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ABSTRACT

Neuron-restrictive silencer factor (NRSF), also known as RE1-silencing transcription
factor (REST), is a DNA binding protein that silences the expression of multiple
neurone-specific, terminal differentiation genes. During embryogenesis NRSF/REST is
expressed at high levels in most non-neural tissues, but is downregulated during
differentiation of neural progenitor cells into neurones. The proposed role of this
transcription factor is to restrict the expression of neurone-specific genes to the nervous
system. However NRSF/REST is also important in directing the proper spatial and
temporal expression of NRSE/RE1-bearing genes within the developing peripheral and
central nervous systems and this has implications for neuronal development.
Furthermore in mature neurones the expression of low levels of NRSF/REST mRNA
and the alteration of mRNA levels, in response to kainic acid, implies this transcription
factor may also be involved in neuronal plasticity. To understand the mechanisms
underlying transcriptional control of the NRSF/REST gene, the promoter region was
isolated and characterised. A 6.5 kb genomic fragment of the mouse gene containing
three exons (exon IA, exon IB and exon IC), that correspond to alternatively spliced 5’
non-coding exons, was isolated. Reverse transcription-PCR identified splice variants in
mouse fibroblast and neuroblastoma cell lines. Each splice variant contained one of the
5’ non-coding exons spliced onto the first coding exon (exon II) resulting in transcripts
with three different 5’ untranslated regions (UTR). Splice variants containing type A, 5’
UTR (corresponding to exon IA sequence) were by far the most abundant. Using 5’
RACE PCR, RNase protection and in vitro transcription assays, two clusters of
transcription initiation sites were identified within exon IA. Transient transfection
analysis of the 6.5 kb genomic fragment, fused upstream of the luciferase reporter gene,
showed this region was sufficient to direct cell-specific reporter gene expression in 3T3
fibroblast, Neuro2a neuroblastoma, PC12 pheochromocytoma cell lines and primary
neuroepithelial cell cultures. Testing a series of 5’ and 3’ deletions within the 6.5 kb
fragment in transient transfections led to the identification of several positive and
negative cis-acting regulatory domains, some of which act in a cell-specific manner. An
enhancer region, spanning the 3’ end of exon IA and part of the first intron, was crucial
for exon IA promoter activity. Characterisation of this proximal enhancer region
revealed the presence of a sequence with similarity to the NRSE/RE1 motif, however
NRSF/REST does not appear to bind. It is proposed that the differential levels of
NRSF/REST gene expression in non-neural and neuronal cells are achieved by the
combinatorial action of the cell-specific enhancer and repressor elements that are present
within the mouse NRSF/REST gene.
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1.0 INTRODUCTION

1.1  Phenotypic diversity within the nervous system

The human nervous system contains approximately 10'*neurones. This large
number of neurones consists of hundreds of distinct neuronal subtypes and furthermore
the advent of monoclonal antibodies and DNA probes has revealed that neurones which
appear morphologically identical can be molecularly distinct. Individual neurones differ
from one another in their signalling capabilities, neuronal and hormonal responsiveness,
neurotransmitter usage, expression of cell surface recognition molecules as well as the
number and shape of their neurites and the neuronal connections they make.
Furthermore the plasticity of mature neurones reflects regulated alterations in the
expression of genes encoding, for example, neuropeptides and neurotransmitter-
synthesising enzymes. One of the central challenges in neurobiology today is to
understand the mechanisms underlying the morphogenesis of the mammalian nervous
system. Genetic studies in invertebrates, such as Drosophila melanogaster and
Caenorhabditis elegans has led to the identification of a large number of regulatory
genes (encoding mainly transcription factors) that are involved in neurogenesis, and the
identification of mammalian counterparts to these genes has greatly facilitated
understanding neurogenesis in higher organisms. In addition, numerous studies have
been performed identifying the cis-acting DNA elements and the trans-acting proteins
that direct neurone-specific expression of terminal differentiation genes in mammals. As
the links between transcription factors that regulate neuronal determination and those
that are involved in neuronal differentiation are unravelled it has become apparent that
neuronal development involves cascades of regulatory events in which transcriptional
regulators are controlled by other transcriptional regulators acting in a hierarchical

manner. Furthermore these hierarchies of transcription factors are themselves controlled
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by signalling pathways that respond to cell-cell interactions and environmental signals.
While both positive and negative regulation of transcription factors has been found to be
crucial in the early stages of neurogenesis, the different classes of transcription factors
that regulate the expression of neurone-specific, terminal differentiation genes have
largely been found to be positive-acting factors. However, the importance of negative
regulation in directing neurone-specific gene expression is becoming increasingly clear
(He and Rosenfeld, 1991; Schoenherr and Anderson, 1995b; Simpson, 1995; Quinn,
1996; Goodman and Mandel, 1998; Thiel et al., 1999). In this regard a particular cis-
regulatory element, called the neuron-restrictive silencer element (NRSE) (Mori et al.,
1992), and also known as repressor element 1 (RE1) (Kraner et al., 1992) has been
identified in multiple neurone-specific, terminal differentiation genes and has been the
focus of much recent attention. The NRSE/REI1 interacts with the neuron-restrictive
silencer factor (NRSF) (Schoenherr and Anderson, 1995a), also known as RE1-silencing
transcription factor (REST) (Chong et al., 1995). The cell specificity of NRSF/REST
gene expression during development and in adulthood is crucial to the role of this
transcription factor in both restricting the expression of NRSE/RE1-bearing genes to the
nervous system and modulating target gene expression in differentiated neurones. The
questions are what are the factors that direct cell-specific expression of the NRSF/RST
gene? And what are mechanisms that regulate NRSF/REST gene expression in different

cell types?

1.2 Development of the nervous system

1.2.1 Neuronal development in vertebrates
In early vertebrate development, when the embryo consists of three layers:

ectoderm, mesoderm and endoderm, chemical signals from the dorsal mesoderm trigger
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a region of the ectoderm to thicken (neural plate) and indent, forming a neural groove on
the surface of the embryo along what will become its anterior-posterior axis. The lips of
the neural groove continue to swell, then meet and fuse to form the neural tube. The
neuroepithelial cells that line the ventricular cavity of the neural tube are the precursors
of neurones and glia in the adult brain and spinal cord. The post-mitotic progeny migrate
from the ventricular zone towards outer layers and undergo terminal differentiation.
During formation of the neural tube, a group of cells at its dorsal margin separates from
it on either side to form the neural crest. All of the neurones forming the peripheral
nervous system (PNS), including sensory and autonomic neurones arise from these cells.
In vertebrates, the early steps of specification and differentiation of neural precursors
have been studied in several models, including the spinal chord (Tanabe and Jessell,

1996) and the neural crest (Anderson et al., 1997).

