sheared by sonication, 15x 30

seconds pulses at 50% power using a Microson sonicator (Misonix), allowing
samples to chill on ice for 1 minute between each sonication round. All three sheared
chromatin samples were then centrifuged at 15,000 rpm in 4 °C microcentrifuge for
12 minutes. The supernatants containing the chromatin from the three tubes were
pooled to a fresh tube, and then aliquoted into four tubes, approximately 2 2 0 pi each
and stored at - 80 °C.
To estimate the sonicated DNA concentration and fragments size, DNA was
first phenol/chloroform extracted and precipitated. This was performed by
transferring 50 pi of the sheared chromatin sample to a fresh microcentrifuge tube,
and to reverse cross-links, 150 pi dH^O,

8

pi NaCl and 1 pi RNase was added to the

sheared DNA sample, vortexed and incubated at 65 °C overnight. The following
day, tubes were centrifuged briefly to collect condensed material, and samples were
then allowed to return to room temperature. 10 pi of Proteinase K (Active Motif)
was added and incubated at 42 °C for 1.5 hours. To determine the DNA
concentration, the DNA was phenol/chloroform extracted and precipitated as
follows:

200

pi phenol/ chloroform was added to the sample, vortexed to mix

completely and centrifuged for 5 minutes at maximum speed in a microcentrifuge.
The aqueous top layer was then transferred to a fresh microcentrifuge tube, and 20 pi
of 3 M sodium acetate pH 5.2 and 500 pi 100% ethanol was added. The sample was
vortexed to mix completely and placed at -20 °C for at least 1 hour. After incubation,
the sample was centrifuged at maximum speed for

10

minutes in a microcentrifuge at

4 °C. The supernatant was carefully discarded without disturbing the pellet. The
pellet was then washed by 500 pi 70% ethanol, and centrifuged for 5 minutes at 4 °C
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in a microcentrifuge at maximum speed. The supernatant was carefully discarded
and the pellet was allowed to air-dry for 10 minutes at room temperature. Finally, the
pellet was resuspended in 50 pi dFEO and the DNA concentration was determined at
OD of 260 nm. Efficiency of sonication was determined by agarose gel
electrophoresis.

2.2.8.3

Capture chromatin on magnetic beads
6.3

pg of sheared chromatin, 25 pi of protein G magnetic beads, 10 pi of

ChIP Buffer 1, 1 pi protease inhibitor cocktail, 3 pg of the appropriate antibody (see
Table 2.4 in Appendix I) and dF^O to a final volume of 100 pi were mixed for each
immunoprécipitation in a pre-siliconised 1.7 ml microcentrifuge tubes and the
samples were incubated at 4 °C overnight on a rotating wheel.

2.2.8.4

Elute chromatin, reverse cross-links and treat with Proteinase K
Following immunoprécipitation, the samples were briefly spun to collect any

liquid collected on tube’s cap. The samples were then transferred to fresh
microcentrifuge tubes to reduce background contamination. The beads were then
washed 3x with 800 pi ChIP Buffer 1, followed by 3x washes with 800 pi ChIP
Buffer 2. Following these washes, the beads were resuspended with 50 pi elution
buffer AM2 and incubated for 15 minutes at room temperature on a rotator wheel.
Samples were spun briefly to collect liquid from caps and 50 pi of the reverse cross
link buffer was added to the eluted chromatin and tubes were immediately placed in
magnetic stand to allow beads to pellet to sides of tubes. The chromatin containing
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supernatant was quickly transferred to fresh tube. For “input DNA” 10 pi of sheared
chromatin was thawed and
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pi ChIP buffer 2 and 2 pi 5 M NaCl was added. All

samples were incubated at 65 °C for 2.5 hours. After incubation, tubes were returned
to room temperature, and 2 pi of Proteinase K was added and samples were
incubated for further 1 hour at 37 °C. Samples were then left to return to room
temperature and 2 pi Proteinase K stop solution was added. DNA was then
transferred to fresh tubes and used for PCR analysis or stored at -20 °C.

2.2.8.5

Sequential chromatin immunoprécipitation (SeqChIP)
For sequential ChIP (seqChIP) analysis, a primary ChIP was performed as

described earlier with the appropriate antibody. The immunoprecipitated complexes
were eluted as described in section 2.2.8.4 and the eluate was subjected to a second
ChIP using the appropriate antibody. PCR analysis were performed as described in
section 2 .2 . 1 . 2
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2.2.9
2.2.9.1

Detection of protein-DNA interactions by EMSA
Preparation of nuclear extracts
JAr cells were grown to 70-80% confluency in a T75 culture flask (~ lxl0 7

cells). Nuclear extracts from JAr cells were generated using NucBuster Protein
Extraction kit (Novagen). Briefly, cells were washed twice in lx PBS and harvested
by trypsinisation for 5 minutes at 37 °C. Cells were then centrifuged at 500x g for 5
minutes and then washed again with lx PBS. Following washing the cell pellets
were resuspended in 150 pi of NucBuster Reagent 1 by vortexing vigorously for 15
seconds on full speed. Cells were then incubated on ice for 5 minutes. Following this
incubation, the tubes were vortexed for 15 seconds on full speed and then
centrifuged for 5 minutes at 16,000x g at 4 °C to separate the cytoplasmic extract.
The supernatant (cytoplasmic extract) fraction was then discarded. The remaining
pellet which contained nuclei was washed with 500 pi ice-cold lx PBS to remove
any remaining cytoplasmic proteins. Following washing, the pellets were
resuspended in 75 pi of NucBuster Extraction Reagent 2, supplemented with 1 pi
lOOx Protease Inhibitor Cocktail and 1 pi of 100 mM DTT. Extracts were vortexed
for 15 seconds, incubated on ice for 5 minutes and vortexed again for 15 seconds on
full speed. Finally the extracts were centrifuged at 16,000x g for 5 minutes at 4 °C
and the supernatants (nuclear extracts) were transferred to fresh pre-chilled tubes.
Nuclear extracts were stored at -80 °C in aliquots until use. Protein concentration of
nuclear extracts was determined using BCA protein Assay (Pierce).
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2.2.9.2

Electrophoretic mobility Shift Assay (EMSA)

2.2.9.2.1 Annealing and labelling of oligonucleotides
Synthetic oligonucleotides (MWG) were designed to give overhanging
complementary strands when annealed and diluted to

10 0

pmol/pl in nuclease-free

water. Oligonucleotides were annealed at a concentration of 50 pmol/pl by
denaturing at 100 °C for 5 minutes, then by slow cooling to room temperature
overnight. 5 pmol of double stranded synthetic oligonucleotides with protruding
termini were labelled with a-32P dATP (specific activity 6000 Ci/mM) (Amersham)
using DNA polymerase I, Large (Klenow) Fragment (NEB). The reaction mix was
as follows 1 pi 10 x Klenow buffer, 5 pmol ds oligonucleotide, 1 mM dCTP, 1 mM
dGTP, 1 mM dTTP, 1 pi Klenow enzyme, 1 pi a-32P dATP and ddH20 to a final
volume of 10 pi. Reactions were left at room temperature for 20 minutes and then
heat inactivated at 75 °C for 2-3 minutes. The reaction was then run through
ProbeQuant G-50 Micro Columns (GE Healthcare) to remove any unincorporated
labelled reaction. 90pl of nuclease-free water was then added to the labelled
oligonucleotides making the final concentration of labelled oligonucleotide at

1

ng/pl. Labelled probe was aliquoted and stored at -20 °C for up to 2 weeks.
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2.2.9.2.2

EMSA gel and reactions

A 4% polyacrylamide non-denaturing EMSA gel was set up in 20x17 cm
glass plates with 1.5 mm spacers as follows; 5 ml 40% polyacrylamide solution
(29:1 Acryl/Bis, BioRad), 5 ml 5x TBE, 39 ml ddF^O, 500 pi 10% ammonium
persulphate (APS) and 100 pi tetramethylethylenediamine (TEMED). Protein-DNA
complexes were formed in 5 pi reaction mixtures containing 10 pg of nuclear extract
or 1 pg purified baculovirus CTCF (kindly gifted by Dr. E. Klenova), 0.83 pi EMSA
buffer, 5 pg poly dl/dC (deoxyinosinic-deoxycytidylic acid) (Sigma) was added to
reduce unspecific binding of protein, 1 pi homologous or heterologous non-specifc
competitor (ranging from 50 to 200 molar excess) or 1 pi of antibody and 0.21 pi
loading dye. Competitors used in EMSA reactions were unlabeled homologous 5’
tcgacccctcgcagtatcccccctgca

3’

or

heterologous

non-specifc,

5’

tcgaatccctttaaatttgcgagc 3’, or Stin2 5’ tgcaggctgtgacctgggat 3’ competitor.
Antibodies used in supershift reactions were monoclonal mouse anti-human CTCF
(BD Transduction Laboratories, Lexington, KY) and polyclonal goat anti-human
YB-1 (Santa Cruz Biotechnology, Santa Cruz, CA). Competition reaction mixes and
gel shift reaction mixes were incubated at room temperature for 10 minutes or on ice
for 20 minutes respectively. 1 pi of labelled probe was then added and the incubation
was continued for 10 minutes in a controlled Perspex shielded environment. The
protein DNA competition and gel shift reactions were analysed by polyacrylamide
gel electrophoresis at 200 V in 0.5 x TBE for 60-80 minutes, which was pre-ran at
100 V for 30-60 minutes before loading the reactions. The gel was dried for 60
minutes on Whatman 3 MM paper using a Bio-Rad gel dryer (model 583) before
autoradiography. Radioactivity was measured with a Biorad Phosphorlmager and
analysed with Biorad quantity one software.
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Chapter 3
The linked polymorphic region variable number
tandem repeat in the promoter of the human serotonin
transporter gene (SLC6A4) is a target for regulation by
the transcription factor CCCTC-binding protein, CTCF
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3.1

Introduction
Modulation of serotonin metabolism has been

implicated in the

pathophysiology of many CNS-related disorders. The human serotonin transporter
gene (SLC6A4) encompasses 14 exons spanning ~ 39 Kb on chromosome 17qll
(Lesch, et al., 1994). Polymorphisms in the SLC6A4 gene have been associated with
a number of CNS disorders, including bipolar disorder, schizophrenia, drug
addiction and obsessive compulsive disorder (Battersby et al., 1996; Collier et al.,
1996a; Kent et al., 2002; Kunugi et al., 1996; Bellivier et al., 2002; Collier et al.,
1996b; Mellerup et al., 2001). In particular, an intronic variable number tandem
repeat (VNTR) within intron 2, termed Stin2, and a 5’ linked polymorphic region
promoter VNTR, termed 5’ LPR, have been hypothesised as predisposing genetic
factors for such conditions. The 5’ LPR exists as two common allelic variants
termed, long: 16 copies of 22-23 bp and short: 14 copies of 22-23 bp (/- and s-,
respectively) (Heils et al., 1997; Nakamura et al., 2000). The Stin2 VNTR of the
SLC6A4 gene exists as three common allelic variants containing 9, 10 or 12 copies
of a repeated 16 or 17 bp element, (Stin2.9, Stin2.10 and Stin2.12, respectively)
(Battersby et al., 1996; Ogilvie et al., 1996; Ogilvie and Harmar 1997).
There is not yet conclusive evidence that polymorphic variation at these loci
influences susceptibility to affective disorders, because this

fin d in g

has not been

replicated in all independent studies (Collier et al., 1996a; Kunugi et al., 1996;
Collier et al., 1996b; Bellivier et al., 1998; Furlong et al., 1998; Gutierrez et al.,
1998a; Gutierrez et al., 1998b; Hoehe et al., 1998; Rees et al., 1997). Recent meta
analysis suggests no significant allele frequency associations of the Stin2 VNTR
with affective disorder (Furlong et al., 1998; Lasky-Su et al., 2005; Lotrich and
Pollock, 2004). Similarly, there has been controversy about the association of the 5’
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LPR alleles with CNS disorders but there is more evidence in favour of these
associations (Furlong et al., 1998; Lasky-Su et al., 2005; Lotrich and Pollock, 2004;
Schinka et al., 2004; Cho et al., 2005). Nevertheless, these associations may provide
a critical starting point for an understanding of the polygenic contribution towards
susceptibility to affective disorder via a transcriptional regulation model. There are
several mechanistic reasons which in part explain the existing controversy over the
VNTR correlation with clinical disorders, for example, the primary sequence of the
VNTR in addition to copy number is important, or gene environment parameters
should be factored into the correlations (Eley et al., 2004; McGuffin, 2004). For the
former our group have previously demonstrated that both primary sequence and copy
number can affect regulation of gene expression mediated by the Stin2 VNTR
(Lovejoy et al., 2003). In addition, there are recent clinical studies that indicate that a
A/G SNP in the /-allele of the 5’ LPR can affect mRNA expression levels of
SLC6A4 (Hu et al., 2005; Wendland et al., 2006).
Our group and others have previously demonstrated that VNTRs in SLC6A4
can support differential reporter gene expression in vitro (Lovejoy et al., 2003; Heils
et al., 1996; Lesch et al., 1996; Klenova et al., 2004; Roberts et al., 2007).
Furthermore, in a transgenic mouse model the Stin2 polymorphic variants supported
differential reporter gene expression in the CNS region initially involved in
serotonergic lineage (MacKenzie and Quinn 1999). Furthermore, allelic distribution
in the 5’ LPR has been associated with modulation of serotonergic systems in vivo,
and suggested that it may act in concert with other domains to mediate both tissuespecific and stimulus-inducible SCL6A4 gene expression (Smith et al., 2004). Since
the two VNTR domains are often correlated with the same or similar CNS
conditions, I propose that they may be responsive to the same challenges and
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therefore related transcription factor pathways. Our group have previously addressed
the biochemistry of transcription factor interaction with the Stin2 VNTR and
demonstrated that it is bound and regulated by the transcription factors YB-1 and
CTCF (Klenova et al., 2004; Roberts et al., 2007). The involvement of CTCF in the
regulation of the Stin2 VNTR is particularly interesting because CTCF has a role in
transcriptional activation or silencing, it may also act as an insulator in epigenetic
remodelling, such as enhancer-blocking function of vertebrate insulators and has a
role in imprinting (Filippova et al., 1996; Klenova et al., 2002; Qhlsson et al., 2001;
Klenova et al., 1993; Bell et al., 1999). CTCF has also been associated with a range
of diseases including Alzheimer’s and cancer (Klenova et al., 2002; Vostrov et al.,
1997). Inspection of the 5’ LPR alleles demonstrates potential high affinity binding
sites for CTCF and sequence homology to the Stin2 VNTR (Figure 1.9 & 1.10). I
therefore hypothesise that the 5’ LPR transcriptional domain could also be a target
for CTCF regulation which I validate in this chapter.
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3.2 Aims
■ To assess the transcriptional activity of the 5’ LPR alleles in transient
transfection experiments.
■ To explore whether the two transcription factors CTCF and YB-1 (known to
regulate the transcriptional activity of the Stin2 VNTR), bind to the alleles of the
5’ LPR in vitro and in vivo using EMSA and ChIP analysis, respectively.
■ To address the potential for CTCF and YB-1 to regulate the transcriptional
activity of the alleles of the 5’ LPR in co-transfection experiments.
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3.3 Methods
3.3.1

PCR amplification and generation of VNTR reporter gene constructs
The promoter 5’ LPR was amplified by polymerase chain reaction (PCR) as

outlined in methods section 2.2.1.2 using the primers and conditions described in
(Table 2.1 Appendix I). The amplified 5’ LPR variants were cloned into the
intermediate vector pT7Blue as described in section 2.2.1.6.1.1 and subsequently
cloned upstream of the SV40 promoter of the Firefly luciferase pGL3p vector as
described in section 2.2.1.6.2.1. The YB-1 expression construct used in co
transfection experiments was kindly gifted by Dr. H.D.Royer. The CTCF expression
construct was obtained as described in Klenova et al., 2004. For description of
reporter gene constructs used in transient transfection experiments please see Table
2.2, Appendix I.
3.3.2

Cell culture, transient transfections, and luciferase assays
JAr cells were cultured as outlined in methods section 2.2.2.1 and transfected

as described in methods section 2.2.4.2. Cells were then harvested and assayed using
the Dual Luciferase Reporter Assay System as outlined in methods section 2.2.6.

3.3.3

Transcription factor binding study to the 5’ LPR
CTCF and YB-1 interaction with the 5’ LPR variants was studied in vivo

using Chromatin immunoprécipitation (ChIP) as outlined in method section 2.2.8.
Furthermore, JAr nuclear extracts and human recombinant CTCF protein interaction
with individual repeat element of the 5’ LPR was assessed using EMSA as described
in methods section 2.2.9.
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3.4 Results
3.4.1

The 5’ LPR support differential activity in JAr cells
I tested the ability of the alleles of the 5’ LPR to support reporter gene

expression in the human JAr cell line which expresses the endogenous SLC6A4 gene
(Roberts et al., 2007). The 5-allele supported an increase of approximately 5-fold
compared to the SV40 minimal promoter alone (pGL3p control), whereas little or no
additional expression was demonstrated by the /-allele (Figure 3.1).

pGL3p

I allele

s allele

Figure 3.1: The alleles of SLC6A4 LPR support differential activity in JAr cells.
pGL3p_long and pGL3p_short constructs were transiently transfected in JAr cells
and assayed for luciferase activity as described in methods section. Bars represent
the fold change in normalised luciferase activity supported by the VNTR constructs
in pGL3p compared with the control, pGL3pSV40 alone. Transfections were
performed in triplicate in three independent experiments and the mean normalised
luciferase values were calculated together with the S.E.M, represented by error bars.
Student’s /-test indicates that the /-allele of the 5’ LPR did not display a significant
difference to the control, whilst the 5-allele displayed significant up-regulation in
fold activity compared to the control. **=/?<0.01.
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3.4.2

The alleles of the 5’ LPR are differentially regulated by the transcription
factor CTCF
The primary sequences of the /- and 5-alleles have multiple potential CTCF

binding sites based on the CCCTC motif (Figure 1.9). Our group have previously
demonstrated that CTCF is a transcription factor that can regulate the function of the
SLC6A4 Stin2 VNTR in JAr cells (Roberts et al, 2007). I therefore co-transfected
the 5’ LPR constructs and CTCF expression constructs in JAr cells in order to
address the potential for CTCF to regulate the 5’ LPR alleles. Under these
conditions, CTCF increased expression supported by the /- allele by 3.25 fold. No
effect of CTCF was seen on the 5-allele (Figure 3.2). A second transcription factor,
YB-1, identified as a regulator of the Stin2 VNTR (Klenova et a l, 2004), had no
effect on the expression supported by either of these constructs (Figure 3.2).

108

■ YB -1

5 -i

□ CTCF
o t-

o >

8 a
2Q) -Oa
t

***

4 -

o

o +■

— ~D

>- L
2 g
^ 8
H-

g-

E
—

E

8a>=
e

2

o

g

3 -

2

-

.5 £
2

"O

>ft2) jj
“a
gi
<8 i

1-

0
p6L3p

I allele

s allele

Figure 3.2: Differential regulation of the SLC6A4 LPR by CTCF but not YB-1.
Bars represent the fold change in normalised luciferase activity supported by
pGL3p_long or pGL3p_short when co-transfected with 1 pg of either CTCF or YB1, compared to when co-transfected with pGL3b to normalise for total DNA
concentration. The 5’ LPR is modulated by the transcription factor CTCF
differentially regulating one allele (l) over the other (5 ), while YB-1 had no
significant effect on the regulation of either allele. Data shown are an average from
three independent experiments performed in triplicate. Error bars indicate S.E.M.
Student t-test indicates that the up-regulation of the /-allele by CTCF is significant
***

p= <0.005.
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3.4.3

Bindiug of transcription factors to the l- and s- alleles of the 5’ LPR
I performed chromatin immunoprécipitation (ChIP) in JAr cells, under the

same conditions previously published (Roberts et al, 2007) to address binding to the
Stin2 VNTR by CTCF and YB1. This facilitated investigation of the binding of these
factors to the /- and ,v-alleles and allowed me to address the potential mechanism that
would correlate with the differential activity of the 5’ LPR alleles. In JAr cells,
CTCF was found to bind both alleles of the 5’ LPR (Figure 3.3 A). However,
considering that the PCR reaction preferentially amplify the 5-allele of the input
(approximately 2:1 molar ratio; s/f), CTCF may preferentially be binding to the /allele, as following immunoprécipitation, both alleles were amplified at eqimolar in
the majority of reactions performed (Figure 3.3 A).
YB-1 binds weakly, if at all to the alleles of the 5’ LPR (Figure 3.3 B);
although under the same experimental conditions YB-1 did bind the Stin2 alleles
(Figure 3.3 Q . Considering that the 12-copy allele is preferentially amplified of the
input (approximately 3:1 molar ratio; 12-allele/10-allele), and both alleles were
equally amplified from DNA immunoprecipitated with YB-1 antibody, YB-1 may
preferentially be binding to the 10-copy allele on the Stin2 VNTR (Figure 3.3 Q .
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Figure 3.3: CTCF binds both alleles of the 5’ LPR, while YB-1 may bind weakly
to the /-allele.
ChIP analysis of the in vivo interaction of CTCF and YB-1 with the 5’ LPR alleles.
ChIP analysis was performed as described in the methods section. IgG was included
as a non-specific binding control (background). (A) CTCF was found to bind both
alleles of the 5’ LPR and may preferentially bind the /-allele, while (B) YB-1 may
bind weakly if at all to /-allele of the 5’ LPR. (C) The ChIP of YB-1 binding to the
alleles of the Stin2 VNTR was included as a positive control for YB-1 binding.
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To further address the binding of transcription factors to the 5’ LPR I
performed electrophoretic mobility shift analysis (EMSA) using JAr cell extract
(Figure 3.4). The whole 5’ LPR domain is much greater than the size usually
preferred for EMSA so I therefore used an oligonucleotide which corresponded to a
repeat element of the VNTR sequence that contained a CTCF binding motif. The JAr
cell extract gave a series of complexes on EMSA with differing specificity when
mixed with this labelled oligonucleotide (Figure 3.4 A). The two bands indicated by
the arrows were specific as determined by the addition of homologous competitor.
Under these conditions neither antibody against CTCF or YB-1 recognised
complexes binding to the oligonucleotide. The lack of a modified shift with
antibodies to CTCF or YB-1 could reflect that the complexes observed with the
nuclear extract are distinct from either transcription factor or alternatively that the
epitopes recognised by the antibodies are not exposed in the complexes formed on
the VNTR element using cell extract. In brief the lack of recognition of a
transcription factor by an antibody using EMSA is not sufficient to determine a lack
of binding. Our group have previously demonstrated that baculovirus expressed and
purified CTCF could bind to elements within the SLC6A4 Stin2 VNTR (Roberts et
al, 2007), I therefore repeated this experiment with the 5’ LPR repeat
oligonucleotide. Two specific complexes could be observed that could be competed
with homologous competitor (Figure 3.4 B). Interestingly only one of these
complexes was effectively competed by an oligonucleotide corresponding to one of
the Stin2 VNTR repeat elements, suggesting very different affinities for binding
CTCF.
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Figure 3.4: EMSA analysis of protein complexes binding to a repeat element of
the 5’ LPR.
EMSA analyses were performed as described in the methods section. JAr nuclear
extract showed two specific protein/DNA complexes indicated by closed arrows (A,
lane 1). Competitors were added to 100-fold molar excess, specific (A, lanes 4-6)
and nonspecific (A, lanes 7-9). However, neither of these bands showed a super shift
with either CTCF (A, lane 2) or YB-1 (A, lane 3) antibody suggesting that the
complexes observed with nuclear extract may be distinct from both. The complex
indicated by asterisks possibly represents a non-specific DNA-protein complex,
because it did not compete with the specific competitor. CTCF purified from
Baculovirus showed that two specific complexes could be observed (B, lane 1,
closed arrows), which could be competed with homologous competitor (B, lanes 24). However, only one of these complexes was competed with the Stin2
oligonucleotide (B, lanes 5-7, open arrow).
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3.5

Discussion
A SLC6A4 promoter fragment encompassing the 5’ LPR or as an individual

domain has been tested to support reporter gene expression in cell lines often with
differing results indicating that it could act as a repressor or enhancer depending on
cell type and promoter context (Heil et al., 1996; Lesch et al., 1996; Mortensen et
al., 1999; Sakai et al., 2002). However, ascribing specific transcription properties to
the 5’ LPR itself and the transcription factors that modulate that function has not
been performed. This study expand upon the previous data to demonstrate not only
can both alleles of the 5’ LPR SLC6A4 support differential reporter gene expression
but expanded that to demonstrate that CTCF, a known regulator of the function of
the Stin2 VNTR within the SLC6A4 gene, differentially regulates reporter gene
expression via the 5’ LPR alleles. Consistent with this, ChIP demonstrated that the
5’ LPR are bound by CTCF in vivo. Therefore both the 5’ LPR and Stin2 VNTRs
within the SLC6A4 gene (the latter also regulated by CTCF), that are predisposing
clinical determinants for overlapping conditions and disease, can respond in part to
the same signal transduction pathway.
However, the regulation of these domains is considerably more complex than
perhaps solely modulation of CTCF levels in the cell. The ChIP analysis revealed
preferential binding of CTCF to the /-allele of the 5’ LPR under basal growth
conditions. The EMSA is also consistent with multiple factors being able to bind to
the VNTR. The identity of these factors has still to be elucidated. However one
potential regulator YB-1, a transcription factor that can bind and regulate the Stin2
VNTR (Klenova et al., 2004; Roberts et al., 2007), was found to bind weakly, if at
all to the 5’ LPR alleles as assayed by ChIP and had no effect on the 5’ LPR
supported reporter gene expression. This suggests that there are also distinct
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pathways regulating expression driven by these both promoter and intronic VNTRs,
as YB-1 only regulates the Stin2 VNTR and not the 5’ LPR. Furthermore, although
EMSA demonstrated that an element within the 5’ LPR can bind specifically to
complexes in nuclear extract from JAr cells, these complexes were not recognised by
antibodies against CTCF or YB-1. However, this could be due to the presence of
other proteins in these complexes that may hinder antibody recognition or have
higher binding affinity for the site. In support of this view and consistent with the in
vivo binding of CTCF to the VNTR detected by ChIP analysis, purified CTCF did
bind to the 5’ LPR VNTR element tested by EMSA. Analysis of the biochemistry of
binding of factors to VNTRs is complex due to the ability of the repeated elements
in the VNTR to bind complexes not recognised by the individual repeat element in
isolation. Furthermore, as mentioned in the introduction, variation in the primary
sequence of repeats can also have functional significance and has been demonstrated
for both the 5’ LPR and the Stin2 VNTRs (Lovejoy et al., 2003; Hu et al., 2005;
Wendland et al., 2006). It may be necessary to test each individual repeat or
combinations of repeats to fully elucidate complexes binding to the VNTR.
Previous proof of binding to the Stin2 VNTR in the SLC6A4 gene has used
baculovirus CTCF to overcome the problem of using cell extract (Klenova et al.,
2004; Roberts et al., 2007).
In previous transient transfection studies investigating 5’ LPR function different
studies have shown differential expression supported by 5’ LPR alleles (Heils et al.,
1996; Lesch et al., 1996). We demonstrate here that in JAr cells under basal
conditions, the 5-allele of the 5’ LPR supports higher levels of gene expression than
the /-allele, however in Chapter 6, using primary cultures of neurons both the /- and
s- alleles support similar levels of reporter gene expression under basal growth
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conditions. This can occur due to a variety of reasons; for example, previous work
by our group have demonstrated that the Stin2 VNTR directs tissue-specific
expression based on the cell type used (Klenova et al., 2004) and therefore one
would expect variation in different cell lines and tissues. However to concentrate on
such differences often misses the main message which is that the /- and s- have the
capacity to support differential reporter gene expression depending on cell type and
challenge applied. This has been argued to reflect the clinical conditions which are
often episodic and require an environmental stress or challenge to exhibit the
phenotype. The analysis of the VNTR in the context of a larger reporter gene
construct may have many benefits; however, it does make it more difficult to
specifically address mechanisms of VNTR function and the biochemistry of
transcription factor interactions. The potential overlap of clinical data with previous
reports for the differential effects of the l/s alleles on transcription of reporter genes
has not been fully accepted as these domains are still often debated as susceptibility
factors in affected individuals and meta-analysis has raised further questions
(Furlong et al., 1998; Lasky-Su et al., 2005; Lotrich et al., 2004; Schinka et al.,
2004; Cho et al., 2005). I demonstrate here that the VNTRs in the 5’ promoter and
second intron are at least, in part, on the same transduction pathway via modulation
of CTCF function, concentration or indeed other proteins that modulate that
function. I expand on this in Chapter 6 in different combinations of the promoter and
intronic VNTRs support differential reporter gene expression that can be modulated
by altering the CTCF concentration. These data may encourage a better appreciation
of how different variants could function in concert to allow better statistical
correlations of these domains with a particular disorder by addressing multiple
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variants on the same allele. Indeed for SLC6A4 there may be other variants that
modulate the activity of the VNTRs.
To summarise, these analyses indicate that one should consider the action of
both variants to act in cis when addressing their correlation to specific neurological
disorders and how they mediate a response to a particular drug that might reflect a
variation in the transcription of the SLC6A4 gene. In addition these VNTRs are
likely to act in concert with other variants at this locus that might regulate
differential gene expression of SLC6A4, dictating that a better understanding of
SLC6A4 expression would be useful complement to clinical studies.
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Chapter 4
Lithium and cocaine alter chromatin structure
associated with the SLC6A4 promoter and affect
CTCF and YB-1 binding
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4.1 Introduction
Epigenetics is generally defined as ‘heritable changes in gene expression that
occur without a change in DNA sequence’ (Wolffe and Matzke, 1999). DNA
méthylation along with chromatin modifications and remodelling are epigenetic
mechanisms by which the cell achieves and maintains tissue-specific gene
expression and gene silencing. DNA méthylation is classically associated with
imprinted genes. It mediates gene repression/silencing by either inhibiting sequencespecific binding of transcription factors or through the binding of methyl-binding
proteins to methylated DNA and recruiting histone modifying enzymes, altering
chromatin structure and accessibility of proteins to DNA. MeCP2 is a member of the
methyl-CpG binding protein family (Hendrich and Bird, 1998) that binds to
methylated DNA through its methyl-binding domain (MBD) (Nan et al., 1993).
MeCP2 binding represses gene expression through its transcription repression
domain (TRD) interacting with the sin3A/HDAC deacetylase co-repressor complex,
resulting in chromatin remodelling and compaction (Nan et ah, 1998; Jones et a l,
1998).
Histone modifications mostly occur at the amino-terminal tails. Covalent
modifications in histone tails known thus far are méthylation, acetylation,
phosphorylation, ubiquitination, ribosylation and SUMOylation (Berger, 2002;
Kouzarides, 2002). Distinct histone modifications can act sequentially or in
combination to create a ‘histone code’ that is interpreted by chromatin associated
complexes which recognise distinct sets of histone modifications to bring about a
specific downstream effect (Strahl and Allis, 2000). All histone tail modifications,
apart from méthylation, exert their effect by altering the electrostatic charge of the
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nucléosomes which loosen or tighten inter and intra-nucleosomal DNA-histone
interactions, controlling accessibility of protein (e.g transcription factors) to DNA.
These modifications affect chromatin structure, therefore affecting gene expression
(Felsenfeld and Gourdine, 2003). Another mechanism is that the modification
functions as a signal in a certain pathway (Jenuwein and Allis, 2001). Among all
known modifications, histone acetylation has the most potential to unfold chromatin
as it neutralises the basic charges of lysine; acetylation of lysine 16 in histone H4
was found to have a negative effect on the formation of the 30 nm chromatin fiber
and the generation of a highly ordered structure (Shogren-Knaak et a l, 2006).
Various studies in the literature have established that histone acetylation associates
with activation of gene expression, whereas, histone deacetylation associates with
transcriptional repression (Bulger et al., 2005; Kuo and Allis, 1998; Struhl, 1998;
Pokholok et al., 2005).
Unlike acetylation, the regulatory effect of histone méthylation may be
activatory or repressive depending on the méthylation state (mono-, di- tri-) and
location of the methylated histone residue. Méthylation of lysine 4 (K4) and 36
(K36) in histone H3 usually plays some role in transcriptional activation, whereas
méthylation of lysine 9 (K9) is a modification that is usually associated with the non
active state of the chromatin and results in transcriptional repression (Li et al., 2007;
Berger, 2002; Berger, 2007; Pokholok et a l, 2005; Morris et al., 2005; Bannister et
al., 2005b). The regulatory effect on transcriptional regulation of the histone marks
used in this study is summarised in Table 4.2.
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Histone modifications are, however, more complex than first anticipated as
more recently bivalent domains have been found that possess both activating and
repressive markers (Bernstein et a l, 2006). In undifferentiated ES cells, the
méthylation of H3K27 a modification associated with repressed DNA, and
méthylation of H3K4, a modification associated with active DNA were found to
coexist in the same allele, termed ‘bivalent domains’. These domains are associated
with genes encoding transcription factors (TFs) with roles in embryonic
development and lineage specification. The presence of bivalent domains results in
low expression of transcription factors implicated in embryonic development.
However, in differentiated ES cells, developmental TF genes preserve either one or
the other modification, but not both, suggesting that these transcription factors were
required at low expression levels during development, therefore the undifferentiated
ES cells contained bivalent clusters of modifications (Bernstein et al., 2006).
Further complexity in histone modification is that the same marker may have
opposing effects of either being an activator or repressor of transcription depending
where the modifications is taking place, within the promoter or gene coding region.
Histone modifications are distributed in distinct localised patterns within the
promoter upstream region, the core promoter, 5’ end of the ORE and the 3’ end of
the ORF. Méthylation of H3K36 has a positive effect when found in the coding
region and negative effect when found in the promoter; méthylation of H3K9 can be
the same, activatory within the coding region and repressive within the promoters
(Kouzarides, 2007; Vakoc et a l, 2005; Pokholok et al., 2005; Morris et al., 2005;
Bannister et al., 2005b). Another level of complexity is that modification at one
residue may facilitate or disrupt modifications at adjacent residues; méthylation of
lysine 9 in histone H3 suppresses the phosphorylation of lysine 10 in that same
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histone (Rea et al., 2000). Furthermore, one single positive-acting histone
modification can recruit the function of both positive and negative-acting protein
regulators. One explanation that has been suggested for such phenomena is that
positive acting regulators may be recruited during initiation and elongation, followed
by recruitment of negative-acting regulators during attenuation of transcription.
In this Chapter I sought to investigate the effect of histone modification, in
particular acetylation and methylation, on the transcriptional activity of the SLC6A4
promoter, in response to treatment with lithium and cocaine. In addition, I correlated
this with the effect of lithium and cocaine on CTCF and YB-1 binding to the 5’ LPR
alleles, as CTCF has potential to modulate the epigenetic fingerprint.
Lithium has been used as a mood stabiliser for decades and is one of the most
successful drugs used for treatment of manic depression (Goodwin et al., 1999),
however, the biochemical basis of its therapeutic mechanism of action is still to be
entirely resolved, particularly its effect on neuronal gene expression. The effect of
lithium on signal transduction systems such as phosphoinositide (PI) turnover and
cyclic AMP second messenger systems (del Rio et al., 1998; Murray et al., 1997;
Berridge et al., 1989; O’Donnell et al., 2000), activation of the Wnt pathway via
inhibition of GSK-3 (Chen et al., 2000; Hedgepeth et al., 1997; Stambolic et al.,
1996) and a growth factor-induced, Akt-mediated signalling that promotes cell
survival (Chalecka-Franaszek and Chuang, 1999) has been well studied and reported
(reviewed in Chen et al., 1999b; Phiel and Klein, 2001). However, in recent years it
became increasingly appreciated that lithium biochemical proposed models must
account for its special temporal clinical profile; in particular that its effect requires
days to weeks of lag period for onset of action and generally that reversal of the
therapeutic effect upon discontinuation does not occur immediately (Chen et al.,
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1999b). Because of the characteristic delay in clinical response to lithium therapy, an
effect of lithium on neuronal gene expression is suggested (Phiel and Klein, 2001).
A relatively large number of genes have been reported to be affected by lithium
treatment (Wang et al., 2001; Hua et al., 2000), however, the effect of lithium on
gene expression remains unknown. Lithium may have a direct effect on gene
expression, mRNA processing, and protein synthesis or degradation (reviewed in
Jope and Williams, 1994) or its effect might be secondary to the modulation of the
activity of signal transduction processes. Yuan et al., has shown that lithium
increased AP-1 DNA binding activity, and that this increase in DNA binding activity
was further reflected on gene expression (Yuan et al., 1998). Furthermore, our group
has shown that lithium treatment increases the expression of the endogenous CTCF
gene and modulates the binding of CTCF to the alleles of the Stin2 VNTR (Roberts
et al., 2007).
In this Chapter, I demonstrate that lithium exerts its mechanism of action on
regulating the expression of SLC6A4 gene, in part, by repressing the binding of
CTCF to the alleles of the 5’ LPR. In addition, I show that lithium affects chromatin
structure associated with the SLC6A4 promoter by increasing the association of
active histone markers with the SLC6A4 promoter. I also demonstrate that cocaine, a
drug that binds to the dopamine and serotonin reuptake transporters at the
presynaptic membrane of dopaminergic and serotonergic neurons, displays a
differential effect on CTCF binding to the alleles of the 5’ LPR, in addition to having
a positive effect on histone modifications associated with the SLC6A4 promoter,
thus, these drugs also affect expression of the target genes.
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4.2 Aims

■ To assess the effect of CTCF on the transcriptional activity of the SLC6A4
proximal promoter containing either the /- or s- variants of the 5’ LPR, in co
transfection experiments.
■ To assess the effect of lithium and cocaine (both known to affect the
serotonergic system) on CTCF and YB-1 binding to the alleles of the 5’ LPR
and expression levels by chromatin immunoprécipitation analysis and qPCR, respectively.
■ To assess the effect of lithium and cocaine on the transcriptional activity of
the alleles of the 5’ LPR in a stable cell line model.
■ To study the effect of lithium and cocaine on epigenetic markers (histone
modifications) associated with the 5’ LPR by chromatin immunoprécipitation
analysis.
■ To study the effect of lithium and cocaine on epigenetic markers associated
with the SLC6A4 proximal promoter by chromatin immunoprécipitation
analysis.
■ To assess the effect of lithium and cocaine on RNA polymerase II binding to
the SLC6A4 promoter by chromatin immunoprécipitation analysis.
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4.3
4.3.1

Methods
Quantitative-PCR (qPCR)
Total RNA was extracted from JAr cells as described in method section

2.2.7.1. Genomic DNA was digested with DNase as outlined in method section
2.2.7.2. 1 pg of total RNA was reverse-transcribed to single-stranded cDNA as
described is method section 2.2.7 and to analyse the effect of lithium and cocaine on
SLC6A4, CTCF and YB-1 mRNA expression levels, q-PCR was carried out as
described in methods section 2.2.7.5 using primers described in Table 2.3, Appendix
I.
4.3.2

Generation of stable cell lines, cell treatment and analysis of reporter
gene expression
Cloning the VNTRs into Epstein-Barr virus (EBV) protein-based vector

p.Mep9 was performed as outlined in method section 2.2.1.6.3 (descriptions of the
vectors are listed in Table 2.2, Appendix I). Generation of JAr stable cell lines
utilising the p.Mep9-VNTRs vectors was carried out as described in methods section
2.2.22. Cells were then treated as described in methods section 2.2.3 and were
subsequently harvested and assayed using the Dual Luciferase Reporter Assay
System as outlined in methods section 2.2.6. For description of reporter gene
constructs used in transient and stable transfection experiments please see Table 2.2
Appendix I.
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4.3.3

Chromatin Immunoprécipitation (ChIP)

To study the effect of lithium and cocaine on histone modification associated
with the SLC6A4 promoter and 5’ LPR, and to assess the binding of the
transcription factors CTCF and YB-1 to the alleles of the 5’ LPR before and after
treatments; chromatin immunoprécipitation (ChIP) assay was carried out as
described in methods section 2.2.8. PCR analysis was performed as described in
section 2.2.1.2, using primer sequences and PCR conditions listed in Table 2.1,
Appendix I. When histone acetylation was assessed, 20 mM of the histone
deacetylase inhibitor; sodium butyrate was added to the cell fixation buffer, stop-fix
buffer and cell scraping buffer.