Mammalian homologues of Drosophila proneural genes are involved in neuronal

differentiation

Mutational genetic studies in both Drosophila and C. elegans have identified a
large number of regulatory genes implicated in the determination of neuronal fate.
However, the inability to perform large-scale genetic screens precludes such a
systematic approach to gene identification in mammalian systems. Initial attempts at
isolating regulatory genes has resorted to identifying genes that are mammalian
counterparts of genes identified in invertebrate systems. Anderson and co-workers, who
have studied the control of lineage commitment by cells in the neural crest (reviewed by
Anderson et al., 1997) isolated Mashl, a mammalian homologue of the Drosophila
proneural genes ac-sc (Johnson et al., 1990), which was the first such gene to be cloned

in vertebrates. Mashl is able to efficiently complement the ac-sc loss-of-function
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phenotype when expressed from a heat-shock promoter in Drosophila (cited in
Anderson and Jan, 1997). Like its Drosophila counterparts, Mashl is expressed early in
neurogenesis in restricted regions of the nervous system. For example in the mammalian
PNS, Mashl is expressed by precursors of the autonomic, but not sensory, neurones (Lo
et al., 1991; Guillemot and Joyner, 1993). Similarily, in the Drosophila PNS, ac-sc are
expressed in precursor cells that give rise to external sensory (es) organs, but not those
that generate chordotonal organs (Jan and Jan, 1994 and references therein). Targeted
deletion of the Mashl gene in mice prevents the development of sub-populations of
peripheral neurones, including the autonomic neurones, primary olfactory sensory
neurones and a neuronal deficit is also seen in the enteric nervous system of Mash-1 -/-
mice (Guillemot et al., 1993). These genetic data indicate that Mashl, like the
Drosophila ac-sc proneural genes, is required for the genesis of particular subclasses of
peripheral neurones. In Drosophila proneural genes play a role in cell determination, but
their expression ceases at the stage of division of neural precursors. A more extensive
analysis of the Mashl mutant phenotype in vitro indicated that MASH1 function is not
essential until after commitment to neuronal differentiation (Sommer et al., 1995). In the
absence of Mashl, arrested neuronal precursors die, thus the progression of these cells to
fully differentiated neurones is dependent upon MASHI1 function. The cellular function
of MASHI in the PNS is therefore distinct from that of ACHAETE-SCUTE in
Drosophila, which is required at a relatively early stage in development. A major
difference in vertebrates is that the nervous system forms as a result of induction from
the dorsal mesoderm. Vertebrate proneural homologs are first expressed after formation
of the neural plate and thus do not normally mediate choice between neural and
epidermal fates, but are involved rather in the generation of neural precursor populations

within the neural plate.
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Negative regulation of vertebrate homologues of proneural genes

Studies of the development of the Drosophila peripheral nervous system reveals
that transcriptional activators are crucial in early neural development but negative
regulation also plays an essential role in determining neural cell fate. Several
mammalian homologues of genes that negatively regulate proneural genes in Drosophila
have been identified. Id genes (Benezra et al., 1990), which are homologues of
extramacrochaete are expressed in the ventricular zone of the spinal cord (Duncan et al.,
1992). Four genes homologous to the Drosophila hairy and Enhancer of split Complex
(E(spl)-C), termed Hesl-Hes3 and Hes5, have been cloned in mouse (Akazawa et al.,
1992; Sasai et al., 1992; Ishibashi et al., 1993). Genetic analysis has shown that Hesl
and Hes5 in particular have important roles in neurogenesis (Ohtsuka et al., 1995;
Ishibashi et al., 1995). For example, forced expression of HES1 from a retroviral vector
in neural progenitors prevented cells from migrating out of the ventricular zone and
inhibited overt neurogenesis (Ishibashi et al., 1994) whereas targeted disruption of Hesl
caused premature neurogenesis in the central nervous system (CNS) (Ishibashi et al.,
1995). Intriguingly, premature neurogenesis in Hes! -/- mice was also accompanied by a
premature induction of Mashl (Ishibashi et al., 1995) supporting the notion that Hes
genes function in mammals as they do in Drosophila, to repress or delay the expression
of positive-acting basic helix-loop-helix (bHLH) genes during neurogenesis. At present
it is unknown if MASH-1 represents the critical transcription target for HES1-mediated
repression of neuronal development, and/or whether HES-1 acts as a passive repressor
by titrating out positive bHLH proteins by forming heterodimers in vivo. Human HES1
has been shown to bind a CACGCA sequence in the promoter of the Hashl gene and
thereby repress its transcription in carcinoma cells (Chen et al., 1997). However wild-

type HES1 and a non-DNA-binding mutant of HES1 were shown to repress MASH1
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dependent transcriptional activation suggesting a passive repression mechanism is
possible (Castella et al., 1999). In Drosophila the Notch signalling pathway activates
expression of the E(spl)-C genes (Bailey and Posakony, 1995; LeCourtois and
Sweisguth, 1995). Thus the Notch signalling pathway, which mediates cell-cell
interactions, is a critical component of neurogenesis in invertebrates. Components of the
Notch signalling pathway are conserved in vertebrates (reviewed in Lewis, 1996).
Activation of RBP-Jx, mammalian homologue of Suppressor of Hairless (Su(H)), by
Notch signalling leads to increased expression of Hesl (Jarriault et al., 1995; Jarriault et
al., 1998). Experimental studies in Xenopus embyonic CNS have suggested that the
Notch signalling pathway plays a role in vertebrate neurogenesis (Chitnis et al., 1995).
Furthermore targeted mutation of Notchl and RBP-Jx in mice have also indicated a role
for the Notch signalling pathway in mammalian neurogenesis (de la Pompa et al., 1997).
Although HES1 expression was not altered in these mice, suggesting the HesI gene can
also be activated through a Notch-independent pathway, HES-5 expression was
decreased in Notchl -/- mice and absent in RBP-Jk -/- mice, and expression domains of

Mashl and Delta-1 were both increased in both mutants (de la Pompa et al., 1997).

1.2.2 Regulation of genes encoding transcription factors that directly regulate
neurone-specific, terminal differentiation genes

The search for vertebrate counterparts of Drosophila proneural genes has been
fruitful in obtaining a molecular understanding of neuronal differentiation in vertebrates.
However, a great deal of work has also been devoted to defining the cis-acting DNA
elements and frans-acting factors involved in directing expression of neurone-specific,
terminal differentiation genes (reviewed in Mandel and McKinnon, 1993) and a large

array of positive-acting transcription factors have been identified, including bHLLH
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(Guillemot, 1999); LIM domain (Tsuchida et al., 1994) and POU domain (Ryan and
Rosenfeld, 1997) transcription factors amongst many others (reviewed by He and
Rosenfeld, 1991; Struhl, 1991). Members of these transcription factor families often
display specific patterns of expression and activity in developing and mature neurones.
In vertebrates the relationship between transcription factors that act to determine
neuronal fate and those that specify neuronal identity has begun to be understood. One
of the best examples comes from the study of the regulation of noradrenergic phenotype
in sympathetic neurone development in vertebrates (reviewed by Anderson et al., 1997;
Guillemot, 1999). Recent years has seen the emergence of the idea that different
components of neuronal identity are assembled piece by piece through the action of
distinct subprograms of transcription factors that are controlled by various
environmental signals (reviewed by Anderson and Jan, 1997). A substantial body of
work both in vivo and in vitro has implicated that the neural tube, notochord and cells
derived from the somites are involved in differentiation of sympathetic neurones
(reviewed by Groves and Anderson, 1996 and see references therein). In chick embryos,
that lack both a notochord and ventral neural tube structures, a loss of certain
sympathetic characteristics is observed. Expression of noradrenergic biosynthetic
enzymes such as tyrosine hydroxylase (TH) and dopamine B-hydroxylase (DBH) in
neural crest cells aggregating in sympathetic ganglion adjacent to the dorsal aorta is
abolished. The expression of PHOX?2a, a paired homeodomain transcription factor that is
an essential determinant of noradrenergic phenotype, and which may be a direct
transcriptional regulator of DBH is also prevented by this manipulation. However,
expression of CASH-1 (the chick homologue of MASH-1) is unaffected, as is expression
of the pan-neuronal marker SCG10. These data suggest that expression of

neurotransmitter identity and other pan-neuronal aspects of sympathetic identity is
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separately controlled by different subprograms of transcription factors. Pan-neuronal
marker, SCGIO, is controlled by MASH-1 and is independent of floor plate/notochord
signals. By contrast, expression of neurotransmitter identity is controlled by PH0X2a
and is dependent on signals from the notochord/floor plate. Although induction of
MASH-1 in sympathetic neurones appears to be independent of signals from the floor
plate/notochord, this does not mean Mash-1 expression occurs cell-autonomously. In
vitro, MASH-1 expression is induced in undifferentiated neural crest cells by BMP2,
which also induces autonomic neuronal differentiation (Lo et al., 1997). In vivo, BMP2
mRNA is expressed by endothelial cells lining the dorsal aorta at the time when
migrating neural crest cells arrive at this structure. Taken together these data suggest
induction of MASH-1 in neural crest cells may be promoted by BMP2, derived from
dorsal aorta, while induction of PHOX2a, DpH and TH occurs in response to signals
from both the dorsal aorta and the floor plate/notochord. Although determination of pan-
neuronal and neurotransmitter components of sympathetic identity can be
experimentally uncoupled these are not parallel independent processes. In Mash-I -/-
mice, sympathetic neurones do not express PH0OX2a, TH or DfH. In fact MASH-1 is
thought to indirectly or directly activate the expression of PH0OX2a and couple the

expression of pan-neuronal genes to neurotransmitter identity (Lo et al., 1998).