4.3.4

Sequential chromatin immunoprécipitation (SeqChIP)
For sequential ChIP (seqChIP) analysis, a primary ChIP was performed as

described above with 3 pg of rabbit polyclonal anti-MeCP2 antibody (kindly gifted
by Dr. Cardoso), or 3 pg of nonspecific rabbit IgG (Abeam) as a non-specific
binding control, and the immunoprecipitated complexes were eluted as described
above. The eluate was subjected to a second ChIP using 3 pg of either rabbit
polyclonal anti-CREBl antibody (Novus Biologicals, Littleton, CO) or anti-HDAC
(Abeam). PCR analysis were performed as described in section 2.2.1.2
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4.4

Results

4.4.1

CTCF dramatically represses the transcriptional activity of the SLC6A4
promoter
In order to address the potential of CTCF to regulate the SLC6A4 proximal

promoter, JAr cells were co-transfected with CTCF expression construct and the
SLC6A4 promoter (-1701 to + 85) containing either the /-allele or 5-allele of the 5’
LPR in a reporter gene construct. As demonstrated in Figure 4.1, CTCF over
expression dramatically represses the transcriptional activity of the SLC6A4
promoter containing either the /- or 5-allele.
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Figure 4.1: CTCF significantly represses the transcriptional activity of the long and
short allelic variants of the SLC6A4 promoter.
Bars represent the fold change in normalised luciferase activity supported by pGL3b_long
promoter or pGL3b_short promoter when co-transfected with 1 pg o f CTCF, compared to
when co-transfected with pGL3b to normalise for total DNA concentration. The SLC6A4
promoter containing either the /-or 5-variant o f the 5’ LPR were significantly repressed by
over-expressing the transcription factor CTCF. Data shown are an average from three
independent experiments performed in triplicate. Error bars indicate S.E.M. Student /-test
indicates that the repressing effect o f CTCF is significant *** p= <0.005.
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4.4.2

Lithium represses CTCF and YB-1 binding to the alleles of the 5’ LPR

Since CTCF is a repressor of the SLC6A4 promoter activity and differentially
regulates the function of the 5’ LPR, I examined the effect of lithium on CTCF
binding to the alleles of the 5’ LPR before and after acute lithium treatment. Under
basal conditions, CTCF was found to bind both alleles of the 5’ LPR (Figure 4.2 A).
Acute treatment with 1 mM lithium was found to repress CTCF binding to both
alleles (Figure 4.2 A, B). Lithium was used at 1 mM concentration during this study
as this concentration is clinically relevant, and lithium at higher concentrations was
found to have non-specific metabolic effects (Roberts et al., 2007). Histone
modification is a dynamic and rapidly changing process, it has been suggested that
modifications can rapidly appear and disappear upon the arrival of stimuli at the cell
surface (Kouzarides, 2007); consequently, transcription factor binding and chromatin
modifications were assessed instantly following the 1 hour treatment.
YB-1, a transcription factor known to regulate the expression of the Stin2 VNTR
(Klenova et al., 2004), may bind weakly to the 5’ LPR under basal conditions, and
this binding was repressed following acute lithium treatment (Figure 4.3 A, B).
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Figure 4.2: Lithium significantly represses the binding of CTCF to both alleles the
SLC6A4 5’ LPR.
Chromatin immunoprécipitation (ChIP) analysis o f CTCF binding to the 5’ LPR in JAr cells,
under basal conditions and following acute treatment with 1 mM lithium. ChIP analysis was
performed as described in the methods section. IgG was included as a non-specific binding
control (background). PCR analysis was carried out using primers specific to the SLC6A4 5’
LPR sequence. (A) Under basal conditions, CTCF bound both alleles o f the 5’ LPR and this
binding was repressed after acute treatment with 1 mM lithium. (B) Densitométrie analysis
o f the PCR products shown in (A) was carried out and the data are presented as fold
densitométrie values over IgG, a value o f 1 or below represents no binding. Acute lithium
treatm ent repressed CTCF binding to the alleles o f the 5’ LPR.
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Figure 4.3: YB-1 may bind weakly to the SLC6A4 5’ LPR under basal conditions and
this binding is repressed after acute lithium treatment.
Chromatin immunoprécipitation (ChIP) analysis o f YB-1 binding to the 5’ LPR o f the
SLC6A4 gene in JAr cells under basal conditions and following acute treatment with 1 mM
lithium. ChIP analysis was performed as described in the methods section. IgG was included
as a non-specific binding control (background). PCR analysis was carried out using primers
specific to the SLC6A4 5’ LPR sequence. (A) YB-1 binds weakly to the 5’ LPR under basal
conditions and this binding is repressed after acute lithium treatment. (B) Densitométrie
analysis o f the PCR products shown in (A) was carried out and the data are presented as fold
densitométrie values over IgG, a value o f 1 or below represents no binding. Acute lithium
treatment repressed YB-1 binding to the 5’ LPR.
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4.4.3

CTCF & MeCP2 differentially bind to the alleles of the 5’ LPR after
cocaine treatment
To examine the effect of cocaine, a drug known to affect the serotonergic

system, JAr cells were treated with 10 pM cocaine for 4 hours. CTCF was found to
bind merely to the /-allele of the 5’ LPR after acute cocaine treatment (Figure 4.4 B).
Because of lack of CTCF binding to the s-allele following cocaine treatment, I
examined the binding of the methyl-binding protein MeCP2, which generally binds
methylated DNA. Under basal conditions, MeCP2 did not bind either allele of the 5’
LPR (Figure 4.4 C). However, after cocaine treatment, MeCP2 was found to bind
merely to the s-allele (Figure 4.4 D). Cocaine also repressed the weak binding of
YB-1 to the alleles of the 5’ LPR (Figure 4.5 A, B).
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Figure 4.4: DifTereotial binding of CTCF and MeCP2 to the alleles of the 5’ LPR after
cocaine treatment.
Chromatin immunoprécipitation (ChIP) analysis o f CTCF and MeCP2 binding to the alleles
o f the 5’ LPR o f the SLC6A4 gene in JAr cells under basal conditions and following
treatm ent with 10 pM cocaine. ChIP analysis was performed as described in the methods
section. IgG was included as a non-specific binding control (background). PCR analysis was
carried out using primers specific to the SLC6A4 5’ LPR sequence. (A) Under basal
conditions CTCF was found to bind both alleles o f the 5’ LPR. (B) After acute treatment
with 10 pM cocaine CTCF bound merely the /-allele. (C) MeCP2 does not bind either allele
o f the 5’ LPR under basal conditions. (D) MeCP2 binds the .v-allele after cocaine treatment.
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Figure 4.5: YB-1 may bind weakly to the 5’ LPR under basal conditions and this
binding is repressed after cocaine treatment.
Chromatin immunoprécipitation (ChIP) analysis o f YB-1 binding to the 5’ LPR o f the
SLC6A4 gene in JAr cells under basal conditions and following acute treatment with 10 pM
cocaine. ChIP analysis was performed as described in the methods section. IgG was
included as a non-specific binding control (background). PCR analysis was carried out using
primers specific to the SLC6A4 5’ LPR sequence. (A) YB-1 may bind weakly to the 5’ LPR
under basal conditions and this binding was repressed after acute cocaine treatment. (B)
Densitométrie analysis o f the PCR products shown in (A) was carried out and the data are
presented as fold densitométrie values over IgG, a value o f 1 or below represents no binding.
Acute cocaine treatment repressed YB-1 binding to the 5’ LPR.
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4.4.4

Allele-specific DNA protein interaction
MeCP2 in known to recruit and associate with the co-repressor histone

deacetylase complex (HDAC) (Nan et al., 1998; Jones el al., 1998) and more
recently, Chahrour et al, have identified the transcription activator CREB to
associate with MeCP2 regulating the expression of a wide range of genes (Chahrour
et al, 2008). Therefore, to examine whether MeCP2 can recruit and associate with
either of these proteins upon binding to the 5-allele of the 5’ LPR, sequential ChIP
analysis was carried out. DNA was first immunoprecipitaed with the MeCP2
antibody, followed by either HDAC or CREB antibodies.
Under basal conditions, MeCP2 does not associate with either HDAC or
CREB, however, after cocaine treatment HDAC and not CREB was found to
associate with MeCP2 over the 5-allele, suggesting that the binding of MeCP2 to the
5-allele is more likely to be inhibitory (Figure 4.6 A, B).
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Figure 4.6: MeCP2 associates with HDAC at the s-allele of the 5’ LPR following acute
cocaine treatment.
Sequential Chromatin immunoprécipitation (SeqChIP) analysis o f MeCP2 interaction with
HDAC or CREB over the alleles o f the 5’ LPR o f the SLC6A4 gene in JAr cells under basal
conditions and following acute treatment with 10 pM cocaine. SeqChIP analysis detects (A)
the interaction o f MeCP2 with the corepressor histone deacetylase complex (HDAC) over
the 5-allele following cocaine treatment. (B) No association o f MeCP2 with CREB was
observed over either allele o f the 5’ LPR. SeqChIP analysis was performed as described in
the methods section. The primary ChIP was performed with an antibody to MeCP2, and the
secondary ChIP was done with antibodies to either CREB or HDAC. IgG was included as a
non-specific binding control (background). PCR analysis was carried out using primers
specific to the SLC6A4 5’ LPR sequence.
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4.4.5

Lithium and cocaine are modulators of reporter gene expression
directed by the /-allele but not the 5-allele of the 5’ LPR
The repressing and differential effect of lithium and cocaine on CTCF and

YB-1 binding to the alleles of the SLC6A4 5’ LPR suggests that these alleles could
mediate transcriptional response to either stimuli. To investigate this proposition,
stably transfected JAr cells containing Epstein-Barr virus (EBV) protein-vector
expressing renilla luciferase directed by either the 5-allele or /-allele upstream the
minimal SV40 promoter were generated. This model was preferred over others as the
EBV episomes remain as an independent genomic unit, not randomly integrated into
the host genome and are assembled into nucleosomes mimicking the chromatin
structure of the VNTRs in vivo (Avolio-Hunter et al., 2001; Horrocks et al., 2002;
Biard el al., 2005; Lipps et al., 2003). Both acute lithium and cocaine treatments
caused significant increase in renillin activity by 6.5- and 4-fold, respectively,
directed by the /-allele. No significant response of the 5-allele was observed with
either stimulus (Figure 4.7 A, B).
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Figure 4.7: Lithium and cocaine modulates reporter gene expression directed by the /allele but not the s-allele of the 5’ LPR in stably transfected JAr cells.
JAr cells containing Epstein-Barr virus (EBV) protein-vector expressing renilla luciferase
directed by either the s-allele or /-allele upstream the minimal promoter
with either

SV40, were treated

(A) 1 mM lithium or (B) 10 pM cocaine for 1 hour, harvested and assayed for

renillin activity as described in methods section. Bars represent the fold change in renillin
activity normalised to untreated cells and nonspecific backbone effect. Significant increase
in renillin activity was observed with the /-allele but not the .9-allele after acute treatment
with 1 mM lithium and 10 pM cocaine. Error bars indicate S.E.M. Student /-test indicates
that the upregulation o f the /-allele was significant

***p=<0.005.
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4.4.6

Lithium and cocaine upregulate CTCF and YB-1 mRNA expression
levels
CTCF and YB-1 mRNA were quantified to determine whether the decreased

binding of these transcription factors to the 5’ LPR following treatment with either
lithium or cocaine was reflected by changes in their transcription. Acute treatment
with 1 mM lithium upregulated CTCF and YB-1 mRNA expression levels by 3.5and 2-fold respectively as determined by qPCR (Figure 4.8 A, E). Cocaine treatment
upregulated mRNA levels of CTCF and YB-1 by 7- and 3.5-fold respectively
(Figure 4.8 C, D).
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10^M Cocaine

Basal

10^M Cocaine

Figure 4.8: Lithium and cocaine upregulate CTCF and YB-1 mRNA expression levels.
Quantitative PCR analysis o f the expression o f CTCF and YB-1 genes in JAr cells under
basal conditions and following acute treatment with either 1 mM lithium or 10 pM cocaine.
Total RNA was extracted from either untreated JAr cells or after acute treatment with either
1 mM lithium or 10 pM cocaine, cDNA was synthesised, and q-PCR was performed as
described in methods section. mRNA expression levels o f the (A) CTCF and (B) YB-1 genes
were significantly increased following acute treatment with 1 mM lithium by 3.5- and 2fold, respectively. Acute cocaine treatment increased (C) CTCF and (D) YB-1 mRNA
expression levels by 7- and 3.5-folds respectively. Bars represent average fold increase in
mRNA expression and the mean normalised values were calculated together with the S.E.M,
represented by error bars. Student /-test indicates that the upregulation effect o f is significant

** p=<0.01, *** p=<0.005.
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4.4.7

The 5’ LPR associates with the active histone marker H3K4m2
To explore whether the lack of CTCF and YB-1 binding to the SLC6A4 5’

LPR after lithium treatment was due to a change in chromatin configuration, I
examined whether lithium treatment could result in histone modification associated
with the 5’ LPR domain. Under basal conditions, the 5’ LPR was found to be
associated with the active state of the chromatin (di-methylation of lysine 4 in
histone H3; H3K4m2), and not associated with the non-active histone mark (dimethylation of lysine 9 in histone H3; H3K9m2) (Figure 4.9 A). Lithium, however,
had no effect on either the 5’ LPR association with H3K4m2 or the lack of
association with H3K9m2 (Figure, 4.9 B, C). Therefore, the possibility that lithium
may directly cause the modification of histones associated with the 5’ LPR is
unlikely. No preference for association of H3K4m2 was observed with either allele.
However, the 5-allele association with the H3K4m2 appeared higher than that of the
/-allele (3:1 molar ratio Us), the same molar ratio was observed over the two alleles
in the input. PCR of the VNTRs is preferentially more efficient of the 5 -allele over
the /-allele.
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Figure 4.9: The SLC6A4 5’ LPR associates with the active histone marker (H3K4m2)
but not with the non-active histone marker (H3K9m2) and this association is not
affected by lithium.
Chromatin immunoprécipitation (ChIP) analysis o f the effect o f acute lithium treatment on
the association o f histone 3 lysine 4 di-methylation and histone 3 lysine 9 di-methylation
with the 5’ LPR in JAr cells. ChIP analysis was performed as described in the methods
section. IgG was included as a non-specific control (background). PCR analysis was carried
out using primers specific to the 5’ LPR sequence. (A) Under basal conditions, the 5’ LPR
associates with the active histone marker (H3K4m2) and not with the non-active histone
marker (H3K9m2). (B) 5’ LPR association with H3K4m2 and lack o f association with
H3K9m2 was not affected by lithium treatment. (C) Densitométrie analysis o f the PCR
products shown in (A, B) was carried out and the data are presented as fold densitométrie
values over IgG, a value o f 1 or less represents no association. Acute lithium treatment does
not affect the association o f H3K4m2 or lack o f association o f H3K9m2 with the SLC6A4
5’ LPR.
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4.4.8

HDAC preferentially binds the long allele of the 5’ LPR under basal
conditions and this binding is significantly repressed after acute lithium
and cocaine treatment
To identify other histone modifications that may associate with the alleles of

the 5’ LPR, I assessed the binding of the histone deacetylase complex; HDAC.
Under basal conditions, HDAC was found to bind preferentially to the /-allele of the
5’ LPR (Figure 4.10 A); however, weak binding was still observed over the 5-allele.
After acute lithium treatment, the binding of HDAC was significantly repressed over
the /-allele and abolished over the 5-allele (Figure 4.10 B). Cocaine treatment
significantly abolished HDAC binding to both alleles of the 5’ LPR (Figure 4.10 Q .
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Figure 4.10: Histone deacetylase (HDAC) complex binds preferentially to the long
allele of the 5’ LPR under basal conditions and this binding is significantly repressed
after acute lithium and cocaine treatment.
Chromatin immunoprecipitation (ChlP) analysis o f HDAC binding to the 5’ LPR alleles
under basal conditions and following acute treatment with 1 mM lithium or 10 pM cocaine.
ChlP analysis was performed as described in the methods section. IgG was included as a
non-specific control (background). PCR analysis was carried out using primers specific to
the 5’ LPR sequence. (A) Under basal conditions, HDAC was found to bind preferentially to
the long allele o f the 5’ LPR. HDAC binding to the alleles o f the 5’ LPR was repressed after

(B) acute lithium treatment and (C) acute cocaine treatment.
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4.4.9

Lithium and cocaine affect the relative levels of histone methylation
associated with the SLC6A4 promoter
Having established that lithium and cocaine affect certain epigenetic markers

associated with the 5’ LPR, I examined the effect of these stimuli on the association
of epigenetic markers with the SLC6A4 proximal promoter. In JAr cells, under basal
growth conditions, low association levels were observed between the SLC6A4
proximal promoter and the active state of the chromatin (di-methylation of lysine 4
in histone H3; H3K4m2) (Figure 4.11 ^4, C). In order to examine the effect of lithium
and cocaine on H3K4m2 association with the SLC6A4 promoter, JAr cells were
treated with either 1 mM lithium or 10 pM cocaine for 1 hour. Acute lithium or
cocaine treatment significantly increased association of the active state of the
chromatin (H3K4m2) with the SLC6A4 promoter by 8- fold, and 7-fold respectively
(Figure 4.11 B, D), suggesting that lithium and cocaine treatment may de-condense
and unfold the chromatin associated with the SLC6A4 promoter.
When the non-active state of the chromatin (di-methylation of lysine 9 in
histone H3; H3K9m2) was examined, there was no association of this histone
marker with the SLC6A4 promoter under basal conditions. This lack of association
remained following lithium or cocaine treatment (Figure 4.12 A). In order to confirm
that this lack of association was not due to antibody efficiency, luteinizing hormone
receptor (LHR) gene, which has been shown to be inactive in JAr cells due to dimethylation of H3K9, was used as a positive control (Zhang et al., 2005). Figure
4.12 B, demonstrates that in JAr cells, LHR gene associates with the H3K9m2
histone marker, confirming that the lack of association of this histone marker with
SLC6A4 promoter was specifically due to the chromatin state.
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Figure 4.11: Lithium and cocaine significantly increase the association of the active
histone marker H3K4m2 with the SLC6A4 promoter.
Chromatin immunoprécipitation (ChIP) analysis o f the effect o f (A) 1 mM lithium and (C)
10 pM cocaine acute treatment on the association o f histone 3 lysine 4 di-methylation with
the SLC6A4 promoter in JAr cells. ChIP analysis was performed as described in the
methods section. IgG was included as a non-specific control (background). PCR analysis
was carried out using primers specific to the SLC6A4 promoter sequence. Densitométrie
analysis o f the PCR products shown in (A, C) was carried out and the data are presented as
fold densitométrie values over IgG, (B) Acute lithium treatment increased association of
H3K4m2 with the SLC6A4 promoter by 8-fold, while (D) acute cocaine treatment increased
the association by 7-fold.
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Figure 4.12: The SLC6A4 promoter does not associate with the non-active chromatin
marker H3K9m2. This lack of association is not affected by acute treatment with either
lithium or cocaine.
Chromatin immunoprécipitation (ChIP) analysis o f the association o f the non-active histone
m arker (H3K9m2) with the SLC6A4 promoter under basal conditions and following acute 1
mM lithium or 1 pM and lOpM cocaine treatment in JAr cells. (A) H3K9m2 does not
associate with the SLC6A4 promoter region either under basal conditions or after lithium or
cocaine treatment. (B) LHR association with the H3K9m2 histone marker under basal
conditions was included as a positive control. ChIP analysis was performed as described in
the methods section. IgG was included as a non-specific control (background). PCR analysis
was carried out using primers specific to the SLC6A4 and LHR promoter sequences.
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4.4.10 Tri-methylation of lysine 36 in histone H3 is not seen to associate with
the SLC6A4 promoter
Tri- methylation at lysine 36 on histone H3 (H3K36m3) is a marker for a
positive correlation with transcription rates when found within the open reading
frame (ORF) of the gene, and repressive when found in the promoter region
(Kouzarides, 2007). When this marker was screened over the promoter region of the
SLC6A4 gene, this histone modification was not detected neither under basal
conditions nor after acute lithium treatment (Figure 4.13 A). The SLC6A4
exon2/intron2 was amplified from ChIP DNA immunoprecipitated with the
H3K36m3 as a positive control, to verify that the lack of association with the
promoter region was not due to antibody efficiency (Figure 4.13 B). Data presented
in Figure 4.13 B (the effect of lithium on the histone modification within the
SLC6A4 gene) will be discussed in the Chapter 5, section 5.4.5.
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Figure 4.13: H3K36m3 does not associate with the SLC6A4 promoter neither under
basal conditions nor after acute lithium treatment.
Chromatin immunoprécipitation (ChIP) analysis o f histone modification (tri-methylation o f
lysine 36 in histone H3) association with the SLC6A4 promoter in JAr cells under basal
conditions and following acute treatment with 1 mM lithium. ChIP analysis was performed
as described in the methods section. IgG was included as a non-specific control
(background). (A) No association was observed between the histone marker H3K36m3 and
the promoter neither under basal conditions nor following lithium treatment. (B) SLC6A4
exon2/intron2 association with H3K36m3 histone marker was included as a positive control.
PCR analysis was carried out using primers specific to the SLC6A4 promoter and
exon2/intron2 sequences.
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4.4.11 The SLC6A4 promoter in neither acetylated nor deacetylated
Histone acetylation is a well established mechanism that regulates
transcriptional activity. In order to identify whether the SLC6A4 promoter is either
acetylated or deacetylated, I screened the promoter of the SLC6A4 gene for
association with either acetylation of lysine 9 in histone H3 (H3K9-ac) or
deacetylation of lysine 9 in histone H3 (H3K9-deac) under basal conditions and
following acute treatment with either lithium or cocaine. Figure 4.14 shows that
there was no association of either histone marker (H3K9-ac, H3K9-deac) with the
SLC6A4 promoter before and after treatment. Exon2/intron2 of the SLC6A4 gene
was amplified as a positive control to confirm that the lack of association of both
H3K9-ac and H3K9-deac with the promoter region was not due to antibody
efficiency (Figure 4.14 E). Data presented in Figure 4.14 B, will be discussed in the
Chapter 5, section 5.4.7.
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Figure 4.14: The SLC6A4 promoter is neither acetylated nor deacetylated both under
basal conditions and following acute treatment with either lithium or cocaine.
Chromatin immunoprécipitation (ChIP) analysis o f the effect o f lithium and cocaine on
histone acetylation (acetylation o f lysine 9 in histone H3) and deacetylation (deacetylation o f
lysine 9 in histone H3) within the SLC6A4 promoter in JAr cells. ChIP analysis was
performed as described in the methods section. IgG was included as a non-specific control
(background). (A) No levels o f acetylation or deacetylation were observed within the
SLC6A4 promoter both under basal conditions and following lithium and cocaine treatment.

(B) SLC6A4 exon2/intron2 association with H3K9-ac and H3K9-deac histones marker were
included as positive controls. PCR analysis was carried out using primers specific to the
SLC6A4 promoter and exon2/intron2 sequences.
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4.4.12 Lithium and cocaine enhance the binding of RNA polymerase II to the
SLC6A4 promoter
To explore whether the increase of association of the active chromatin
marker H3K4m2 with the SLC6A4 promoter may enhance the binding of the general
transcription activation machinery, I examined the binding of RNA polymerase II to
the SLC6A4 promoter under basal conditions and following acute 1 mM lithium or
10 pM cocaine treatment. Under basal conditions, RNA polymerase II binding to the
SLC6A4 promoter could not be detected (Figure 4.15 A, B); this might be due to the
low expression levels of the SLC6A4 gene in these cells (data not shown). However,
following acute lithium or cocaine treatment; RNA polymerase II was found to bind
to the SLC6A4 promoter (Figure 4.15 A, B), demonstrating that lithium and cocaine
do enhance RNA polymerase II binding to the promoter region. However, higher
levels of the 5-variant promoter were observed to be precipitated with the RNA
polymerase II antibody. To confirm that the enhanced binding was specific to the
SLC6A4 promoter, RNA polymerase II binding to the promoter of GAPDH
housekeeping gene was tested before and after treatment with lithium and cocaine.
Figure 4.15 C, D, demonstrates that there was no difference in RNA polymerase II
binding to the GAPDH promoter before and after treatment.
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Figure 4.15: Acute lithium and cocaine treatment enhance the binding of RNA
polymerase II to the SLC6A4 promoter.
Chromatin immunoprécipitation (ChIP) analysis of the effect of lithium and cocaine
treatment on RNA polymerase II binding to the SLC6A4 promoter in JAr cells. ChIP
analysis was performed as described in the methods section. IgG was included as a non
specific binding control (background). PCR analysis was carried out using primers specific
to the SLC6A4 and GAPDH promoter sequences. (A) 1 mM lithium and (B) 10 pM cocaine
treatments enhanced RNA polymerase II binding to the SLC6A4 promoter. RNA
polymerase II binding to the promoter of the GAPDH gene was included as a control,
neither (C) lithium nor (D) cocaine had an effect on RNA polymerase II binding to the
GAPDH promoter.

150

Table 4.1: Association of transcription factors and epigenetic markers with the SLC6A4 5’ LPR under basal conditions and
following acute treatment with either 1 mM lithium or 10 jaM cocaine.
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Table 4.2: Association of epigenetic markers and RNA polymerase II with the SLC6A4 proximal promoter under basal
conditions and following acute treatment with either 1 mM lithium or 10 pM cocaine.
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Discussion

One way to examine the effect of lithium and cocaine on the SLC6A4 gene
expression regulation is through studying the effect of these stimuli on chromatin
modifications and DNA-binding activity of transcription factors. In this chapter, I
have demonstrated that lithium and cocaine increased association of the positive
histone mark H3K4m2 with the SLC6A4 promoter, which was further reflected in
RNA polymerase II binding. However, these two stimuli had differential effects on
CTCF binding to the alleles of the 5’ LPR, where CTCF was shown to have a
repressive effect on the promoter activity under basal conditions. While lithium
repressed the binding of CTCF to both alleles, cocaine caused CTCF binding merely
to the 5-allele. This effect of cocaine was correlated to MeCP2 binding to the /-allele
and recruiting the histone deacetylase complex (HDAC).
In Chapter 3, I have identified CTCF as a transcription factor that can bind
and differentially regulate the expression of the SLC6A4 5’ LPR alleles, suggesting
it may play a role in regulating the expression of the SLC6A4 gene through this
domain. The mechanism by which CTCF can modulate transcription regulation
through this domain is still to be elucidated. However, many studies have shown that
CTCF can interact with and recruit other protein complexes, which results in various
functions in chromatin organisation and gene regulation, ranging from chromatin
insulator to transcriptional repression and activation (Lutz et al., 2003; Kanduri et
al., 2000; Hark et al., 2000; Vostrov and Quitschke, 1997; Burcin et al., 1997;
Filippova et al., 1996). Although, many of these functions rely on CTCF-DNA
interaction, more evidence is emerging that CTCF function depends on CTCF
interaction with other proteins (Chemukhin et al., 2000; Yusufzai et al., 2004;
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Ishihara et al., 2006; Defossez et al., 2005; Chemukhin et al., 2007). CTCF
functions as a transcriptional repressor as demonstrated by CTCF interaction with
the co-repressor sin3A/F!DAC complex which results in chromatin compaction and
transcriptional repression within and around its target sites (Lutz et al., 2000).
Therefore, CTCF binding to the alleles of the 5’ LPR can recruit the function of
various protein complexes that can ultimately affect transcriptional regulation.
Consequently, lithium reducing or antagonising effect on CTCF binding to the
alleles of the 5’ LPR will modulate either the activatory or repressing effect of this
transcription factor, which may affect the transcription regulation of this domain on
the expression of the SLC6A4 gene.
Under basal conditions, the histone deacetylase complex (HDAC) was found
to bind preferentially to the /-allele of the 5’ LPR, though weak binding to the sallele was still observed. The association of this repressor complex with the alleles of
the 5’ LPR might be due to its interaction with CTCF (Lutz et al., 2000). To resolve
this possibility, sequential ChIP experiment can be carried out to reveal a potential
association of HDAC and CTCF over the alleles of the 5’ LPR. However, the
preferential binding of the HDAC to the /-allele under basal conditions is consistent
with the data presented in Chapter 3 (Figure 3.1), which demonstrated higher
reporter gene activity level supported by the 5-allele compared to the /-allele.
Lithium and cocaine repressing HDAC binding might be another mechanism by
which these stimuli regulate the expression of the SLC6A4 through the alleles of the
5’ LPR. Removing a repressor from the 5’ LPR that can function as a transcriptional
regulator may affect the SLC6A4 expression. This is demonstrated in the stable cell
line data, in which the /-allele but not the 5-allele displayed an increase in
transcriptional activity following lithium and cocaine treatment. Removal of HDAC
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preferential binding to the /-allele following lithium and cocaine treatments may be
the cause of the increase of reporter gene activity supported by the /-allele. These
data is consistent with the finding of Serretti et al., who showed that individuals with
the ^-variant of the 5’ LPR showed a worse response to lithium compared to those
with the /-variant (Serretti et al., 2001). In the stable cell line model it is not
appropriate to compare basal level of reporter gene expression between different
combinations of the specific variants, as copy number of episomal vectors per cell is
variable and thus absolute values or reporter expression can vary even for the same
construct. However, one can address the change in reporter gene expression within
any given culture in response to a specific challenge to determine activator or
repressor properties of a particular reporter cassette.
MeCP2 is a methyl-binding protein that is mainly viewed as a repressor of
transcription (Nan et al., 1997), as it specifically binds to CpG dinucleotides through
its methyl-binding domain (MBD) (Nan et al., 1993) and interacts with the
sin3A/HDAC co-repressor complex through its transcription repression domain
(TRD) resulting in chromatin compaction by either endorsing nucleosome clustering
or direct interaction between the C-terminus of the protein and chromatin (Nikitina et
al., 2007), leading to gene repression (Nan et al., 1998; Jones et al., 1998). However,
a recent study by Chahrour et al., has shown that MeCP2 functions mainly as a gene
activator in the mice hypothalamus. Activated genes were shown to be directly
regulated by MeCP2 and that this effect of MeCP2 was due to its interaction with
CREB; a major transcriptional activator (Figure 4.16) (Chahrour et al., 2008).
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Target gene