1.2.3 Concluding remarks on neuronal development

In summary the question of how cells acquire neuronal identity has been
approached first by genetic analysis in invertebrates and more recently in vertebrates.
Studies in Drosophila have identified many transcriptional regulatory proteins that are
expressed at progressive stages of neuronal determination and differentiation. Many of

these regulatory proteins are conserved in vertebrates, and have formed the basis of
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identifying regulatory proteins involved in neuronal development in vertebrates. Also,
the role of cell-cell interactions in the determination of neuronal fate, which was first
recognised in invertebrates has been conserved in vertebrates. Moreover, the molecular
analysis of neuronal differentiation in mammalian models, of which the work carried out
by Anderson and colleagues on the neural crest cells and Jessell and co-workers on the
spinal cord are arguably the best characterised, shows that both the sequential and
combinatorial expression of different transcription factors are important in defining
different types of neurones. Moreover subprograms of transcription factor cascades
involved in neuronal differentiation are rarely controlled cell-autonomously but rely on

environmental signals.

1.3 The NRSE/RE1 sequence restricts the expression of multiple

terminal differentiation genes to within the nervous system

Studies into the regulation of neurone-specific gene expression has revealed that
many classes of transcriptional activators are essential. However studies of two neurone-
specific genes encoding the growth associated protein, superior cervical ganglion
(SCG)-10 and rat type II sodium channel (Na type II), respectively, revealed that
negative transcriptional regulation is important for directing neuronal gene expression
(Maue et al., 1990; Mori et al., 1990). Transient transfection experiments revealed that
an upstream negative regulatory domain in the SCG10 gene was required to repress
transcription in HeLa cells but had no effect in PC12 cells (Mori et al., 1990). Moreover
generation of transgenic mice harbouring a chimeric gene, consisting of the SCG10 gene
5’ flanking sequence fused to a reporter gene, and containing a deletion of the upstream
negative regulatory domain, showed ectopic expression of the transgene in non-neuronal

tissue (Wuenchell et al., 1990). Data from transient transfection analysis of the Na type
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II gene, which is expressed in neurones but not in muscle (muscle expresses other Na
channel genes), revealed that three negative regulatory domains in the 5’ flanking
sequence were required to repress transcription of Na type II reporter genes in L6
myoblasts and had no effect in PC12 cells (Maue et al., 1990). DNase footprinting
assays of the negative regulatory region within Na type II gene led to the identification
of a 28 bp motif, that was termed RE1 (Kraner et al., 1992). The RE1 motif, fused to the
Na type I minimal promoter was able to repress reporter gene expression in L6 skeletal
muscle and B50 neural cells, but not in PC12 cells (Kraner et al., 1992). Similarly,
delineation of the negative regulatory region in the SCG10 gene revealed a 62 bp
domain, that silenced expression directed by the SCG10 proximal promoter region in
HeLa cells but not in PC12 cells, and this region was found to contain a 21 bp sequence,
termed NRSE, that was highly similar to the RE1 sequence in the Na type II gene as
well as sequences present in the human and rat synapsin I genes (Mori et al., 1992). The
NRSE/REI1 sequences in the SCG10 and Nall genes were shown to be orientation- and
relatively distance-independent (Kraner et al., 1992; Mori et al., 1992) and therefore
acted as a repressor element. Electromobility shift assays (EMSAs) revealed that cell
extracts of non-neural cells, in which the Na type II and SCG10 reporter constructs
showed no activity in transient transfection assays, contained NRSE/RE1 binding
activity (Kraner et al., 1992; Mori et al., 1992). In contrast NRSE/RE1 binding activity
was not detected in neuronal cell lines, including PC12 cells, that express the
endogenous Na type II and SCG10 genes (Kraner et al., 1992; Mori et al., 1992).
Interestingly, the presence of NRSE/RE1 binding activity in neuronal B50 cell extracts,
together with the fact that reporter constructs containing the NRSE/RE1 motif fused to
the Na type II minimal promoter were silenced in B50 cells, led to the suggestion that

the NRSE/RE1 motif also silences Na type II gene expression in neural cells that do not
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express the endogenous Na type II gene (Kraner et al., 1992). Several studies identifying
NRSE/REI1 sequences in other neurone-specific genes had also began to emerge. For
example, a study of the transcriptional regulation of the chicken neuron-glia cell
adhesion molecule (Ng-CAM) gene revealed five tandem NRSE/RE1 motifs in the first
intron that were important for silencing the Ng-CAM proximal promoter in non-neural
3T3 cells and these did not silence expression in Neuro2a neuroblastoma cells (Kallunki
et al., 1995). In addition synapsin I (Li et al., 1993), brain-derived neurotrophic factor
(BDNF) (Timmusk et al., 1993), choline acetyltransferase (ChAT) (Loénnerberg et al.,
1995) and the B2-subunit of neuronal nicotinic acetylcholine receptor (nAChR f32
subunit) (Bessis et al., 1995) were also found to contain sequences showing high
similarity to the NRSE/RE1 motif. Work from the Anderson laboratory, using a
composite NRSE/RE1 sequence derived from the NRSE/RE1 sequences in the SCG10,
Na type II, synapsin and BDNF genes to perform a search of the Genbank database,
identified an additional 22 candidate genes containing sequences with two or fewer
matches to the composite sequence and of these genes, 17 are expressed primarily in
neurones (Schoenherr et al., 1996). Although NRSE/RE1 sequences were found in
several non-neuronal genes, including actin, neuronal genes outnumbered non-neuronal
genes by 4:1 (Schoenherr et al., 1996). The bias towards neuronal genes in the database
search was consistent with NRSE/RE1-mediated repression restricting the expression of
neurone-specific genes to the nervous system. The majority of NRSE/RE1-containing
genes were found to encode proteins that contribute to different aspects of mature
neuronal phenotype including neurotransmitter receptors, ion channels,
neurotransmitter-synthesising enzymes, neuropeptides, cell adhesion molecules, synaptic
vesicle proteins and cytoskeletal components. However, as more promoters are analysed,

the repertoire of NRSE/RE1 containing genes has increased further and now also
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includes the rat M, muscarinic receptor (M,) (Wood et al., 1995; Wood et al., 1996;
Mieda et al., 1996), N-methyl-D-aspartate receptor subunit type 1 (NMDA R1) (Bai et
al., 1998; Okamoto et al., 1999), GluR2 (Myers et al., 1998), arginine vasopressin
(AVP) and preprotachykinin (Coulson et al., 1999), L1 cell adhesion molecule (L1)
(Kallunki et al., 1997) and neuronal BIII tubulin (N-tubulin) (Chen et al., 1998) genes.
Mutation and deletion of the NRSE/RE1 sequence within the promoters of several of
these reporter genes were carried out and showed that NRSE/RE1-mediated regulation is
required to silence expression in non-neural cell lines and produces no change in
reporter gene activity in neuronal cell lines (Mori et al., 1992; Kraner et al., 1992; Li et
al., 1993; Lonnerberg et al., 1996; Schoch et al., 1996; Mieda et al., 1997; Kallunki et
al., 1997; Bai et al., 1998; Myers et al., 1998). In the case of the human synapsin I gene,
deletion of the NRSE/RE1 motif abolished neurone-specific expression entirely and led
to same levels of expression in both non-neural cells and neuronal cell lines (Schoch et
al., 1996). Importantly, some NRSE/RE1-containing genes, for example the rat M,
receptor gene, are only expressed in subsets of neurones only indicating that
NRSE/RE1-mediated regulation is not limited to pan-neuronal genes (see Wood et al.,
1996 for discussion). Furthermore, the presence of an NRSE/RE] in at least one positive
transcriptional activator, P-LIM (Schoenherr et al., 1996) suggests that NRSE/RE1
mediated repression may also suppress expression of positive regulators of neuronal
genes. However, an NRSE/RE1 sequence has also been found in the Hes3 gene
(Schoenherr et al., 1996), which encodes a cerebellar Purkinge cell-specific transcription
actor that negatively regulates transcription (Hirata et al., 2000) and is expressed in