Target gene

Figure 4.16: MeCP2 can function as transcriptional activator and repressor
(adapted from Chahrour et al., 2008).
The differential binding of CTCF and MeCP2 to the /- and 5-alleles,
respectively, following cocaine treatment might play a significant role in regulating
the expression of specific alleles of the SLC6A4 gene, in particular to individuals
who are homozygous for either allele. MeCP2 binding to the alleles of the 5’ LPR
was assessed after identifying CTCF binds merely to the /-allele following cocaine
treatment, as several studies have shown that CTCF binding sites are sensitive to
methylation (Kanduri et al., 2000; Bell and Felsenfeld, 2000; Filippova et al., 2001;
Hark et al., 2000; Rand et al., 2004) and that CTCF does not recognise its binding
sequence when methylated (Kanduri et al., 2000; Szabo et al., 2000; Hark et al.,
2000; Bell et al., 2000; Holmgren et al., 2001). The binding of MeCP2 to the 5 -allele
might be the cause of CTCF binding merely to the /-allele following cocaine
treatment. The lack of CTCF binding to the 5-allele alongside with the binding of
MeCP2 to the 5-allele may suggest methylation of this allele following cocaine
treatment. This is still to be resolved, through assessing the binding of another
methyl-binding protein (MBD2), and methylation-sensitive restriction enzyme
analysis. However, MeCP2 is also capable of binding directly to DNA through its Cterminus (Buschdorf and Stratling, 2004), therefore, MeCP2 binding to the 5 -allele
might not necessarily be due to methylation of that allele. ChIP experiments are not
definitive, as the proteins could be binding elsewhere within the approximate 500 bp
sheared chromatin fragments. However, MeCP2 is more likely to be binding
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specifically to the 5’ LPR, as it only binds to the 5-allele. If it was binding elsewhere
within the promoter region (non-polymorphic), both alleles would have been
amplified by PCR from DNA immunoprecipitated with MeCP2 antibody, however,
EMSA experiments need to be performed to confirm.
Although co-transfection experiments may be one approach to identify how
MeCP2 can affect transcription regulation through the 5’ LPR domains, these
experiments have a drawback of not reflecting the physiological levels of the
proteins in vivo. Therefore, allele-specific DNA-protein interaction was examined
through sequential ChIP analysis to determine if MeCP2 interacts with other proteins
upon binding to the 5-alleles of the 5’ LPR. Data presented in Figure 4.6, reveals that
MeCP2 recruits and associates with the histone deacetylase complex (HDAC) over
the 5-allele of the 5' LPR following cocaine treatment, which suggests that MeCP2
acts as a negative regulator of transcription. Further, experiments such as SNaPshot
assay can verify the effect of these proteins binding on allele expression; as such
experiments accurately determine mRNA levels from different alleles and eliminate
variations that can arise from environmental or physiological factors.
CTCF and YB-1 mRNA expression levels were up-regulated by both lithium
and cocaine treatment, implying that the repressing effect of these stimuli on the
binding of these transcription factors to the alleles of the 5’ LPR is not due to
suppressing the expression on their respective coding genes. Lithium may cause
epigenetic changes in chromatin structure which may allow for changes in CTCF and
YB-1 binding properties to the alleles of the 5’ LPR. However, examining the
chromatin state associated with the 5’ LPR before and after lithium treatment
revealed that both the /- and 5-alleles associate with the positive histone marker
H3K4m2, and was not associated with the non-active histone marker H3K9m2 under
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basal growth conditions. This would further imply the role of this domain in
regulating the expression of the SLC6A4 gene as both alleles are associated with
decondensed open chromatin, which allows the binding of transcription factors.
However, this chromatin configuration was not affected by lithium treatment and the
5’ LPR alleles remained associated with the active H3K4m2 marker, ruling out the
possibility that lithium may directly cause the modification of histones associated
with the 5’ LPR.
Although lithium had no effect on chromatin modification associated with
the 5’ LPR at the concentration and time point assessed, I examined the effect of
lithium and cocaine on chromatin modification associated with the SLC6A4
proximal promoter. For this, several markers have been chosen; di-methylation of
lysine 4 in histone H3 (H3K4m2) was chosen as a marker for transcriptionally active
DNA (Noma et al., 2001; Kouzarides et al., 2007; Shilatifard et al., 2006; Sims and
Reinberg et al., 2006), whereas di-methylation of lysine 9 in histone H3 (H3K9m2)
was chosen as a marker of repressed DNA (Nakayama et al., 2001; Noma et al.,
2001; Volpe et al., 2002; Bannister, 2001). Tri-methylation of lysine 36 in histone
H3 (H3K36m3) is a marker of a positive correlation with transcription rates
(Pokholok et al., 2005; Morris et al., 2005; Bannister et al., 2005b). Histone
acetylation associates with euchromatin, therefore acetylation of lysine 9 in histone
H3 (H3K9-ac) was selected as a marker for transcriptionally active DNA (Sterner
and Berger, 2000; Grunstein, 1997; Kimura et al., 2002), whereas deacetylation of
that same residue was chosen as a marker of repressed DNA (Bulger et al., 2005;
Kuo and Allis, 1998; Struhl).
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The association of the SLC6A4 promoter with the active state of the
chromatin H3K4m2 (Figure 4.11) and lack of association with the non-active form
of the chromatin H3K9m2 (Figure 4.12 A) simply demonstrates that as JAr cells
express the SLC6A4 gene endogenously (Roberts et al., 2007), the SLC6A4
promoter associates with active histone markers. In addition, methylation of lysine 4
in histone H3 is also known to oppose the methylation of K9 in histone H3 creating
gene-active euchromatin versus gene-silenced heterochromatin (Noma et al., 2001;
Litt et al., 2001).
The increase of association between the SLC6A4 proximal promoter and the
H3K4m2 histone marker following lithium and cocaine treatments suggests that
these stimuli may de-condense and unfold the chromatin associated with the
SLC6A4 promoter, enhancing transcriptional rate. These data suggest that lithium
and cocaine may exert their effect on gene regulation by increasing the association of
this histone marker with the promoter region of the SLC6A4 gene, and subsequently
increasing the binding of RNA polymerase II to the promoter region. The ChIP
analysis with the RNA polymerase II in Figure 4.15, shows that RNA polymerase II
binds preferentially to the ¿-allele, as the fragment amplified represents the SLC6A4
promoter and the polymorphism upstream. However, molar ratio over the input will
still have to be determined to verify that the preferential binding observed is not due
PCR preferential amplification of the ¿-promoter. Lithium and cocaine effect was
specific to the marker H3K4m2, as other markers such as H3K36m2, H3K9-ac and
H3K9-deac did not associate with the SLC6A4 promoter before and following
lithium and cocaine treatments.
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Collectively, these data demonstrate that lithium could regulate the
transcriptional activity of the SLC6A4 gene through the alleles of the 5’ LPR by
inhibiting the binding of the transcription factor CTCF to this domain. I also
demonstrated a potential regulatory effect of cocaine on CTCF and MeCP2
differential binding to the alleles of the 5’ LPR. Another mechanism by which both
lithium and cocaine seem to regulate the expression of the SLC6A4 gene is through
increasing the association of the active histone marker H3K4m2 with the SLC6A4
promoter. The effect of CTCF, MeCP2 and HDAC on the alleles of the SLC6A4 5’
LPR could leave a medium to long term ‘memory’ at the SLC6A4 promoter due to
the nature of these proteins function, therefore, can change expression over a longer
time course if not regulated correctly (e.g. negative feedback loops). A model of the
proteins binding to the alleles of the 5’ LPR and epigenetic modifications associated
with the SLC6A4 promoter and 5’ LPR before and after cocaine treatment in
presented in Figure 4.17.
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Figure 4.17: A model representing proteins binding to the alleles of the 5’ LPR
and epigenetic modifications over the SLC6A4 proximal promoter under basal
conditions and following cocaine treatment.
Under basal conditions, CTCF binds both alleles of the 5’ LPR. CTCF can either
acts solely or recruit either co-activators or co-repressors (HDAC) upon binding to
the 5’ LPR, modulating the transcriptional activity of the SLC6A4 gene. Following
cocaine treatment, CTCF no longer binds the 5-allele and binds solely the /-allele.
The methyl-binding protein (MeCP2) binds the 5-allele and associates with the co
repressor HDAC, which may block the regulatory effect of the 5-allele on the
expression of the SLC6A4. The increase of association between the SLC6A4
promoter and the H3K4m2 histone marker following lithium and cocaine treatments
suggests that these stimuli may de-condense and unfold the chromatin associated
with the SLC6A4 promoter, enhancing transcriptional rate, which was reflected in
RNA polymerase II binding.
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Chapter 5
Lithium and cocaine exert their effect on regulating the
expression of the SLC6A4 gene by modulating
epigenetic modifications and transcription factor
binding to the intron 2 VNTR
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5.1 Introduction
CA-acting regulatory polymorphisms can effect gene expression at many levels,
such as transcription (for review see Haddley et al., 2008), mRNA processing
efficiency (Gehring et al., 2001), pre-mRNA splicing, (Cartegni et al., 2003) and
mRNA stability (Tebo et al., 2003). Trans-acting modulators (such as transcription
factors) also play a major role in determining mRNA concentration of a specific
allele. Several studies by our group have demonstrated that the VNTR within the
intron 2 of the SLC6A4 gene can support differential reporter gene expression based
on copy number (Klenova et al., 2004, Roberts et al., 2007; Lovejoy et al., 2003;
Fiskerstrand et al., 1999), and that the function of the Stin2 VNTR as a
transcriptional regulator can be modulated, in part, by the transcription factors CTCF
and YB-1 (Klenova et al., 2004, Roberts et al., 2007). The role of YB-1 in
modulating the Stin2 VNTR as a transcriptional regulator is interesting, as this
transcription factor is also known to bind pre-mRNA and regulate mRNA stability
and translation depending on mRNA levels (Kohno et al., 2003; Soop et al., 2003;
Chansky et al., 2001; Evdokimova et al., 2001; Skabkin et al., 2004; Nekrasov et al.,
2003). Therefore, altering mRNA levels by differential expression of allelic
transcripts can be further regulated by YB-1. Epigenetic allele-specific expression
such as allele-specific post-translational histone modifications (Jaenisch and Bird,
2003) is another mechanism that can regulate differential gene expression. These
genetic variables, involving cis- polymorphisms, tram-acting factors and epigenetic
effects are summarised in Figure 5.1.
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Figure 5.1: Genetic variability, involving cis- and tram-acting polymorphisms
(modified from Johnson et al., 2005).

In Chapter 4 ,1 assessed the effect of lithium and cocaine on CTCF and YB-1
expression and binding characteristics of these factors to the alleles of the 5’ LPR. I
further demonstrated a role of both stimuli in histone modifications associated with
the SLC6A4 promoter, suggesting a positive role in regulating the expression of the
SLC6A4 gene. To further address the potential of lithium and cocaine in regulating
the expression of the SLC6A4 gene, in this chapter I address the effect of lithium and
cocaine on CTCF and YB-1 binding to the alleles of the Stin2 VNTR. I also assess
the effects of lithium and cocaine on epigenetic markers association with the
SLC6A4 gene, to explore whether the effect observed within the promoter region, is
further reflected within the SLC6A4 gene, particularly over intron 2.
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5.2 A im s

■ Having identified the differential and repressing effect of lithium and cocaine on
CTCF and YB-1 binding to the 5’ LPR, the first aim of this chapter is to assess
the effect of these stimuli on the binding of CTCF and YB-1 to the alleles of the
Stin2 VNTR by chromatin immunoprécipitation analysis.
■ To assess the effect of lithium and cocaine on the transcriptional activity of the
alleles of the Stin2 VNTR in a stable cell line model.
■ To study the effect of lithium and cocaine on epigenetic markers (histone
modifications)

associated

with

the

Stin2

VNTR

by

chromatin

immunoprécipitation analysis.
■ After demonstrating that both lithium and cocaine enhance the association of a
positive histone modification with the SLC6A4 proximal promoter, in this
chapter I assess the effect of these stimuli on epigenetic markers associated with
the SLC6A4 coding region by chromatin immunoprécipitation analysis, to
explore whether the positive histone modification observed within the promoter
region, is further reflected within the gene.
■ To assess the effect of lithium and cocaine on SLC6A4 expression by q-PCR.
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5.3

Methods

5.3.1

Quantitative-PCR (qPCR)
Total RNA was extracted from JAr cells as described in method section

2.2.7.1. Genomic DNA was digested with DNase as outlined in method section
2.2.7.2. 1 pg of total RNA was reverse-transcribed to single-stranded cDNA as
described is method section 2.2.7.3, and to analyse SLC6A4 mRNA expression,
standard PCR was carried out as described in method section 2.2.7.4 using the
primers described in Table 2.3, Appendix I. To analyse the effect of lithium and
cocaine on SLC6A4 mRNA expression levels, qPCR was carried out as described in
methods section 22.1.5 using primers described in Table 2.3, Appendix I.
5.3.2

Generation of stable cell lines, cell treatment and analysis of reporter
gene expression
Cloning the VNTRs into Epstein-Barr virus (EBV) protein-based vector

p.Mep9 was performed as outlined in method section 2.2.1.6.3, descriptions of the
vectors generated and are listed in Table 2.2, Appendix I. Generation of JAr stable
cell lines utilising the p.Mep9-VNTRs vectors was carried out as described in
methods section 2.2.22. Cell were then treated as described in methods section 2.2.3
and were then harvested and assayed using the Dual Luciferase Reporter Assay
System as outlined in methods section 2.2.6.
5.3.3

Chromatin Immunoprécipitation (ChIP)
To study the effect of lithium and cocaine on histone modification associated

with the SLC6A4 gene, and to assess the binding of transcription factors to the Stin2
VNTR before and following treatments; chromatin immunoprécipitation (ChIP)
assay was carried out as described in methods section 2.2.8. PCR analysis was
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performed as described in section 2.2.1.2, using primer sequences and PCR
conditions listed in Table 2.1, Appendix I. When histone acetylation was assessed,
20 mM of the histone deacetylase inhibitor; sodium butyrate was added to the cell
fixation buffer, stop-fix buffer and cell scraping buffer.

5.4

Results

5.4.1

Lithium represses CTCF and YB-1 binding to both alleles of the Stin2
VNTR
Our group have shown that the Stin2 VNTR function can be modulated by

CTCF and lithium (Klenova et al., 2004; Roberts et al., 2007). To assess the binding
of this transcription factor to the Stin2 VNTR in vivo under basal growth conditions
and following acute treatment with lithium, chromatin immunoprécipitation (ChIP)
was performed in JAr cells. Under basal conditions, CTCF was found to bind both
alleles of the Stin2 VNTR. Following acute lithium treatment, CTCF binding to both
alleles of the Stin2 VNTR was significantly repressed (Figure 5.2 A, E). YB-1,
another transcription factor known to regulate the Stin2 VNTR function (Klenova et
al., 2004), was found to bind strongly to both alleles of this VNTR under basal
growth conditions, and this binding was completely abolished after acute treatment
with 1 mM lithium (Figure 5.3. A, E).
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Figure 5.2: CTCF binds both alleles of the Stin2 VNTR and this binding is significantly
repressed by lithium treatment.
Chromatin immunoprécipitation (ChIP) analysis o f CTCF binding to the Stin2 VNTR in JAr
cells under basal growth conditions and following acute treatment with 1 mM lithium. ChIP
analysis was performed as described in the methods section. IgG was included as a non
specific binding control (background). PCR analysis was carried out using primers specific
to the Stin2 VNTR sequence. (A) Under basal conditions, CTCF binds both alleles o f the
Stin2 VNTR. Acute lithium treatment repressed CTCF binding to both alleles o f this VNTR.

(B) Densitométrie analysis o f the PCR products shown in (A) was carried out and the data
are presented as fold densitométrie values over IgG, a value o f 1 or below represents no
binding. Acute lithium treatment repressed CTCF binding to the alleles o f the Stin2 VNTR.
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Figure 5.3: YB-1 binds both alleles of the Stin2 VNTR and this binding is abolished
after acute lithium treatment.
Chromatin immunoprécipitation (ChIP) analysis of YB-1 binding to the Stin2 VNTR of the
SLC6A4 gene in JAr cells under basal growth conditions and following acute treatment with
1 mM lithium. ChIP analysis was performed as described in the methods section. IgG was
included as a non-specific binding control (background). PCR analysis was carried out using
primers specific to the Stin2 VNTR sequence. (A) YB-1 binds both alleles of Stin2 VNTR
under basal conditions and this binding is abolished after acute lithium treatment. (B)
Densitométrie analysis of the PCR products shown in (A) was carried out and the data are
presented as fold densitométrie values over IgG, a value of 1 or below represents no binding.
Lithium treatment abolished YB-1 binding to the Stin2 VNTR.
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5.4.2

Cocaine does not affect CTCF binding to the alleles of Stin2 VNTR while
it abolishes YB-1 binding
To assess the effect of cocaine on CTCF and YB-1 binding to the Stin2

VNTR, cells were treated with 10 pM cocaine for 1 hour. Acute cocaine treatment
was found to have no effect on CTCF binding to the Stin2 VNTR (Figure 5.4 A, B).
On the other hand, YB-1 binding was found to be significantly affected by cocaine
treatment. Acute cocaine treatment abolished the binding of YB-1 to the alleles on
the Stin2 VNTR (Figure 5.5 A, B)

Basal

10//MCocaine

Figure 5.4: Cocaine does not affect CTCF binding to the Stin2 VNTR alleles.
Chromatin immunoprécipitation (ChIP) analysis of CTCF binding to the Stin2 VNTR in JAr
cells under basal growth conditions and following acute treatment with 10 pM cocaine. ChIP
analysis was performed as described in the methods section. IgG was included as a non
specific binding control (background). PCR analysis was carried out using primers specific
to the Stin2 VNTR sequence. (A) Under basal conditions, CTCF binds both alleles of the
Stin2 VNTR and this binding is not affected by acute treatment with 10 pM cocaine. (B)
Densitométrie analysis of the PCR products shown in (A) was carried out and the data are
presented as fold densitométrie values over IgG, a value of 1 or below represents no binding.
Acute cocaine treatment does not affect CTCF binding to the Stin2 VNTR.
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Figure 5.5: Cocaine treatment abolishes YB-1 binding to the alleles of the Stin2 VNTR.
Chromatin immunoprécipitation (ChIP) analysis of YB-1 binding to the alleles of the Stin2
VNTR of the SLC6A4 gene in JAr cells under basal growth conditions and following acute
treatment with 10 pM cocaine. ChIP analysis was performed as described in the methods
section. IgG was included as a non-specific binding control (background). PCR analysis was
carried out using primers specific to the Stin2 VNTR sequence. (A) YB-1 binds both alleles
of Stin2 VNTR under basal conditions and this binding is abolished after acute cocaine
treatment. (B) Densitométrie analysis of the PCR products shown in (A) was carried out and
the data are presented as fold densitométrie values over IgG, a value of 1 or below represents
no binding. Cocaine treatment abolishes YB-1 binding to the Stin2 VNTR.

172

5.4.3

The 12-copy allele but not the 10-copy allele of the Stin2 VNTR respond
to lithium and cocaine treatments
The modulation of CTCF and YB-1 expression and binding by lithium and

cocaine suggests that this VNTR may mediate a transcriptional response to both
stimuli. To examine this proposition, stably transfected JAr cells containing EpsteinBarr virus (EBV) protein-vector expressing renilla luciferase modulated by either the
10-copy allele or the 12-copy allele of the Stin2 VNTR within an intronic site were
generated. Figure 5.6 A, B, demonstrates that there was a 2-fold increase in renillin
activity following both lithium and cocaine treatments directed by the Stin2.12
allele, but not the Stin2.10 allele.

Stin 2.10

Stin 2.12

Stin2.10

Stin2.12

Figure 5.6: Lithium and cocaine modulates reporter gene expression directed by the
Stin 2.12 allele but not the Stin 2.10 allele of the Stin2 VNTR in stably transfected JAr
cells.
JAr cells containing Epstein-Barr virus (EBV) protein-vector expressing renilla luciferase
directed by either the Stin 2.10 or Stin 2.12 allele within a synthetic intron, were treated with
either (A) 1 mM lithium or (B) 10 pM cocaine for 1 hour, harvested and assayed for renillin
activity as described in methods section. Bars represent the fold change in renillin activity
normalised to untreated cells and backbone effect. Significant increase in renillin activity
was observed with the Stin 2.12 allele but not the Stin 2.10 allele after acute treatment with 1
mM lithium and 10 pM cocaine. Error bars indicate S.E.M. Student /-test indicates that the
up-regulation of the Stin2.12-allele was significant **/?=<0.01, ***p=<0.005.
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5.4.4

The SLC6A4 Stin2 VNTR does not associate with either positive or
negative histone markers
To examine the histone configuration over the Stin2 VNTR within the

SLC6A4 gene, association of the active histone marker; di-methylation of lysine 4 in
histone H3 (H3K4m2) and the non-active histone marker di-methylation of lysine 9
in histone H3 (H3K9m2) were assessed. No association was observed between the
Stin2 VNTR and either of these histone markers under basal growth conditions or
following acute treatment with 1 mM lithium (Figure 5.7 A, E).