Purkinje cells soon after birth and continues until adulthood (Sasai et al., 1992).
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The NRSE/RE1 motif is one of the first repressor elements to be characterised
that is important in directing the expression of neurone-specific genes to the nervous
system by silencing expression in non-neural cells. Moreover, the NRSE/RE1 motif
remains unique in the multiplicity of neurone-specific target genes that contain this cis-
element. However transgenic studies have indicated that the silenced state of neurone-
specific genes in the full spectrum of non-neural tissues is accomplished through the
utilisation of multiple silencers, for example the first intron of the L1 gene contains a
silencer element in addition to the NRSE/RE]1 that is required to suppress expression in
non-neural cells (Kallunki et al., 1997). Furthermore, neurone-specific genes whose
expression is restricted to the nervous system in an NRSE/RE1-independent manner
have been identified (reviewed by Schoenherr and Anderson 1995b). For example,
negative regulatory regions in the DBH and Na,K ATPase o3 subunit genes that contain
sequences showing limited similarity with the NRSE/RE1 sequence, and which restrict
expression to neuronal cells (Ishiguro et al., 1993; Pathak et al., 1994) do not appear to
interact with NRSF/REST in EMSAs (Schoenherr et al., 1996) suggesting these genes
do not contain an NRSE/RE]1 repressor element. In addition the promoter activity of the
growth-associated protein 43 (GAP-43) gene is restricted to neuronal cells by a novel
repressor element located immediately downstream of the TATA box (Weber and
Skene, 1997). The GAP-43 repressor element, termed the SNOG element is highly
position-dependent and is present in a similar position relative to the TATA box in two
other neurone-specific genes (Weber and Skene, 1997). However in contrast to the
NRSE/RE1 motif, factors that bind the SNOG element are present in both neuronal and
non-neuronal cell extracts suggesting this element does not bind a tissue-specific

transcription factor.
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1.4 Discovery of the NRSE/RE1-binding protein (NRSF/REST)

In the Mandel laboratory, workers using a yeast one-hybrid approach isolated a
partial cDNA clone encoding the DNA binding domain of an NRSE/RE1 binding -
protein from a HeLa cell cDNA library (Chong et al., 1995). This was subsequently used
to screen a AZAP HelLa cDNA library and led to the isolation of a cDNA clone encoding
the entire coding region of the NRSE/REI binding protein which was termed REST
(Chong et al., 1995). In addition to a cluster of eight zinc finger motifs that formed the
DNA binding domain, a lone zinc finger motif was identified at the C-terminus (Chong
et al., 1995). All zinc fingers were found to be of the Cys,His,type and exhibited
homology with the GL1-Kriippel family of zinc fingers (Chong et al., 1995). The 5’
untranslated region (UTR) of human NRSF/REST mRNA was determined by 5° RACE
to be 326 nucleotides long, however Northern blot analysis indicated that the mRNA is
7.6 kb in length indicating the presence of a long 3’ UTR (Chong et al., 1995). Workers
in the Anderson laboratory simultaneously reported the isolation of a partial cDNA
clone (AHZ4) from a HeLa cell cDNA library, encoding part of an NRSE/RE1 binding
protein which they termed NRSF (Schoenherr and Anderson, 1995a). NRSF was found
to contain a cluster of eight zinc finger motifs, and the interfinger sequences placed this
protein in the GL1-Kriippel family of zinc fingers. The cDNA clones encoding NRSF
and REST, corresponding to NRSE/RE1-binding proteins identified independently by
two research groups, in fact encode the same protein. EMSAs were used to show that in
vitro translated AHZ4 and full length REST protein both form a DNA-protein complex
with the NRSE/RE1l. Furthermore the addition of antibodies directed against
recombinant AHZ4 and full length REST produced a supershift with native NRSF/REST
present in HeLLa and muscle cell nuclear extracts indicating that the NRSE/RE1 binding

activity detected in these extracts corresponds to NRSF/REST protein (Chong et al.,
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1995; Schoenherr and Anderson, 1995a). Finally, cDNA clones encoding partial (A\HZ4)
and full length NRSF/REST proteins were sufficient to repress the SCG10 promoter and
Na type II promoter reporter genes, respectively, in pheochromocytoma PC12 cells
(Chong et al., 1995; Schoenherr and Anderson, 1995a). Furthermore, when
overexpressed in L6 myoblast cells, the N-terminal, eight zinc finger cluster (forming
the DNA binding domain) behaved as a dominant negative, blocking the silencing
activity of endogenous NRSF/REST (Chong et al., 1995). Despite further screens
performed by different laboratories NRSF/REST is the only NRSE/RE1-binding protein
that has been identified thus far. Analysis of the NRSF/REST protein structure showed
that adjacent to the DNA-binding domain lies a highly basic region, followed by a
proline rich region and a lone Cys,His, zinc finger is found at the C-terminal end of
NRSF/REST (Chong et al.,, 1995). Two distinct repression domains have been
functionally mapped and are present within the N-terminal 83 amino acids and the C-
terminal ninth zinc finger motif (Tapia-Ramirez et al., 1997; Thiel et al., 1998). Each
repression domain is sufficient to repress the Na type II promoter as well as NRSE/RE1-
containing heterologous promoter constructs (Tapia-Ramirez et al., 1997; Thiel et al.,
1998). In transient transfections, overexpression of NRSF/REST in neuronal cell lines
was shown to repress, but not silence, the activity of several NRSE/REI containing
promoters including the M, muscarinic receptor (Mieda et al., 1997), ChAT (Lonnerberg
et al., 1996), L1 (Kallunki et al., 1997) GIuR2 receptor (Myers et al., 1998), NMDA R1
receptor (Okamoto et al., 1999) and arginine vasopressin (Coulson et al., 1999) reporter
genes. However the effect of NRSF/REST on reporter gene expression was affected by
the presence of other cis-regulatory regions. For example, the presence of a distal
cholinergic enhancer region in ChAT reporter constructs suppressed NRSE/RE]1 activity

in cholinergic cells even after NRSF/REST was overexpressed (Lénnerberg et al., 1996),
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and reporter gene expression directed by the arginine vasopressin minimal promoter in
small cell lung cancer (SCLC) cell lines required a greater excess of recombinant
NRSF/REST to see a functional effect in cell lines displaying high levels of endogenous

AVP gene expression (Coulson et al., 1999).