1.2

H3K 4m 2

H 3K 9m 2

Figure 5.7: The SLC6A4 Stin2 VNTR does not associate with either the H3K4m2 or
H3K9m2 under basal conditions or following acute lithium treatment.
Chromatin immunoprécipitation (ChIP) analysis of the effect of 1 mM lithium acute
treatment on the association of histone 3 lysine 4 di-methylation (H3K4m2) and histone 3
lysine 9 di-methylation (H3K9m2) with the Stin2 VNTR in JAr cells. ChIP analysis was
performed as described in the methods section. IgG was included as a non-specific control
(background). PCR analysis was carried out using primers specific to the Stin2 VNTR
sequence. (A) Under basal conditions, the Stin2 VNTR did not associate with the active
histone marker (H3K4m2) or with the non-active histone marker (H3K9m2). (B)This lack of
association with both markers remained negative after lithium treatment. (C) Densitométrie
analysis of the PCR products shown in (A, B) was carried out and the data are presented as
fold densitométrie values over IgG, a value of 1 or below represents no association. Acute
lithium treatment did not affect the lack of association between the Stin2 VNTR with either
H3K4m2 or H3K9m2.
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5.4.5

Lithium and cocaine affect the relative levels of histone méthylation
associated with the SLC6A4 exon2/intron2 region
To explore whether the increase of positive histone modifications associated

with the SLC6A4 promoter following either lithium or cocaine treatment (Chapter 4)
is further reflected downstream from the promoter (within the SLC6A4 gene), the
association of epigenetic markers with a region of the SLC6A4 gene (exon2/intron2)
was assessed. Tri- méthylation at lysine 36 on histone H3 (H3K36m3) is a histone
modification known to be activatory when found within the gene open reading frame
(Vandel and Trouche, 2001) Figure 5.8 A, demonstrates that under basal conditions,
this modification was below detectable levels. However, after acute treatment with 1
mM lithium the association of H3K36m3 with the SLC6A4 exon2/intron2 was
observed (Figure 5.8 A). This increase in H3K36m3 association with the SLC6A4
exon2/intron2 was more perceptible when the cells were treated with cocaine, with
the highest increase observed with the 10 pM cocaine treatment (Figure 5.8 B,C).
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Figure 5.8: Lithium and cocaine increase H3K36m3 association with the SLC6A4
exon2/intron2.
Chromatin immunoprécipitation (ChIP) analysis of the effect of (A) lithium and (B, C)
cocaine on histone modification (tri-methylation of lysine 36 in histone H3) association with
the SLC6A4 exon2/intron2 in JAr cells. ChIP analysis was performed as described in the
methods section. IgG was included as a non-specific control (background). PCR analysis
was carried out using primers specific to the exon2/intron2 of the SLC6A4 gene. (A)
Lithium and (B, C) cocaine increases H3K36m3 association with the SLC6A4
exon2/intron2.
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5.4.6

Di-methylation of lysine 9 in histone H3 associates with the SLC6A4
exon2/intron2 and this association is repressed by both lithium and
cocaine treatments

Di-methylation of lysine 9 in histone H3 is a histone modification that has always
been associated with heterochromatin (repressed DNA) (Nakayama et al., 2001 ; Noma
et al., 2001; Volpe et al., 2002; Bannister, 2001) as it recruits and associates with the
heterochromatin protein (HP-1) (Lachner et al., 2001; Bannister et al., 2001).
However, this histone marker was recently found to be associated within actively
transcribed genes, which may suggest that the HP1/H3K9 méthylation may play a
positive role in transcriptional regulation (Hediger and Gasswe, 2006; Vakoc et al.,
2005; Kouzarides, 2007). No association of this histone marker with the SLC6A4
promoter was observed (Chapter 4, Figure 4.11). Association of this histone marker
was assessed over the SLC6A4 gene (exon2/intron2 region). Data presented in Figure
5.9, demonstrated that under basal conditions the H3K9m2 was found to be associated
with the SLC6A4 exon2/intron2 (Figure 5.9 A). Lithium and cocaine treatments were
found to significantly repress the association of the H3K9m2 with the SLC6A4
exon2/intron2 region (Figure 5.9 A, B).
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Figure 5.9: H3K9m2 associates with the SLC6A4 exon2/intron2 and this association is
repressed following acute treatment with lithium or cocaine.
Chromatin immunoprécipitation (ChIP) analysis of the effect of (A) 1 mM lithium (B) 1 pM
and 10 pM cocaine on histone modification (di-methylation of lysine 9 in histone H3)
association with the SLC6A4 exon2/intron2 in JAr cells. ChIP analysis was performed as
described in the methods section. IgG was included as a non-specific control (background).
PCR analysis was carried out using primers specific to the exon2/intron2 of the SLC6A4
gene. (A) Lithium and (B) cocaine repress the association of H3K9m2 with the SLC6A4
exon2/intron2.
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5.4.7

Lithium and cocaine affect the relative levels o f histone acetylation
associated with the SLC6A4 e\on2/intron2 region.

Accumulated evidence in the literature supports a general model in which
histone acetylation associates with transcriptionally active DNA, whereas
deacetylation associates with heterochromatin; repressed DNA (Cheung et al., 2000;
Mizzen and Allis, 1998; Struhl, 1998). In order to establish whether the SLC6A4
gene associates with either modification, I assessed association of the SLC6A4
exon2/intron2 with either acetylation of lysine 9 in histone H3 (H3K9-ac) or
deacetylation of lysine 9 in histone H3 (H3K9-deac) under basal growth conditions
and following acute treatment with either 1 mM lithium or 1 pM and 10 pM cocaine.
Under basal conditions, acetylation but not deacetylation was detected within the
SLC6A4 exon2/intron2 region (Figure 5.10 A). Following acute lithium treatment,
acetylation levels associated with the SLC6A4 exon2/intron2 increased, while
deacetylation was not observed (Figure 5.10 A). Cocaine treatment also increased
acetylation levels with highest levels observed with the 10 pM concentration (Figure
5.10 B, C). However, low levels of deacetylation were also observed within the
SLC6A4 exon2/intron2 after 1 pM and 10 pM cocaine treatments (Figure 5.10 B, Q .
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Figure 5.10: Lithium and cocaine increase acetylation levels within the SLC6A4
exon2/intron2.

Chromatin immunoprécipitation (ChIP) analysis of the effect of (A) 1 mM lithium, (B) 1 pM
and (C) 10 pM cocaine on histone acetylation (acetylation of lysine 9 in histone H3) and
deacetylation (deacetylation of lysine 9 in histone H3) within the SLC6A4 exon2/intron2 in
JAr cells. ChIP analysis was performed as described in the methods section. IgG was
included as a non-specific control (background). PCR analysis was carried out using primers
specific to the SLC6A4 exon2/intron2. (A) Under basal conditions, acetylation of lysine 9 in
histone H3 (H3K9-ac) was detected within the SLC6A4 exon2/intron2, and this acetylation
level increased after (A) lithium and (B, C) cocaine treatment. (A) No deacetylation levels
were observed under basal conditions or after lithium treatment. (B, C) low levels of
deacetylation were observed within the SLC6A4 exon2/intron2 after cocaine treatment.
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5.4.8

Lithium and cocaine up-regulate the SLC6A4 mRNA levels
To determine whether the increase in the association of transcriptionally

active chromatin with the SLC6A4 gene, in addition to the increase in RNA
polymerase II binding to the promoter following treatment with either lithium or
cocaine are reflected in the transcription of the SLC6A4 gene, I assessed SLC6A4
mRNA levels by q-PCR.
Acute treatment with 1 mM lithium and 10 pM cocaine upregulated SLC6A4
mRNA levels by 2.5 and 4.5-fold, respectively (Figure 5.11 ^4, B). The housekeeping
gene P-actin was used as a control to confirm specificity of the effect of lithium and
cocaine on SLC6A4 mRNA.
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Figure 5 .11: Lithium and cocaine upregulate SLC6A4 mRNA expression levels.

Total RNA was extracted from either untreated JAr cells or after acute treatment with either
1 mM lithium or 10 pM cocaine. cDNA was synthesised, and q-PCR was performed as
described in methods section. mRNA expression of the SLC6A4 gene was significantly
increased following acute treatment with either (A) lithium or (B) cocaine by 2.5 or 4.5- fold,
respectively. Bars represent average fold increase in mRNA expression and the mean
normalised values were calculated together with the S.E.M, represented by error bars.
Student /-test indicates that the up-regulation by both stimuli is significant *** p= <0.005.
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5.5 Discussion
The SLC6A4 Stin2 VNTR has been shown to support differential reporter
gene expression based on copy number in cell line models, suggesting it may
modulate the expression of the SLC6A4 gene (Klenova et al., 2004; Roberts et al.,
2007) and correlate with affective disorders (Battersby et al., 1996; Collier et al.,
1996a; Kent et al., 2002; Kunugi et al., 1996; Bellivier et al., 2002; Collier et al.,
1996b; Mellerup et al., 2001). Our group has shown that CTCF and YB-1 are two
transcription factors that can, in part, modulate the Stin2 VNTR function as a
transcriptional regulator in vitro (Klenova et al., 2004). Although meta-analysis
studies suggest no significant allele frequency associations of the Stin2 VNTR with
affective disorder (Furlong et al., 1998; Lasky-Su et al., 2005; Lotrich et al., 2004), a
study by Hamilovic et al., showed weak individual effect of either VNTR (LPR or
Stin2) but a significant combinatorial effect of the two VNTRs on SLC6A4 gene
expression, suggesting a role for the Stin2 VNTR in regulating the expression of the
SLC6A4 gene (Hamilovic et al., 2004).
In this chapter, I sought to investigate the effect of lithium and cochine on
the binding of CTCF and YB-1 to the alleles of the Stin2 VNTR and chromatin
configuration associated with this domain. As discussed in Chapter 4, CTCF is a
transcription factor that has a role in gene regulation and chromatin organisation
(Lutz et al., 2003; Kanduri et al., 2000; Hark et al., 2000; Vostrov and Quitschke,
1997; Burcin et al., 1997; Filippova et al., 1996). YB-1 is also known to regulate
gene expression by acting either on DNA or RNA (Ohga et al., 1998; Kohno et al.,
2003; Coles et al., 2002; Soop et al., 2003; Evdokimova et al., 2001; Nekrasov et al.,
2003).
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Previous work from our group has shown that YB-1 differentially regulates
transcriptional activity of the Stin2 VNTR alleles in vitro (Klenova et al., 2004,
Roberts et al., 2007). Therefore, the inhibitory effect of lithium and cocaine on the
binding of YB-1 to the alleles on this VNTR (Figure 5.3 & 5.5), may affect how this
domain functions as a transcriptional regulator autonomously or in combination with
the 5' LPR. Repressing the binding of YB-1 to the alleles of the Stin2 VNTR will
modulate YB-1 direct effects on gene expression or the recruitment of either co
activators or co-repressors to this domain. Although previous work by our group has
shown that lithium treatment modulates a ‘switch’ of CTCF and YB-1 binding
between the two intronic VNTR alleles, cells in that study were treated with lithium
overnight (Roberts et al., 2007), while in this study, cells were treated for 1 hour.
These variations in experimental parameters may account for the differences
observed.
Various studies have shown that YB-1 can either stimulate or inhibit
translation depending on the amount of mRNA (YB-l/mRNA ratio) (Pisarev et al.,
2002; Evdokimova et al., 1998; Minich et al., 1992; Nekrasov et al., 2003;
Davydova et al., 1997). Our group has previously demonstrated differential
transcriptional activity of the Stin2 VNTR alleles in vitro (Klenova et al., 2004,
Roberts et al., 2007; Lovejoy et al., 2003; Fiskerstrand et al., 1999). Furthermore, I
demonstrated that lithium and cocaine can regulate the expression levels of both YB1 and SLC6A4 mRNA and differentially modulate the transcriptional activity of the
Stin2 alleles. Therefore, a combinatorial effect of allelic transcript genotypes and a
particular drug or stimulus may further modulate YB-1/SLC6A4 mRNA ratio.
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CTCF binding to the Stin2 VNTR has been demonstrated in vitro and was
also found to dissociate complexes of YB-1 from the Stin2 VNTR domain (Klenova
et al., 2004). CTCF is another transcription factor that can differentially regulate the
transcriptional activity of the alleles of the Stin2 VNTR (Klenova et al., 2004). The
binding of CTCF to the alleles of the Stin2 VNTR was also inhibited following
lithium treatment, which may affect the transcriptional regulatory effect of this
domain. Cocaine, however, had no effect on the binding of CTCF to the alleles of the
Stin2 VNTR, which suggests that these two stimuli exert their effects through
different mechanisms. This is relatively similar to the differential effect that lithium
and cocaine had on CTCF binding to the alleles of the 5’ LPR (Chapter 4). Further
work is required to explore whether either of these transcription factors associates
with co-activators or co-repressors upon binding to the alleles on the Stin2 VNTR.
Another mechanism by which lithium and cocaine may affect transcription
factor binding to the Stin2 VNTR is through modifying chromatin configuration
associated with this domain. Neither H3K4m2 nor H3K9m2 were found to associate
with the intronic VNTR under basal conditions or following treatment. These
markers however, usually associate with the promoter region of the gene.
The modulation of CTCF and YB-1 by lithium and cocaine, suggests that the
alleles of the Stin2 VNTR can mediate a transcriptional response to these stimuli. In
a different stable cell line model, our group have demonstrated that 1 mM lithium
treatment represses the transcriptional activity of the three allelic variants of the
Stin2 VNTR. However, in the model used in that study (Roberts et al., 2007) the
VNTR is randomly integrated within the genomic DNA and therefore could be
integrated within silenced regions of the genome in terms of chromatin
configuration, whereas in the stable cell line model used in this study; EBV
186

episomes are assembled into nucleosomes and remain as an independent genomic
unit, therefore, do not interfere with the host genome (Avolio-Hunter et al., 2001;
Horrocks et al., 2002; Biard et al., 2005; Lipps et al., 2003). The differential
modulation of the alleles of the Stin2 VNTR following lithium and cocaine
treatments, enforce the role of CTCF and YB-1 to control, in part, the transcriptional
properties of the Stin2 VNTR.
In the previous chapter, I demonstrated another mechanism by which lithium and
cocaine may regulate the expression of the SLC6A4 gene. Both lithium and cocaine
treatments were found to increase the association of the active histone marker
(H3K4m2) with the promoter of the SLC6A4 gene (Figure 4.10) and enhance the
binding of RNA polymerase II (Figure 4.14). However, studies in the literature
suggest that di-methylation of lysine 4 in histone H3 (H3K4m2) is a modification
that does not affect transcription elongation per se (Pavri et al., 2006), but rather
serves as a critical signal for defining the start of the transcribed domain and the
frequency with which RNA polymerase II travels along the open reading frame and
therefore associates within the early transcribed regions of active genes (Pavri et al.,
2006; Kouzarides, 2007; Shilatifard, 2006). Therefore, the increase in association of
this marker with the SLC6A4 promoter following acute treatment with either lithium
or cocaine might not reflect increase in transcriptional activity. I therefore, screened
for histone modifications downstream of the SLC6A4 promoter. Although, both diand tri-methylation of histones usually occurs 3’ of the open reading frame, only trimethylation displays a positive correlation with transcription rates and associates
with the body of transcribed genes (Pokholok et al., 2005; Kouzarides, 2007;
Shilatifard, 2006). For that reason, tri-methylation of lysine 36 in histone H3 was
selected as a marker. This histone marker is known to be activatory in the open
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reading frame and repressive when found in the promoter region (Kouzarides, 2007;
Pokholok et al., 2005; Morris et al., 2005; Bannister et al., 2005b). The increase of
association of this histone marker with the SLC6A4 exon2/intron2 after lithium and
cocaine treatments (Figure 5.8) is another reflection of the effect of these stimuli in
increasing positive histone modifications associated with the SLC6A4 gene,
therefore, regulating the expression of the SLC6A4. This increase in the association
between the H3K36m3 and SLC6A4 exon2/intron2 may be a consequence of the
increase in the association of positive histone markers within the promoter region of
the gene and the enhanced binding of RNA polymerase II. Furthermore, under basal
growth conditions, the SLC6A4 exon2/intron2 region was found to be acetylated at
lysine 9 in histone H3 (H3K9-ac) (Figure 5.10). The increase in acetylation levels
after either lithium or cocaine treatments is another mechanism by which these
stimuli affect chromatin structure and may exert their effect in increasing the
transcriptional activity of the SLC6A4 gene. H3K36m3 and acetylation of H3K9
increased at higher levels in cocaine treated cells compared to lithium treated cells,
suggesting that cocaine may have more of an effect in increasing the transcriptional
activity of the SLC6A4 gene.
Deacetylation is a modification that is associated with repressed DNA
(Bulger et al., 2005; Kuo and Allis, 1998; Struhl, 1998; Pokholok et al., 2005), and
histone deacetylase (FIDAC) complexes are usually recruited by other proteins such
as transcription factors or methyl-binding proteins resulting in histone deacetylation
and compaction, limiting proteins accessibility to DNA (Lutz et al., 2000; Nan et al.,
1998; Jones et al., 1998). However, deacetylation is also required to suppress
spurious intragenic transcription; the appearance of transcripts from ‘cryptic’ TATAlike sequences, by removing nucleosomes-destabilising acetyl-groups to facilitate
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reforming nucleosomes after the passage of RNA polymerase II (Kaplan et al., 2003;
Carrozza et al., 2005; Joshi and Struhl, 2005; Keogh et al., 2005). While trimethylation of lysine 36 in histone H3 (H3K36m3) is essential in regulating gene
expression as it is linked to the passage of RNA polymerase II across the open
reading frame, another function is to recruit a deacetylase complex to remove the
nucleosome destabilising acetyl-groups. Therefore, the H3K36 methylation and
subsequent deacetylation is required to suppress spurious intragenic transcription and
mark active transcriptional regions (Carroza et al., 2005; Keogh et al., 2005; Joshi
and Struhl, 2005; Kaplan et al., 2003). This suggests that negative-acting epigenetic
modifications are required to reform nucleosomes over transcribed regions after
transcription. Many studies support this hypothesis as studies have shown an
increase of H3K9m3 and heterochromatin-like protein (HP1) as transcription of
genes is induced (Brinkman et al., 2006; Vokac et al., 2005; Kouzarides, 2007). This
suggests that H3K9 may have a similar role to H3K36 in reforming nucleosomes
over transcribed regions after the transit of RNA polymerase II. Therefore, the
presence of both positive (acetylation) and negative (deacetylation) markers within
the SLC6A4 exon2/intron2 region may be to due to this phenomenon. However,
since the amplified region exon2/intron2 of the SLC6A4 gene in JAr cells includes
the intron 2 VNTR, which is heterozygous (10-copy and 12-copy alleles) the
presence of both positive and negative markers might be due to differential histone
modification of these alleles, as one allele might be acetylated and the other
deacetylated after cocaine treatment. This might play a significant role in regulating
the expression of the SLC6A4 gene, particularly in individuals who are homozygous
for either allele. Further experiments exploring the association of the alleles of the
Stin2 VNTR with both modifications are required to verify this assumption. Finally,

189

the presence of the histone marker H3K9m2 within the SLC6A4 gene may serve to
mark an actively transcribed region. However, the repressing effects of lithium and
cocaine on the association of this marker with the SLC6A4 are still to be elucidated.
Chambeyron and Bickmore, have shown that di-methylation of lysine 4
(H3K4m2) and acetylation of lysine 9 (H3K9-ac) in histone H3 decondense the
chromatin and form chromatin loops, which segregate transcriptionally active genes
from other compact chromosome regions (Chambeyron and Bickmore, 2004).
Furthermore, it has been suggested that all transcriptionally active genes contain
nucleosomes of methylated H3K4, acetylated H3K9 and tri-methylated H3K36, “this
pattern of modifications is now well accepted as a fingerprint of an actively
transcribed gene” (Guenther et al., 2007). Lithium and cocaine increased the
association of all these positive modifications with the SLC6A4 gene, identifying a
novel mechanism by which in particular lithium may exert it mechanism of action on
neuronal gene expression.
In summary, in this chapter I demonstrate that lithium and cocaine exert their
effect in regulating the SLC6A4 gene expression by
1. Increasing the association of positive histone markers (H3K36m3, H3K9-ac)
with the SLC6A4 gene. Further experiments are required to verify whether
lithium and cocaine exert their effect by directly regulating chromatin
modulation proteins.
2. The association of both the positive histone marker (H3K9-ac) and the negative
histone marker (H3K9-deac) with the SLC6A4 over the intron 2 polymorphic
region following cocaine treatment, suggest differential allelic modification of
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the alleles of the intron 2 VNTR. Further experiments are required to verify the
association of each allele with both markers.
3. Lithium treatment represses the binding of YB-1 and CTCF to the alleles of the
Stin2 VNTR. Allele-specific DNA-protein interaction assays need to be
performed to reveal if either transcription factor associates with co-activators or
co-repressors upon binding to the alleles of the Stin2 VNTR.
4. Lithium and cocaine were found to modulate the YB-1 and SLC6A4 mRNA
levels. Further experiments need to be done to determine whether YB-1
associates with the SLC6A4 mRNA and the effect of the VNTRs and stimuli in
modulating the YB-1/mRNA ratio and whether this effect is reflected in
translational activity. Isolating nuclear pre-mRNA (hnRNA) can be more
informative of allelic expression measurement and will exclude the effect of
RNA processing effects, such as alternative splicing.
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Figure 4.17: A model representing epigenetic modifications under basal
conditions and following cocaine treatment over the SLC6A4 promoter and
intron 2.
Under basal conditions, low levels of the positive histone marker (H3K4m2) were
associated with the SLC6A4 promoter, and low levels of H3K9-ac and H3K36m3
were associated with the intron 2 region. Following cocaine treatment, the
association of all these positive histone markers increased (H3K4m2 over the
promoter, H3K9-ac and H3K36m3 over the intron 2 region), and this was further
reflected in an increase in SLC6A4 mRNA levels. However, low levels of H3K9deac were observed over the intron 2 region following cocaine treatment, this might
be due differential modifications of the alleles of the intron 2 VNTR.
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Chapter 6
Functional synergy between two human serotonin
transporter gene VNTRs and their regulation by
lithium, cocaine and the transcription factor, CTCF
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6.1 Introduction
The majority of studies in the literature usually associate either one of the
SLC6A4 VNTRs with affective disorders. (Battersby et al., 1996; Collier et al.,
1996a; Kent et al., 2002; Kunugi et al., 1996; Bellivier et al., 2002; Collier et al.,
1996b; Mellerup et al., 2001). However, as demonstrated in Chapter 3, the VNTRs
in the 5’ promoter and intron 2 are, in part, on the same signal transduction pathway
via modulation of CTCF, suggesting that these domains may act in cis to regulate the
expression of the SLC6A4 gene. Furthermore, data presented in Chapters 4 and 5,
demonstrate that stimuli such as lithium and cocaine modulate histone epigenetic
markers and transcription factors binding to both domains.