14.1 Mechanisms of transcriptional repression by NRSF/REST

The mechanism by which NRSF/REST represses gene expression has been the
subject of several recent publications. The two distinct repressor domains of
NRSF/REST both interact with distinct co-repressor complexes (Leichter and Thiel,
1999). Transcriptional repression via the recruitment of histone deacetylase (HDAC) has
been characterised for many transcription factors (reviewed in Pazin and Kadonaga,
1997; Struhl, 1998) and in most cases these repressors recruit HD AC by binding the co-
repressor mSinS or NCoR/SMRT. The N-terminal repression domain has been shown to
recruit a mSin3/HDAC complex (Huang et al., 1999; Naruse et al., 1999; Roopra et al.,
2000; Grimes et al., 2000). In accord with these findings, the chromatin structure of the
NRSE/REI and promoter region of the endogenous receptor gene was shown to be
remodelled in PC 12 cells, which do not contain NRSE/REI binding activity (Kraner et
al., 1992; Mori et al., 1992), that had been stably transfected with AHZ4 (consisting of
the N-terminal repression domain and the entire DNA binding domain of NRSF/REST)
(Wood et al., 2001). Repression by the C-terminal zinc finger domain occurs through a
different mechanism (Leichter and Thiel, 1999). A novel co-repressor named CoREST
interacts with the C-terminal repression domain of NRSF/REST (Andrés et al., 1999).
This co-repressor contains two SANT (SWI13/ADA2/N-CoR/TFIIIB) domains (Aasland
et ah, 1996) separated by a highly charged region, an arrangement also found in

NCoR/SMRTe co-repressors for steroid hormone receptors (Horlein et ah, 1995; Park et
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al., 1999). The mechanism used by CoREST to repress target genes is not known,
however as transcriptional repression is not relieved by trichostatin A '(TSA) (an
inhibitor of histone deacetylases) the mechanism appears to be independent of the action
of histone deacetylases (Huang et al., 1999; Naruse et al., 1999). Recently, a new
protein, termed BAF57v, has been shown to interact with a domain of CoREST required
for expression (Battaglioli et al., 2000). BAF57v corresponds to a splice variant of
BAF57 (BRGl1-associated factor) (Wang et al., 1998), an HMG protein component of
the mammalian SWI/SNF chromatin remodeling complex. However, the pattern of
CoREST gene expression compared to mSin3A gene expression is more restricted in
early development (Grimes et al., 2000) and it has been suggested that mSin3A is
required for NRSF/REST-mediated repression, in general, whereas CoREST may be

recruited for more specialised repressor functions (Grimes et al., 2000).

1.4.2 NRSF/REST is expressed in a tissue-specific manner throughout vertebrate

development and adulthood

NRSFE/REST is widely expressed in non-neural tissue and CNS progenitor cells during

embryogenesis

Early studies showed that NRSE/RE1 binding activity is present in non-neural
cell extracts, of HeLLa and rat L6 skeletal muscle cells, but not in neuronal cell extracts,
of PC12 and NG-108 cells (Kraner et al., 1992; Mori et al., 1992; Li et al., 1993; Wood
et al., 1996; Mieda et al., 1997). Northern blot and RNase protection analysis revealed
that a high level of NRSF/REST mRNA is present in glial and fibroblast cell lines, but
mRNA levels in neuronal PC12 and MAH cells were below the level of detection
(Schoenherr and Anderson, 1995a). In accord with these data, Western blot analysis

revealed a high level of NRSF/REST protein is present in rat L6 cells whereas a
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relatively low level is present in PC12 cells (Chong et al., 1995). These data indicated
that the absence of NRSE/RE1 binding activity in neuronal cells was due to the absence
of NRSF/REST and not due to functional inactivation of this protein. Interestingly,
NRSF/REST mRNA and activity are also absent in neuroendocrine cell lines which
express many neuronal genes including those encoding NMDA receptor R1 and Na type
II (Atouf et al., 1997). In situ hybridisation analysis showed that NRSF/REST mRNA is
expressed ubiquitously in early development around E8.5 (Chen et al., 1998; Grimes et
al., 2000). Later, at E11.5 and E13.5 NRSF/REST mRNA is still present at high levels in
most non-neural tissues (Chong et al., 1995; Schoenherr and Anderson, 1995a) however
only low levels of NRSF/REST mRNA are found within the developing nervous system.
In the developing nervous system NRSF/REST mRNA is restricted mainly to the
ventricular zone of the neural tube, which contains multi-potential progenitors of
neurones and glia. In contrast, NRSF/REST mRNA expression is not detected in the
adjacent marginal zone of the neural tube where differentiating neurones are present
(Chong et al., 1995; Schoenherr and Anderson, 1995a). However low levels of
NRSF/REST mRNA were detected in the developing dorsal root ganglia (DRG) at
El1l.5 and E13.5 (Chong et al., 1995; Schoenherr and Anderson, 1995a) and the
presence of NRSF/REST in DRGs was proposed to silence Na type II expression within
sub-populations of sensory neurones (Chong et al., 1995). The reciprocal expression of
NRSF/REST gene and its target genes, including those encoding SCG10 and Na type 1I
channel, supported the hypothesis that the in vivo role of NRSF/REST is to suppress
neurone-specific gene expression in non-neural tissue (Chong et al., 1995 and
Schoenherr and Anderson, 1995a). Furthermore, the presence of low levels of
NRSF/REST mRNA in CNS progenitor cells in the ventricular zone, and the absence in

the adjacent marginal zone, containing differentiating neurones, suggested NRSF/REST
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may serve to prevent expression of neurone-specific genes in neural progenitor cells up
to the time of neuronal differentiation (Chong et al., 1995 and Schoenherr and Anderson,
1995a). In accord with these data, the differentiation of a number of neuroblastoma cell
lines produces an apparent decrease in NRSF/REST mRNA levels (Palm et al., 1999). In
fact NB-OK-1 cells (a human neuroblastoma cell line) which show a marked decrease in
NRSF/REST mRNA following differentiation, induced by staurosporine and cyclic
AMP, show a concomitant increase in mRNA levels of synapsin I and other NRSE/RE1
containing genes (Nishimura et al., 1996; I. C. Wood and N. J. Buckley, unpublished
observations). Furthermore the levels of synapsin I mRNA have been found to be
inversely proportional to the level of NRSF/REST mRNA in a number of neuroblastoma
cell lines that have been derived from neural crest cells at various stages of neuronal

development (Lietz et al., 1998).

Expression of NRSF/REST was not originally detected in differentiating
neurones, however evidence is accumulating that NRSF/REST does play a role in
directing gene expression within the nervous system. For example, deletion of the
NRSE/REI] in the first intron of the mouse L1 gene resulted in ectopic expression in
non-neural tissues including the heart and kidneys, and expression of the mutated and
wild type transgene were indistinguishable in the CNS (Kallunki et al., 1997). However,
precocious and intense reporter gene expression was detected in the developing PNS
(Kallunki et al., 1997). Furthermore analysis of post-natal transgenic mice showed
increased reporter gene expression in the thalamus, whilst reduced expression was
detected in the cortex, striatum and hippocampus (Kallunki et al., 1998). These data
imply that the NRSE/REL1 acts as both a silencer and ehhancer of L1 gene expression in

the nervous system. However NRSE/RE1-mediated effects on the L1 promoter within
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the CNS are linked to a developmental stage and a particular region of the nervous
system. EMSAs performed using the L1 NRSE/REI sequence and brain extracts derived
from post-natal mice indicated the presence of NRSE/REI binding activities (Kallunki et
al., 1998). Two more transgenic studies, examining the expression of the nAChR 2
subunit and BDNF reporter genes, also pointed to a role for NRSE/RE1-mediated
regulation in the nervous system (Bessis et al., 1997; Timmusk et al., 1999). A mutation
of the NRSE/RE1 in the nAChR B2 subunit gene, that was shown to abolish protein
binding, did not result in ectopic non-neural expression of the transgene but led to a loss
of expression in certain brain regions, for example the thalamus and dorsal root ganglia,
and a gain of expression in other neural structures for example the cortex (Bessis et al.,
1997). By preparing promoter constructs in which the NRSE/RE1 was placed at
different distances from an simian virus 40 (SV40) promoter and testing the activity of
such constructs in neuroblastoma cells, containing low amounts of NRSE/RE1 binding
activity, it was suggested that the NRSE/REI needed to be located less than 50 bp
upstream of the TATA box to function as an enhancer (Bessis et al., 1997). However in
the endogenous L1 gene, the NRSE/RE1 sequence is located approximately 10 kb
downstream of the L1 promoter and still functions as an enhancer (Kallunki et al., 1998),
indicating that the NRSE/RE1 does not necessarily have to be located proximal to the
promoter to function as an enhancer in an endogenous gene. To determine if
NRSF/REST is responsible for NRSE/RE1-mediated activation, Bessis et al. (1997)
expressed NRSF/REST antisense in neuroblastoma cells and demonstrated a loss of
NRSE/RE1-mediated activation, suggesting position-dependent activation is mediated
by NRSF/REST. However a recent report showed that NRSF/REST alone is not
sufficient to activate transcription in neuroblastoma cell lines irrespective of the location

of the NRSE/RE1 (Thiel et al., 1998). Finally, transgenic analysis showed that the 5’
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portion of the palindromic NRSE/REI sequence in the rat BDNF gene is important for
controlling BDNF expression levels, in the brain, heart and lungs, and interestingly, the
NRSE/REI] is important in repressing kainic acid (KA) induced expression of the BDNF
gene in hippocampal neurones (Timmusk et al., 1999). EMSAs have shown that the 5’
portion of the BDNF NRSE/RE1 forms a complex with extracts of different regions of
brain, including hippocampus (Timmusk et al., 1999). These data are interesting in the
light of the fact that changes in BDNF expression in hippocampal and cortical neurones
following KA-induced seizures is associated with long-term potentiation,
neuroprotection and epilepsy (Timmusk et al., 1999). In summary, mutational studies in
transgenic mice suggest that both NRSE/RE1-mediated repression and activation are
important for directing the appropriate expression of the nAChR 2 subunit and L1
reporter genes in neurones within the developing nervous system and post-natal brain
(Bessis et al., 1997; Kallunki et al., 1997; Kallunki et al., 1998). Also NRSE/RE1-
mediated modulation is important for the response of BDNF gene expression to KA-
induced seizures (Timmusk et al., 1999). More specifically the presence of low levels of
NRSE/REI1-binding activity in neuroblastoma cell lines (Bessis et al., 1997; Kallunki et
al., 1995), whole post-natal brain (Kallunki et al., 1998) and hippocampal (Timmusk et
al., 1999) extracts is consistent with the expression of NRSF/REST in neuronal cells. In
fact, low levels of NRSF/REST mRNA have been found in neuroblastoma cell lines
(Lietz et al., 1998; Lonnerberg et al., 1996; Nishimura et al., 1996; Palm et al., 1999).
More importantly a recent study has shown that low levels of NRSF/REST mRNA are
present in spinal cord and all regions within adult rat brain that were examined (Palm et
al., 1998). Moreover, in situ hybridisation shows NRSF/REST mRNA is localised within
neurones (Palm et al., 1998). These data strongly imply that NRSF/REST is important

not only in silencing the expression of neurone-specific genes in non-neural tissue and
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neural precursors, but also in modulating the expression of neurone-specific genes in

neurones; both during development and in adulthood.

NRSF/REST mRNA splice variants are expressed at low levels in differentiated

neurones

Approximately 1% of all NRSF/REST mRNA transcripts expressed in brain
consist of alternative mRNA splice variants, REST4 and REST5 (Palm et al., 1998;
Palm et al., 1999), and these have been detected in embryonic and adult, rat and mouse
brain (Palm et al., 1998; Palm et al., 1999). These neural-specific splice variants encode
a truncated isoform, NRSFg;, consisting of the N-terminal repression domain and five of
the zinc finger motifs of the DNA binding domain (Palm et al., 1998; Palm et al., 1999).
NRSFg;: has been shown to bind the M, and Na type I NRSE/RE1 in EMSAs (Roopra et
al., 2000) and possesses repressor activity (Palm et al., 1998). In one study EMSAs were
performed using cell extracts containing different ratios of NRSF/REST isoforms, and
NRSF;; was proposed to interact with full-length NRSF/REST to inhibit its binding to
DNA (Shimojo et al., 1999). Further studies have shown that NRSFg; binds the
cholinergic NRSE/RE1 motif as a monomer but 10-20 —fold less efficiently than full
length NRSF/REST (Lee et al., 2000) and it is proposed that factors that perturb the
equilibrium between monomeric and heteromeric transcription factors could alter the
transcription of NRSE/RE1-bearing genes. This has been demonstrated using wild type
PC12 cells which express mRNA encoding both full length NRSF/REST and NRSFgg, in
which the cholinergic gene is transcriptionally active (Shimojo et al., 1999). However,
cholinergic gene expression is reduced in a protein kinase A deficient PC12 cell line
which expresses mRNA encoding full length NRSF/REST only (Shimojo et al., 1999).

The absence of REST4 in the protein kinase A deficient PC12 cell line is thought to lead
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to repression of the cholinergic gene locus by endogenous full length NRSF/REST. In
accord with these data both wild type and the mutant PC12 cells display similar low
levels of NRSF/REST mRNA and protein, however while extremely low NRSE/RE1
binding activity was detectable using wild type PC12 cell extracts, prominent
NRSE/RE1 binding activity was detected using mutant PC12 cell extracts (Shimojo et
al., 1999). The presence of elevated levels of NRSFg: has been noted in several
neuroblastoma cell lines, moreover REST4 mRNA levels increased following neuronal
differentiation in several neuroblastoma cell lines (Palm et al., 1999). Northern blot
analysis of rat brain shows the level of NRSF/REST mRNA and its splice variants
increases in response to KA-induced seizures, and in situ hybridisation analysis reveals
that increased NRSF/REST mRNA levels are present mainly in the hippocampus and
cortex (Palm et al., 1998). However the physiological role of NRSF/REST truncated
isoforms in neurones is not understood. The observed changes in NRSF/REST gene
expression in neuroblastoma cell lines and brain tissues in response environmental cues
suggests however that NRSF/REST may play a role in modulating gene expression in

processes such as neuroprotection and synaptic plasticity within the nervous system.

1.4.3 Determination of the role of NRSF/REST in vertebrate development by loss-
of-function and gain-of-function studies

Studies into early development of the vertebrate nervous system led to a proposal
where vertebrate neural induction occurs through a default pathway (reviewed by Green,
1994). Implicit in this model is the idea that molecules, such as BMPs and related
molecules, induce the epidermal fate in non-neural ectoderm (Sasai et al., 1995; Wilson
and Hemmati-Brivanlou, 1995). Initially, NRSF/REST was proposed as a candidate that

could fulfil the role of a master negative regulator of neuronal fate (Chong et al., 1995).
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However the work by Anderson and colleagues, shows that loss of NRSF/REST
function in mice and chicks, does not convert non-neural tissue into neurones (Chen et
al., 1998) indicating that NRSF/REST is not involved in neuronal fate specification
(Chen et al., 1998; reviewed in Hemmati-Brivanlou, 1998; Jones and Meech, 1999).
However this transcription factor nevertheless must fulfil an essential role in early
development as Rest -/- mice die by E11.5 (Chen et al., 1998). Histological examination
at E9.25 revealed widespread cellular disorganisation, including the head mesenchyme
and myotome. Expression of several NRSE/REI containing genes was examined
including N-tubulin, SCG10, L1, synapsin I, calbindin and middle neurofilament.
Among these only N-tubulin showed evidence of derepression. Expression was observed
in non-neural tissues, where it is normally transiently expressed, for example increased
expression of N-tubulin in myotome persisted until E10.5 by which time it is
downregulated in wild type embryos, and de novo activation was observed in certain
tissues, for example the epicardium (Chen et al., 1998). Thus the genetic evidence
implies that NRSF/REST is required in vivo to repress neuronal gene expression in non-

neural tissue.