A better understanding of the pathways regulating expression mediated by the
VNTRs would complement clinical studies, demonstrating how these domains may
be mechanistically involved in the progression of the disorder and supplying more
defined targets for pharmaceutical intervention. Our group have previously shown
that the transcription factor CTCF (CCCTC-binding factor) is a regulator of the
Stin2 VNTR function (Klenova et al., 2004) and that this CTCF regulation of the
Stin2 VNTR is modulated by lithium in vitro (Roberts et al., 2007). Furthermore, as
demonstrated in Chapter 3, CTCF can differentially modulate the function of the 5’
LPR in the JAr human placental cell line. I now hypothesise that as transcriptional
domains the 5’ LPR and Stin2 VNTRs can act in concert to modulate SLC6A4 gene
expression, and that CTCF can be one factor to coordinate such action. I suggest that
this may be important for the final response of a specific allele or combination of
alleles in behavioural disorders. In previous transient transfection studies
investigating 5’ LPR function in cell lines, different studies had shown differential
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expression supported by 5’ LPR alleles (Heils et al., 1996; Lesch et al., 1996) which
is somewhat consistent with our data in cell lines for the intronic VNTR (Klenova et
al., 2004; Roberts et al., 2007). Others, however, demonstrated no differential
activity (Sakai et al., 2002). I therefore, tested the hypothesis of the two domains
acting in cis by transient expression of reporter gene constructs in rat neuronal
cultures which express the endogenous SLC6A4 gene (Hansson et al., 1998;
Galineau et al., 2004; Hoffman et al., 1998; Fumagalli et al., 1996; Lebrand et al.,
1998) and JAr cells (Heils et al., 1996; Klenova et al., 2004; Roberts et al., 2007).
Testing the functional activity of these VNTRs in both clonal cell line as well as
primary cultures is necessary, as our group have hypothesised that the VNTRs are
tissue specific regulators of the SLC6A4 expression based on transgenic analysis of
the Stin2 VNTR reporters (MacKenzie and Quinn, 1999) in which restricted
neuronal tissue expression was observed.
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6.2 A im s
■ Having identified that the 5’ LPR and the Stin2 VNTRs within the SLC6A4 gene
are, in part, on the same signal transduction pathway, the main aim of Chapter 6
is to provide evidence that the two VNTRs may act in cis, in regulating the
expression of the SLC6A4 gene. Therefore, reporter gene constructs containing a
combination of either of the 5’ LPR alleles with either of the Stin2 VNTR alleles
were transfected into rat prefrontal cortical neurons and JAr cells, and assayed
for reporter gene activity.

■ We have identified CTCF as a transcription factor that binds and differentially
f
regulates the function of both the 5’ LPR and Stin2 VNTRs as transcriptional
regulators. The second aim of this chapter; is to assess the effect of CTCF on
regulating the combinatorial constructs containing either of the 5’ LPR alleles
with either of the Stin2 VNTR alleles.

■ Both lithium and cocaine were found to modulate epigenetic markers associated
with the 5’ LPR and Stin2 VNTRs, as well as modulating transcription factors
binding to the alleles of both domains. The final aim of this chapter is to assess
the transcriptional response of the combinatorial constructs in stably transfected
JAr cells that mimic the chromatin environment of the VNTRs in vivo, rather
than an in vitro transfection assay.
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6.3
6.3.1

Methods
Cloning the VNTRs into reporter gene vectors
The 5’ LPR VNTR variants were cloned into the renillin luciferase reporter

vector as outlined in method section 2.2.1.6.2.3. Cloning the intronic variants into
the modified phRL-renillin vector is described in methods sections 2.2.1.6.2.2 and
2.2.1.6.2.4. Generation of the dual constructs, in which the intronic variants were
cloned into the intronic site of phRL reporter vector and the 5’ LPR VNTR variants
cloned upstream of the SV40 promoter is outlined in method section 2.2.1.6.2.4. For
description of reporter gene constructs used in transfection experiments please see
Table 2.2, Appendix I.

.

6.3.2

: •

$

|

Primary cell culture, transfections, and luciferase assays
Rat prefrontal cortical cultures were prepared from 2-10 day old male Wistar

rats as described in methods sections 2.2.23 Cells were transfected as described in
methods section 2.2.4.1. Cells were then harvested and assayed using the Dual
Luciferase Reporter Assay System as outlined in methods section 2.2.6.

6.3.3

Reverse Transcription PCR
Total RNA was extracted from prefrontal cortical cells as described in

method section 2.2.7.1. Genomic DNA was digested with DNase as outlined in
method section 2.2.7.2. 1 pg of total RNA was reverse-transcribed to single-stranded
cDNA as described is method section 2.2.7.3, and to analyse SLC6A4 mRNA
expression; standard PCR was carried out as described in method section 2.2.7.4
using the primers from exons 1 and 4, described in Table 2.3, Appendix I.
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6.3.4

Generation of stable cell lines, cell treatment and analysis of reporter
gene expression
Cloning the VNTRs into Epstein-Barr virus (EBV) protein-based vector

p.Mep9 was performed as outlined in method section 2.2.1.6.3, description of the
vectors generated are listed in Table 2.2, Appendix I. Generation of JAr stable cell
line utilising the p.Mep9-VNTRs vectors was carried out as described in methods
section 2.2.22. Cell were then treated as described in methods section 2.2.3 and
were then harvested and assayed using the Dual Luciferase Reporter Assay System
as outlined in methods section 2.2.6.
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6.4

Results
The genomic location of a regulatory domain may affect its transcriptional

properties. To address this I placed the 5’ LPR and Stin2 VNTR variants in
appropriate locations within the reporter vector. The Stin2 alleles were cloned into
the intronic site of phRL reporter vector and the 5’ LPR VNTR variants cloned
upstream of the SV40 promoter, mimicking their in vivo position in the genome,
(Figure 6.1). I also generated constructs in the same backbone but with only the 5’
LPR or Stin2 variants cloned in their respective locations. This allowed us to address
not only the hypothesis that these two SLC6A4 VNTR domains could act in cis but
how they differ from each independent domain alone and if synergisms were
possible between these VNTR domains that involve trans factors.

‘chimeric

intron ’

phRL_null

1/
Stin2. 9/10/12

T

Stin2.(n)
SV40

SIL

allele (n)

S/L allele

SIL

Renillin

Stin2. 9/10/12
SV40

1/T

Renillin

allele (n)

S/L allele
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Figure 6.1: Cloning strategy and generation of the SLC6A4 VNTRs in reporter
gene constructs.
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6.4.1

Rat prefrontal cortical cells express the SLC6A4 gene endogenously
Recently, a A/G SNP in the /-allele of the 5’ LPR VNTR was reported to

affect mRNA expression levels of SLC6A4 (Hu et al., 2005; Wendland et al., 2006),
I therefore determined the SNP in our clone as being A. I tested these constructs in
primary cultures of prefrontal cortex (PFC) neurons because it has been reported that
these cells express the endogenous SLC6A4 gene. Various studies have reported that
expression of the SLC6A4 mRNA in the prefrontal cortex was found to peak early in
postnatal development at day 10, gradually decreases to weak expression at day 28,
and no expression in adult rats (Hansson et al., 1998; Galineau et al., 2004; Hoffman
et al., 1998; Fumagalli et al., 1996; Lebrand et al., 1998). I confirmed SLC6A4
mRNA expression in these cultures by RT-PCR amplifying a 460 bp cDNA
fragment using forward and reverse primers from exon 1 and exon 4, respectively,
demonstrating it was not contaminating DNA (Figure 6.2).

co

Figure 6.2: Agarose gel showing the reverse transcription PCR products of the
SLC6A4 gene amplified from sections of neonatal Wistar rat brain prefrontal
cortex. Lane 1: Mass ruler DNA Ladder, lane 2: SLC6A4 RT-PCR amplification
from rat prefrontal cortex, amplifying a 460 bp cDNA fragment of the expected size.
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6.4.2

The 5’ LPR and Stin2 alleles modulate reporter gene expression in rat
prefrontal cortical neuronal cultures
I assessed the activity of the individual VNTRs to support reporter gene

expression in PFC cells. In rat prefrontal cortical neuronal cultures the /- and salleles of the 5’ LPR supported similar levels of activity, approximately 9-fold
increase over the phRL control (Figure 6.3).
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Figure 6.3: The SLC6A4 5’ LPR alleles support similar levels of activity in rat
prefrontal cortical cells.
Rat prefrontal cortical cells were transfected as described in methods section with 1
pg of reporter gene construct plus 20 ng of pMLuc-2 Firefly luciferase as internal
control. Bars represent the fold change in normalised renillin activity supported by
the VNTR compared with the phRL control. Transfections were performed in
triplicate in at least five independent experiments and the mean normalised renillin
values were calculated together with the S.E.M, represented by error bars. One-way
ANOVA test indicated that both 5’ LPR (/- and s-) alleles displayed a significant
upregulation compared to the phRL control ***=p<0.005, whereas no significant
difference was observed when the two alleles were compared to each other.
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In contrast, the Stin2.10 and Stin2.12 (the most common intronic variants)
supported no additional activity over the phRL control (Figure 6.4). However, the
rare 9 copy allele, supported increased reporter gene expression, approximately 2fold higher than the phRL control (Figure 6.4).
+
+

phRL

Stin2.9

Stin2.10

Stin2.12

Figure 6.4: Comparison of the transcriptional activities of the alleles of the
Stin2 VNTR.
Rat prefrontal cortical cells were transfected as described in methods section with 1
pg of reporter gene construct plus 20 ng of pMLuc-2 Firefly luciferase as internal
control. Bars represent the fold change in normalised renillin activity supported by
the VNTR compared with the phRL control. Transfections were performed in
triplicate in at least five independent experiments and the mean normalised renillin
values were calculated together with the S.E.M, represented by error bars. One-way
ANOVA test indicated that Stin2.10 and Stin2.12 support no additional activity over
the phRL control, while Stin2.9 supported reporter gene expression, approximately
2-fold higher than the phRL control ***=p<0.005. Stin2.9 showed significant change
in activity compared to both Stin2.10 and Stin2.12 reporter constructs +=p<0.05.
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6.4.3

CTCF regulate the expression of the Stin 2 VNTRs but not that of the 5’
LPR VNTR in prefrontal cortex neurons
I have demonstrated in Chapter 3 that the transcription factor CTCF will bind

and differentially regulate the alleles of the 5’ LPR, and previously our group have
shown the same effect on Stin2 VNTR in clonal cell lines (Klenova el al., 2004;
Roberts el al., 2007). Therefore, I wanted to validate a similar function in the
neuronal cultures. Co-expression of CTCF did not significantly affect the expression
supported by either of the 5’ LPR variants (Figure 6.5) but resulted in robust
repression of all three Stin2 variants (Figure 6.6). The reporter cassette without either
VNTR was unaffected by CTCF.
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Figure 6.5: CTCF does not regulate the 5’ LPR alleles in rat prefrontal cortical
cells.
Rat prefrontal cortical cells were transfected as described in methods section with 1
pg of reporter gene construct plus either 1 pg of CTCF expression vector or 1 pg of
pGL3b, to standardise for total DNA concentration. 20 ng of pMLuc-2 Firefly
luciferase was used as internal control. Bars represent fold change in normalised
renillin activity (expressed in percentages) upon CTCF expression relative to basal
activity of the VNTR constructs. Transfections were performed in triplicate in at
least five independent experiments and the mean normalised renillin values were
calculated together with the S.E.M, represented by error bars. Student Mest
illustrated that neither allele was affected by CTCF over expression.
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Figure 6.6: CTCF significantly repressed the expression of the three allelic
variants of the Stin2 reporter construct in rat prefrontal cortical cells.
Rat prefrontal cortical cells were transfected as described in methods with 1 pg of
reporter gene construct plus either 1 pg of CTCF expression vector or 1 pg of
pGL3b, to standardise for total DNA concentration. 20 ng of pMLuc-2 Firefly
luciferase was used as internal control. Bars represent fold change in normalised
renillin activity (expressed in percentages) upon CTCF expression relative to basal
activity of the VNTR constructs. Transfections were performed in triplicate in at
least five independent experiments and the mean normalised renillin values were
calculated together with the S.E.M, represented by error bars. Student t-test indicates
that all Stin2 variants were significantly repressed by CTCF over-expression
*=p<0.05, ***=p<0.005.
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6.4.4

The dual 5’ LPR and Stin2 alleles support differential reporter gene
expression in cis in rat prefrontal cortical neuronal cultures but not in
JAr clonal cell line
Promoter and enhancers in the same gene, function together to bring about

the regulated expression pattern observed in the cell in both tissue-specific and
stimulus-inducible manner. Therefore, I hypothesised that as both the promoter and
intronic VNTR share at least one signal transduction pathway which would be
regulated by CTCF, this might result in differential reporter gene expression directed
by distinct combinations of the VNTRs. I therefore analysed activity supported by
the dual constructs containing either the l- or 5-allele in a promoter position and a
Stin2 VNTR located in the intron of the reporter plasmid. These constructs
demonstrated a number of distinct expression profiles based on the genotype of the
VNTRs. Strikingly, the Stin2.10 and Stin2.12 variants which had no activity
compared to the phRL alone, when in conjunction with the 5-allele (S10 and SI2)
were capable of directing higher activity compared to s alone (Figure 6.7 B).
Flowever, a one-way ANOVA test showed that this increase was only significant for
SI2, as neither S9 nor S10 displayed statistically significant differences compared to
5-allele alone (Figure 6.7 B). Nevertheless, I believe the trend demonstrated by S10
to increase activity should be noted. These data suggested synergy rather than an
additive mechanism. However, different data were obtained when the intronic
variants were combined with the /-promoter VNTR (Figure 6.7 A). A one-way
ANOVA indicated that L10 showed a significant decrease in reporter gene activity
compared to / alone, whilst neither L9 nor L I2 showed significant changes in
activity compared to / alone. ANOVA also demonstrate a highly significant variation
was observed between L10 and L I2, and between L9 and L I2, illustrating the
combinatorial variation which cannot be predicted from the individual VNTR
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activity in this model. However, when these constructs were tested in JAr clonal cell
line, no differential or synergistic activity was observed among the various
combinatorial alleles of both VNTRs (data not shown).

206

20

Average fold increase in normalised renillin

A

phRLSV40

1allele

L9

L10

L12

0.0018

0.12

0.0002

***
phRLSV40

0.0005

**
1allele
L9
L10

0.78

0.01

0.09
**

0.09

0.01
***
0.0004

L12

207

B

phRLSV40

phRLSV40

s a lle le

59

5 10

■**

**

***

512
***

0 .0 0 9 6

0.01

0 .0 0 0 6

0 .0 0 0 2

0 .9 9

0 .2 8

0 .0 2

0 .2 2

0.01

*
s a lle le

**
59

510

0 .4 5

S12

Figure 6.7: The SCL6A4 VNTR dual constructs support differential levels of
reporter gene expression in rat prefrontal cortical cells.
Rat prefrontal cortical cells were transfected as described in methods with 1 pg of
reporter gene construct and 20 ng of pMLuc-2 Firefly luciferase as internal control.
Bars represent the fold change in normalised renillin activity supported by the
VNTRs compared with the phRL control. Transfections were performed in triplicate
in at least three independent experiments and the mean normalised renillin values
were calculated together with the S.E.M, represented by error bars. A one-way
ANOVA test indicated that (A) L10 showed a significant decrease in reporter gene
activity compared to l alone, while neither L9 nor L I2 showed significant change in
activity compared to / alone as shown in table A. (B) S12 was capable of directing
significantly higher activity compared to s alone, whereas neither S9 nor S10
displayed significant difference compared to s alone as shown in table B, *=p<0.05,
**=p<0.01, ***=p<0.005.
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6.4.5

CTCF differentially regulates the expression of the dual constructs
In Chapter 3 , 1 demonstrated that CTCF can modulate the function of the 5’

LPR, and previous work by our group has demonstrated similar effect of CTCF on
the Stin2 VNTR in JAr cells (Klenova et al., 2004; Roberts et al., 2007). Here in this
neuronal cell model, Stin2 variants alone were all repressed by CTCF (Figure 6.6). I
therefore addressed the potential regulation of the dual VNTR reporter gene
constructs by CTCF. In response to CTCF, the dual constructs showed a plethora of
differential responses (Figure 6.8 A and 6.8 B). CTCF displayed differential activity
on the dual reporter constructs by significantly repressing the activity of L9, L I2 and
S12 while no significant effect was observed with any of the other constructs as
indicated by student f-test (Figure 6.8). The perceived increase in L10 over l alone is
not significant in this analysis, however, it is not repressed as the L9 and L12
constructs. Therefore the two common intronic VNTR variants, 10 and 12 behave
differentially to modulate / and s promoter VNTRs.
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Figure 6.8: CTCF differentially regulates the SCL6A4 VNTR dual constructs in
rat prefrontal cortical cells.
Rat prefrontal cortical cells were transfected as described in methods with 1 pg of
reporter gene construct plus either 1 pg of CTCF expression vector or 1 pg of
pGL3b to standardise for total DNA concentration. 20 ng of pMLuc-2 Firefly
luciferase was used as internal control. Bars represent fold change in normalised
renillin activity (expressed in percentages) upon CTCF expression relative to basal
activity of the VNTR constructs. Transfections were performed in triplicate in at
least three independent experiments and the mean normalised renillin values were
calculated together with the S.E.M, represented by error bars. CTCF displayed
differential activity on the dual reporter constructs by significantly repressing the
activity of (A) L9, L12 and (B) SI2, while no significant effect was observed with
any of the other constructs as indicated by student Mest *=p<0.05, ***=p<0.005.
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6.4.6

Lithium and cocaine are modulators of reporter gene expression
directed by the 5’ LPR and Stin2 VNTRs in JAr cells
Having demonstrated that different alleles of the 5’ LPR and Stin2 VNTRs

have differential effects on regulating reporter gene expression (Figure 6.7), and that
CTCF, which differentially regulates expression of the SCL6A4 VNTR dual
constructs (Figure 6.8) is modulated by lithium and cocaine, I therefore, assessed
how the two SLC6A4 VNTR domains could mediate a transcriptional response to
both lithium and cocaine and how they differ from each independent domain alone.
As discussed previously, the EBV episomes stable model was selected, as the vector
acquire a nucleosomal structure which mimics the genetic environment of the
VNTRs in vivo (Avolio-Hunter et al., 2001; Horrocks et al., 2002; Biard et al., 2005;
Lipps et al., 2003).
Data presented in Figure 6.9, demonstrate that the S12 and L10 constructs
showed the most significant response to acute lithium treatment with a 2.5- and 5fold increase respectively. L9 also displayed a significant transcriptional response to
lithium treatment, however, not as significant as S12 and L10. A similar response
was observed when cells were treated with cocaine; specifically L10 displayed a 6fold increase in renillin activity, while S12 displayed a 2-fold increase.