Expression studies indicate that NRSF/REST gene expression in the ventricular
zone is downregulated upon neuronal differentiation suggesting that relief from
NRSF/REST-imposed repression may be important in the differentiation of neurones.
However premature expression of NRSE/RE1-bearing genes was not detected within the
CNS in Rest -/- mice, although onset of embryonic lethality preceeded the time these
genes are normally expressed (Chen et al., 1998). Thus the generation of Rest -/- mice -
precluded a clear analysis of the role of NRSF/REST in neuronal differentiation. As an

alternative means of inactivating NRSF/REST function, localised retrovirus-mediated
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infection of chick embryos with a dominant negative form of NRSF/REST (dnNRSF)
was carried out to enable analysis of gene expression at a later developmental time
window then could be analysed in mouse (Chen et al., 1998). Infection of newly formed
somites in chick embryo caused derepression of chick N-tubulin, Ng-CAM and SCG10.
Injection of dnNRSF retrovirus in undifferentiated CNS progenitors and premigratory
neural crest cells caused premature expression of SCG10 and Ng-CAM genes in the
ventricular zone; and derepression and upregulation of SCG10 and Ng-CAM gene
expression in Schwann precursor cells (Chen et al., 1998). Thus NRSF/REST-mediated
repression is essential in controlling proper timing of neuronal gene expression in

differentiating neurones in both the peripheral and central nervous systems.

However, the loss-of-function experiments did not address whether
downregulation of NRSF/REST is essential for neuronal differentiation to proceed. Thus
constitutive expression of NRSF/REST in the ventricular zone and sensory neurones of
the DRG was examined by retroviral delivery of an expression construct encoding full
length NRSF/REST into chick embryos (Paquette et al., 2000). Repression of N-tubulin
gene expression in the ventricular zone was observed, however no decrease in
expression was seen in the marginal zones. In contrast expression of Ng-CAM was
decreased in the marginal zone. Therefore overexpression of NRSF/REST in
differentiating neurones led to a downregulation of a subset of endogenous NRSE/RE1
bearing genes. Interestingly these same genes were upregulated in loss-of-function
studies (Chen et al., 1998). Although overexpression of NRSF/REST did not prevent -
cells from attaining neuronal morphology, axons of commissural neurones showed a
significant rise in pathfinding abnormalities (Paquette et al., 2000). Thus the

downregulation of endogenous NRSF/REST expression that normally occurs during
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neurogenesis appears important for those aspects of neuronal development that require
fine tuning, such as axon-guidance. By extension this is similar to the proposed role of
NRSF/REST expression in adult neurones in modulating gene expression underlying

neuronal plasticity.

1.4.4 Deregulation of NRSF/REST gene expression in disease pathogenesis

The arginine vasopressin gene, which contains a putative NRSE/RE1 motif
adjacent to the transcription start site, is frequently detected in small cell lung cancer and
acts as an autocrine growth factor of these tumours (Coulson et al., 1999 and references
therein). EMSAs performed with the AVP and SCG10 NRSE/REI sequences resulted in
the detection of several DNA-protein complexes using SCLC cell extracts (Coulson et
al., 1999). Intriguingly SCLC cell lines and tumours express high levels of a human
NRSF/REST splice variant encoding NRSFg; (Coulson et al., 2000). The antagonistic
role of rat NRSF; in activating cholinergic gene expression in PC12 cells (Shimojo et
al., 1999) and the abnormally high expression of the NRSF/REST mRNA splice variant
in SCLC cell lines, led to the proposition that the AVP gene is derepressed in these
tumours (Coulson et al., 2000). In another study, EMSAs performed using an
NRSE/REL as a probe and nuclear extracts prepared from human medulloblastoma cell
lines corresponding to cells arrested along the neuronal differentiation pathway resulted
in the detection of a DNA:protein complex displaying similar migration to a complex
obtained using HeLa cell extracts (Lawinger et al., 2000). Reporter gene expression
driven by the Na type II promoter was shown to be silenced in an NRSE/RE1-dependent
manner in medulloblastoma cell lines but not in a neural progenitor cell line, NT2 cells
(Lawinger et al., 2000). Furthermore NRSE/REI1-binding activity using cell extracts of

medulloblastoma cell lines and a subset of human medulloblastoma tumours was shown
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to be more prominent than cell extracts of neuronal progenitor cells and fully
differentiated neurones (Lawinger et al., 2000). Disruption in the hedgehog signalling
pathway is postulated as a possible cause for increased NRSF/REST expression since a
fraction of medulloblastoma patients show defects in the patched (PTCH) gene and
PTCH is an integral component of the hedgehog signalling pathway (Lawinger et al.,

2000 and references therein).

145 The importance of determining the mechanisms underlying the
transcriptional regulation of NRSF/REST

The experiments outlined above demonstrate a role for NRSF/REST in (1)
silencing the expression of neurone-specific genes in non-neural tissue; (2) controlling
the proper timing of neuronal gene expression in the developing nervous system; and (3)
modulating gene expression in mature neurones in response to extracellular stimuli. The
essential function of NRSF/REST during development is further highlighted by the
lethal phenotype of Rest -/- transgenic mouse lines. Moreover the multiplicity of
NRSF/REST target genes, which includes upwards of 30 neurone-specific genes,
implies that the tight control of NRSF/REST expression is of the utmost importance,
however, little is known about its regulation. Many transcription factors are expressed in
a developmental stage and/or tissue specific inanner, while many others, particularly
those that are expressed ubiquitously, use post-translational modifications to regulate
their activity (reviewed in Maniatis et al., 1987; Mitchell and Tjian, 1989; Falvey and
Schibler, 1991; Calkhoven and Ab, 1996). However, binding affinity, binding site
context and interactions with other regulatory proteins all play an important role in
focussing the action of transcription factors to their respective target promoters. In the

case of NRSF/REST, differential levels of expression in non-neural and neuronal tissue
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throughout development and adulthood appear to be important for directing this
transcription factor to its target promoters. Genes encoding transcription factors, as for
genes in general, display unique spatial and temporal expression patterns that are
determined by a combination of cis-acting DNA elements. In higher eukaryotes, cis-
elements are commonly found in the 5’ flanking sequence but are also found in non-
coding exons, introns, coding exons and even on transcribed RNA. Eukaroytic
promoters can be divided into (1) the core promoter, which is recognised by the RNA
polymerase II machinery and where transcription is initiated (2) distal regions which act

to increase or decrease the level of basal transcription.

The identification of cis-acting regulatory elements in the NRSF/REST gene
provides a powerful approach to identify the factors that act upstream of NRSF/REST
during development and thus to allow determination of the relationship between
NRSF/REST and other transcriptional regulators involved in neurogenesis. Furthermore
the importance of understanding NRSF/REST gene regulation has been recently
highlighted by reports showing the deregulation of NRSF/REST gene expression in two
types of tumours: small cell lung cancer and medulloblastoma (Coulson et al., 2000;
Lawinger et al., 2000). However, it is not yet clear if changes to NRSF/REST expression

in these tumours are an effect or cause of pathogenesis.

1.5 Aims of the study
1). Isolate a genomic clone of the mouse NRSF/REST gene and determine the
gene structure
2) Determine the positions of the transcription initiation sites to identify the

NRSF/REST promoter region.
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3)

4)

5)

Perform transient transfection analysis of NRSF/REST genomic fragments
directing luciferase gene expression in cell lines and identify the cis-
regulatory domains that are important for cell-specific expression.

Identify a system to perform transient transfections that will allow the cis-
regulatory elements that downregulates NRSF/REST gene expression during
neuronal differentiation to be identified.