212

A

B

59

S10

S12

19

LIO

Figure 6.9: Lithium modulates reporter gene expression directed by the S12, L9
and LIO constructs in a stably transfected JAr cells.
JAr cells stably expressing the Epstein-Barr virus (EBV) protein and the renilla
luciferase reporter gene under the control of a combination of either of the 5’ LPR
alleles with either of the Stin2 VNTR alleles, were treated with 1 mM lithium for 1
hour, harvested and assayed for renillin activity as described in methods section.
Bars represent the fold change in renillin activity normalised to untreated cells and
backbone effect. Significant increase in renillin activity was observed with the (A)
S12 and (B) L9 and LIO constructs after acute treatment with 1 mM lithium. Errors
bars indicate S.E.M. Student /-test indicates that the up-regulation was significant
*/?=<0.05, ***p=<0.005.
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Figure 6.10: Cocaine modulates reporter gene expression directed by the S12
and L10 constructs in a stably transfected JAr cells.
JAr cells stably expressing the Epstein-Barr virus (EBV) protein and the renilla
luciferase reporter gene under the control of a combination of either of the 5’ LPR
alleles with either of the Stin2 VNTR alleles, were treated with 10 pM cocaine for 1
hour, harvested and assayed for renillin activity as described in methods section.
Bars represent the fold change in renillin activity normalised to untreated cells and
backbone effect. Significant increase in renillin activity was observed with the (A)
S12 and (B) L10 constructs after acute treatment with 10 pM cocaine. Errors bars
indicate S.E.M. Student t-test indicates that the up-regulation was significant
***p=<0.005.
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6.5

Discussion
Several groups including our own have demonstrated differential effects of the

SLC6A4 5’ LPR and Stin2 VNTRs on the expression of reporter genes in cell lines
(Lovejoy et al., 2003; Lesch et al., 1996; Klenova et al., 2004; Roberts et al., 2007).
These VNTRs have often been clinically determined as predisposing factors for
affective disorders. However, the role of these domains have often been disputed as
susceptibility factors and meta-analysis has raised further questions (Furlong et al.,
1998; Lasky-Su et al., 2005; Cho et al., 2005; Lotrich et al., 2004; Schinka et al.,
2004). Here I demonstrate, in rat neuronal cells, that these two VNTRs show
differential function when analysed together in expression constructs that mimic
their endogenous positions in the genome.
When the 5’ LPR variants were analysed individually in prefrontal cortical cells,
there was no differential activity between the two variants, l- and s-, on reporter gene
expression levels (Figure 6.3). This agrees with a study in COS-7, PC-12 and raphenucleus-derived RN46A cells in which these VNTR variants did not support
differential expression (Sakai et al., 2002). Others however, have demonstrated that
both these alleles support differential activity (Heils et al., 1996; Lesch et al., 1996),
including our own studies in JAr cells (Figure 3.1). Similar conflicting data exist
based on mRNA analyses (Lesch et al., 1996; Mortensen et al., 1999; Hranilovic et
al., 2004; Lim et al., 2006). Therefore, studies on the abilities of the 5’ LPR VNTR
variants to support differential gene expression, like those of the clinical correlations
themselves are conflicting. These contradictory reports may arise from differences in
experimental parameters (reviewed in Haddley et al., 2007) or demonstrate tissuespecific factors or variation in the concentration of specific transcription factors in a
particular cell type. The latter is consistent with our data on manipulation of CTCF
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concentration altering reporter gene expression in the presence of the Stin2 VNTR in
HEK, COS-7 and JAr cells (Klenova et al., 2004; Roberts et al., 2007) or the /- and
5-alleles in JAr cells (Chapter 3). We propose that these VNTRs can act as
transcriptional domains, whose activity may be altered by a complement of
transcription factors, and are able to function as stimuli- inducible regulators of gene
expression mediated by environmental factors. Acceptance of this view may provide
a critical starting point for an understanding of the polygenic contribution towards
susceptibility to affective disorders.
I demonstrated that in rat neuronal cultures the 5’ LPR variants (/- and 5-)
activities did not change in response to increased expression of CTCF (Figure 6.5).
In Chapter 3, I demonstrated that CTCF differentially modulated activity of these
variants in JAr cells. I however, also show here that CTCF repressed the activity
driven by the Stin2 variants, which significantly contrasted with our previous data in
non-neuronal cell lines in which CTCF dramatically increased activity from the
Stin2 variants cloned upstream of the SV40 promoter (Klenova et al., 2004; Roberts
et al., 2007). This stark contrast is of interest since similar effects have been
observed for CTCF sites that have enhancer blocking activity and can act as position
effect regulators at specific loci (Recillas-Targa et al., 2002). Kim et al. have
recently shown that CTCF binding sites are largely invariant between cell types;
however they do suggest that a fraction of these binding sites may be subject to celltype-dependent regulation (Kim et al., 2007). These observations indicate that the
effect of CTCF is not solely cell-line specific but may also be, in part, due to ciselement localisation.
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Many studies in the literature associate either of these individual SLC6A4
VNTRs with affective disorders (Battersby et ah, 1996; Collier et al., 1996a; Kent et
ah, 2002; Kunugi et ah, 1996; Bellivier et ah, 2002; Collier et ah, 1996b; Mellerup
et ah, 2001). However, in Chapter 3, I demonstrated that the 5’ LPR is functional
and regulated by CTCF, and previous publication from our group suggest the same
effect on Stin2 variants (Klenova et ah, 2004; Roberts et ah, 2007), proposing that
these domains might be on the same signalling pathway and may act in cis to
regulate gene expression. I now demonstrate that these two VNTRs within the
SLC6A4 gene, in the context of the same reporter system, support differential gene
expression based on copy number of both VNTRs. Furthermore, the capability of the
dual VNTR constructs to support differential gene expression, under basal growth
conditions and in response to over expression of CTCF, would suggest they act in
synergy rather than being merely additive. For example, the 5’ LPR 5-allele
supported an approximate 9-fold increase over the phRL control (Figure 6.3) whilst
the Stin2.12 allele did not support additional activity over the control (Figure 6.4).
However, when combined, a 16-fold increase over phRL was observed (Figure
6.7B). When these constructs were analysed in JAr cells (data not shown), neither
differential activity nor synergy was observed, demonstrating again that these
VNTRs are tissue specific regulators of the SLC6A4 gene. However, these analyses
indicate that we should consider the function of both of the VNTRs in the SLC6A4
gene to act in cis when addressing their correlation to specific neurological disorders
and how the combined genotype of an allele might mediate a response to a particular
drug or stimulus. This allows for a gene-environment parameter to be factored into a
correlation of a specific set of genetic variants. It is possible that the impact of
genotype only becomes apparent in response to a particular stimulus e.g., stress, drug
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or other (Murphy et al., 2001). This is consistent with the data presented in Figures
6.9 and 6.10, as differential transcriptional responses were observed of the dual
constructs following both lithium and cocaine treatments. The interaction of these
two domains in regulating gene expression should be factored into clinical
association, as different responses to lithium and cocaine were observed when the
VNTRs were analysed individually as when analysed combinatorially. The 12-copy
allele of the Stin2 VNTR and not the 10-copy allele responded to both lithium and
cocaine treatments, and the /-allele not the 5-allele displayed a significant response to
both these treatments. However, when the combinatorial constructs were analysed,
only the L10 and S12 displayed significant response to both lithium and cocaine
treatments.
These data on the synergistic potential of the VNTRs in neuronal cells is
consistent with analysis of SCL6A4 expression in lymphoblast cell lines which
failed to find a correlation with the 5’ LPR VNTR, but did find evidence for a
combined effect of 5’ LPR and Stin2 VNTRs (Hranilovic et al., 2004). A better
appreciation of how variants function combinatorially in vivo might allow better
statistical correlations of these domains with a particular disorder. The important
point of this analysis is perhaps not the absolute levels of reporter gene observed, nor
indeed whether they are repressed or activated by over expression of CTCF, or
stimuli treatment, but rather that the potential for differential gene expression
supported by combinations of the specific variants exists. The action of CTCF
highlights the potential role for epigenetic modulation of expression of SLC6A4
gene via these VNTRs, which could result in long term differences in gene
expression.
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Chapter 7
General D iscussion

Gene expression is more complex than first anticipated in the classic
Mendelian inheritance; that assumes in somatic cells, genes are equally and
additively expressed from paternal and maternal alleles (Lodish et al., 2004). It is
well established now that genes can also be expressed in a mono-allelic manner
(imprinted), or two alleles of a gene that contain polymorphic c«-regulatory regions
can contribute differently to expression levels (Yan et a l, 2004). Evolutionary
changes in such c«-regulatory domains are believed to have participated in cognitive
evolution of H. sapiens as well as phenotypic diversity (Heissig et al., 2005;
Prabhakar et al., 2006). There have been many studies that associate genetic
variations to individual’s susceptibility to behavioural and affective disorders
(reviewed in Haddley et al., 2007). In this thesis, I studied two polymorphisms
within the SLC6A4 gene that have been associated with a number of CNS disorders,
including bipolar disorder, schizophrenia, drug addiction and obsessive compulsive
disorder (Battersby et al., 1996; Collier et al., 1996a; Kent et al., 2002; Kunugi et
al., 1996; Bellivier et al., 2002; Collier et al., 1996b; Mellerup et al., 2001). In the
literature, there have been many contradictory reports regarding the functionality of
these SLC6A4 VNTRS as transcriptional regulators, and their association with
various psychiatric disorders. For every study reporting a positive association
between a genotype and a disorder there are contradictory papers demonstrating a
lack of association. Conflicting reports in the literature linking or associating the
SLC6A4 polymorphisms with specific disorders may arise from inter-experimental
variation, mixed population and inappropriate comparison between subjects
(Haddley et al., 2007). We and others have also demonstrated that variation in the
primary sequence of repeats can have functional significance and has been
demonstrated for both the 5’ LPR and the Stin2 VNTRs (Lovejoy et al, 2003; Hu et
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al., 2005; Wendland et al., 2006). Further complexity in analysing the functional
significance of these regulatory domains arises from tissue-specific activity of these
domains as well as the difficulty in identifying the causative regulatory variants that
are in linkage disequilibrium with other polymorphic regions ‘haplotype’. In this
thesis, I studied the molecular mechanisms by which the SLC6A4 VNTRs are
regulated, suggesting that a better understanding of the pathways regulating
expression of the SLC6A4 gene mediated by the VNTRs would complement clinical
studies and may provide a critical starting point for an understanding of the
polygenic contribution towards susceptibility to affective disorder.
In Chapter 3, I have shown that the alleles of the 5’ LPR are bound and
differentially regulated by CTCF; a transcription factor known to modulate the
function of the Stin2 VNTR as a transcriptional regulator in vitro (Klenova el al.,
2004; Roberts et al., 2007). This suggests that the two VNTR domains that are
predisposing clinical determinants for overlapping conditions and diseases, can
respond, in part, to the same signal transduction pathway via modulation of CTCF.
By contrast, YB-1 which is known to regulate the Stin2 VNTR (Klenova et al.,
2004; Roberts et al., 2007) did not bind or regulate the function of the 5’ LPR, which
suggests that there are also distinct pathways regulating expression driven by both of
these VNTRs. To the author’s knowledge, with the exception of Kaiser et al., (2002)
and Hranilovic et al., (2004) all studies in the literature have focused on the effect of
either one of the SLC6A4 VNTRs on SLC6A4 expression and association with
affective disorders (Battersby et al., 1996; Collier et al., 1996a; Kent et al., 2002;
Kunugi et al., 1996; Bellivier et al., 2002; Collier et al., 1996; Mellerup et al., 2001).
Having established that these two VNTR domains may be in the same signal
transduction pathway, in Chapter 6, I demonstrated that the 5’ LPR and Stin2
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VNTRs can support differential gene expression based on copy number of both
VNTRs in a tissue-specific manner; suggesting they act in synergy rather than being
merely additive. These analyses may explain, in part, some of the contradictory
reports in the literature and indicate that we should consider the function of both of
the VNTRs in the SLC6A4 gene to act in cis when addressing their correlation to
specific neurological disorders and how the combined genotype of an allele might
mediate a response to a particular drug or stimulus. However, there have been many
reports suggesting that the role of the SLC6A4 polymorphisms may be more
pronounced during embryogenesis and development, thus raising the possibility that
disrupting normal maturation of certain neuronal network critical for normal adult
functions, will influence behaviour and increase vulnerability to psychiatric disorders
in adults (Ansorge et al., 2004; Caspi et al., 2003; Parsey et al. 2006). Our group
have previously demonstrated that in a transgenic mouse model the Stin2
polymorphic variants supported differential reporter gene expression in the CNS
region initially involved in serotonergic lineage (MacKenzie and Quinn 1999).
Furthermore, evidence is emerging that the effect of the SLC6A4 polymorphisms
might not be apparent until exposure to environmental factors or in response to
certain challenges. For example, various studies have demonstrated that carriers of
the 5-allele of the 5’ LPR are more likely to develop an episode of major depression
only following stressful life events (Caspi et al., 2003; Bennett et al., 2002; Barr et
al., 2004; Champoux et al., 2002; Barr et al., 2003). I demonstrated that the
combined VNTRs genotype of an allele responds differently to challenges such as
lithium and cocaine exposure, suggesting that an individual’s genotype might
determine their response to such challenges. Therefore, the genetic variants plus a
significant impact from the environment (gene-environment interplay) and
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challenges might alter SLC6A4 gene expression mediated through these VNTRs,
influencing an individual’s vulnerability to environmental stress and tendency to
develop psychiatric disorders in adult. Such factors should be taken into
consideration in the design of psychiatric genetics research and association studies
(Caspi et al., 2003; Parsey et al. 2006).
In Chapters 4 & 5 , 1 examined the effect of lithium and cocaine on SLC6A4
gene expression. Lithium is widely used as a mood stabiliser for treatment of manic
depression; however, its therapeutic mechanism of action is not fully understood
(Goodwin et al., 1999; Lenox et al., 2000). Cocaine, on the other hand, is known to
bind the SLC6A4 protein modulating the serotonergic neurotransmission (Uhl et al.,
2002). Both lithium and cocaine were found to exert their mechanism of action at
least, in part, via increasing the association of positive histone marks with the
SLC6A4 gene locus. This effect was further reflected in an increase in RNA
polymerase II binding and SLC6A4 mRNA expression levels. Such regulation of
chromatin structure suggests that lithium and cocaine can exert long lasting changes
in gene expression through changes in epigenetic mechanisms. Data in Chapter 5,
suggests that there may be differential allelic histone modifications following
cocaine treatment. Further experiments are required to verify this, as this may reflect
genotype influencing the response to cocaine. It has been suggested that in addition
to genetic variations, epigenetic factors should be taken into consideration when
accounting for complex diseases (Petronis, 2001). Data presented in this thesis
demonstrate the role of epigenetics in regulating the expression of the SLC6A4 gene,
particularly, in response to challenges, with a possible role of genotypes mediating
differential effects. However, the effect of both lithium and cocaine in epigenetic
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mechanisms regulating the expression of the SLC6A4 gene may explain, in part, the
long-term lasting effects of these drugs on the CNS.
Although lithium and cocaine displayed similar effects on regulation of
chromatin structure associated with the SLC6A4 gene, the two stimuli displayed
differential effects on CTCF and MeCP2 binding to the VNTRs of the SLC6A4
gene. Having established that the SLC6A4 VNTR domains can acts as
transcriptional regulators and that this regulatory effect can be modulated by CTCF;
lithium and cocaine modulating the binding of CTCF to these domains was found to
regulate the transcriptional activity of the SLC6A4 expression. However, the
differential effects of lithium and cocaine on CTCF binding to these domains
demonstrate distinct pathways by which these stimuli can regulate expression of the
SLC6A4 gene. As seen in Chapter 4, cocaine resulted in differential binding of
CTCF and MeCP2 to the alleles of the 5’ LPR. This may play a significant role in
regulating the expression of specific alleles of the SLC6A4 gene, in particular, to
individuals who are homozygous for either allele. For example, individuals who are
homozygous for the 5-allele will have the co-repressor MeCP2/HDAC associated
with the 5’ LPR, which simplistically will have an inhibitory effect on the SLC6A4
gene expression. It is essential to establish how stable these modifications are, and
whether repeated exposure of cocaine may lead to longer-term effects that persist for
longer time or may be irreversible? More questions need to be addressed to establish
whether this may reflect genotype influencing addiction and whether this will
negatively affect expression of the SLC6A4 gene. Furthermore, as in útero exposure
to cocaine was found to induce specific and very consistent neurodevelopment
alteration and neurochemical changes in 5-HT neurons (Cabrera-Vera et al., 2000;
Murphy et al., 1995) and developmental abnormalities were observed in children
224

prenatally exposed to cocaine (Davis et al., 1992), the effect of cocaine on the
SLC6A4 polymorphisms presented in thesis may provide a molecular mechanism by
which these changes may occur, particularly, as discussed earlier due to the role the
polymorphisms during embryogenesis.
In conclusion, psychiatric research should take into account the effect of both
polymorphisms within the SLC6A4 gene as well as SNP variants when addressing
association studies. Furthermore, the effect of the environment as well as challenges
should be considered as these can influence the genetic response of these domains.
Data presented in this thesis may provide a window on how the SLC6A4 VNTR
domains mediate regulation of the SLC6A4 and response to drugs, setting-up a
mechanistic model for in vivo psychiatric research.
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