Isolate trans-acting factors that bind the NRSF/REST promoter and elucidate
the mechanisms used to control the level of NRSF/REST gene expression in

different cell types.
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2.0 METHODS AND MATERIALS

2.1  Cell culture

Cell lines were cultured in Nunclon™ 100mm plates (Life Technologies) in 5% CO, at
37°C. PC12 cells were grown in minimal essential alpha media containing 5% fetal calf
serum and 5% horse serum. HEK 293, 3T3 and Neuro2a cells were cultured in
Dulbecco’s Modified Eagle Medium containing 10% fetal calf serum. All media were
supplemented with 6g/L penicillin, 10g/L streptomycin and 2 mM L-glutamine and all
reagents were obtained from Life Technologiés. Primary neuroepithelial cultures
(consisting of 70-80% neuroepithelial cells and 20-30% differentiated neurones) were
prepared from embryonic day 14 (E14) rat cerebral cortex as described in Williams et al.

(1997) and seeded in Nunclon™ 24-well multidish plates (10mm wells from Life

Technologies).

2.2 Transient transfection analysis of NRSF/REST gene reporter

constructs

2.2.1 Transient transfections

Cells were seeded one day before transfection in Nunclon™ 24-well multidish plates
(10mm wells from Life Technologies). Each plasmid was transfected into triplicate
wells therefore a mastermix was made from which equal aliquots were delivered to each
well. At least three independent plasmid DNA preparations were used for each construct
transfected. Equimolar amounts of each reporter plasmid were present in the transfection
mix and to ensure differences in the amount of DNA in the transfection mix did not
affect luciferase activity, Bluescript® II (Stratagene) carrier DNA was added; this has

been shown to have no influence on luciferase activity (Myers et al., 1998). Cells were
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co-transfected with pRL-CMV (Promega), which contains Renilla cDNA driven by the
CMYV promoter, at 1:250 ratio of pRL CMV to reporter plasmid for cell lines and 1:40
ratio for neuroepithelial cells. For cell lines, each well was transfected with 250 ng
(Neuro2a), 500 ng (3T3) and 1 pg (PC12) of plasmid DNA using 4.5 ul of Tfx™-50
(Promega) per ug of DNA in 200 pl of Opti-MEM (Life Technologies). For HEK 293
cells each well was transfected with 1 pg DNA using 4.5 pl Tfx™-50 (Promega) per ug
of DNA in 200 pl of Opti-MEM and volume of transfection mix was made up to 800 pl
with Opti-MEM immediately before adding to cells. After 1-2 h, 1 ml of complete
growth medium was added to each well without removal of transfection mix. For
neuroepithelial primary cultures each well was transfected with 200 ng DNA, diluted in
EC buffer (Qiagen) in a total volume of 60 ul, using 1.6 pl enhancer (Qiagen) and 2 pl
Effectene™ transfection reagent (Qiagen) in 350 ul Opti-MEM. The transfection
complex was replaced with complete growth media 6 h post-transfection. Control
transfection experiments with f-galactosidase expression plasmid, pPCMVp (Clontech)
indicated that transfection efficiencies ranged between 5% and 50%, depending on cell

type, as judged by the percentage of stained cells after transfection.

2.2.2 Histochemical staining for 3-galactosidase activity

Cells were washed in 1 x phosphate buffered saline (PBS), overlayed with fixative (see
section 2.12) and incubated at room temp. for 5 min. Cells were washed three times with
1 x PBS, overlayed with (8-galactosidase staining solution (see section 2.12) and
incubated in the dark at 37°C for 2-4 h. The P-galactosidase staining solution was

replaced with 1 x PBS once the blue stain had developed.

43



2.2.3 Luciferase reporter assays

Cells transfected in 24-multiwell dishes were washed with 1 x PBS, then 100 pl Passive
Lysis Buffer (Promega) was added, the cells freeze/thawed at -80°C and room temp,
respectively, and shaken at room temp. for 15 min. before assaying extracts. Cell
extracts were assayed using Dual-Luciferase™ Assay system (Promega). All luciferase
measurements were carried out in a Turner TD-20e luminometer. Firefly luminescence,
driven from pGL3 Basic (Promega) derived reporter constructs, was normalised to
Renilla luminescence, driven from pRL CMV (Promega). Normalised luminescence was
expressed relative to normalised luminescence driven from promoterless pGL3 splice

(see section 2.3.3).

2.3 Plasmid construction

2.3.1 Techniques in subcloning

Ligation

Ligation reactions were performed in 10 pl of 1 x T4 DNA ligase buffer (Boehringer
Mannheim) containing 3:1 molar ratio of insert DNA:linearised vector backbone DNA
and 1 unit T4 DNA ligase (Boehringer Manheim). Reactions were incubated at 14°C

overnight, then the DNA precipitated and resuspended in 5 pl water.

" Dephosphorylation of Vector Backbone

2 ng vector backbone was linearised using an appropriate restriction endonuclease (RE)
in a 20 pl reaction and the enzyme heat inactivated. To dephosphorylate the 5’ ends, 1
unit (1 pl) of shrimp alkaline phosphatase (Roche) was added, and the reaction
incubated for 1 h at 37°C. The enzyme was heat inactivated at 65°C for 15 min before

use.
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Gel Purification of DNA

DNA was purified from 0.8-1.2% agarose gel slices using QIAquick Gel Extraction Kit
(Qiagen) as per manufacturers instructions. In the case of extracting DNA from a
polyacrylamide gel slice, the slice was crushedand the DNA eluted by incubation in 2

volumes of TE pH 7.4 at 37°C overnight. To remove the polyacrylamide the sample was

subjected to centrifugation through VectaSpin filtration units (Whatman).

Cloning PCR products
PCR products to be cloned were either gel-purified; purified directly using High Pure™

PCR product purification kit (Roche) or used directly. PCR products generated in the
presence of Taq extender PCR additive (Stratagene), or other Taq polymerases
containing 3’ to 5’ exonuclease activity will have blunt ends and therefore dATP has to
be added to the 5’ end prior to cloning into pPGEMT-Easy. Thus, immediately after PCR
amplification, the reaction was heated to 95°C for 20 min and 15 pl of dATP (from a
2mM dATP stock) and 5 units of Taq DNA Polymerase (Promega) were added per 50 pl
and the reaction incubated at 70°C for 15 min. Between 2l and 4 pl of the PCR reaction

were used to perform a ligation with pPGEMT-Easy vector (Promega).

Blunt ended cloning

Blunt ends were generated from DNA restriction fragments containing 5’ or 3’
overhangs using 1 unit (0.5 pl) Klenow enzyme (Roche) in a 20 pl reaction containing 1
x buffer H (Roche) and 250 nM each dGTP, dCTP, dATP and dTTP. The reaction was
allowed to proceed at room temp. for 15 min and heat inactivated before use in ligation

reactions.
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2.3.2 Subcloning the mouse NRSF/REST P1 clone

I ug of P1 DNA was subjected to restriction digestion using 10 units of either HindIII,
Acc65l1 or Pstl in a 20 pl reaction. Then 5 pl of the reaction was removed and used to set
up a ligation with 50 ng dephosphorylated, linearised Bluescript® II SK(+) (Stratagene)
that had been digested with the same restriction endonuclease. The ligation reaction was
transformed into electrocompetent JS5 bacterial cells and plated on LB/Amp/X-
gal/TPTG agar plates, and 100 white colonies were picked and streaked onto LB/Amp
plates to generate an archive of P1 clone restriction fragments. Screening of the P1 clone
restriction fragments was carried out by colony hybridisation using radiolabelled gene
specific probes to allow isolation of DNA fragments that span the mouse NRSF/REST
gene and flanking sequences (see Figure 1). Notably, attempts to isolate genomic clones
corresponding to the region spanning intron ii, between exons II and III, repeatedly

failed. Clones were subjected to restriction mapping and sequence analysis.

2.3.3 Construction of NRSF/REST reporter plasmids

NRSF/REST genomic fragments were cloned into the luciferase reporter vector, pGL3
Basic (Promega). To produce pGL3 -8.5 a two step cloning strategy was used. First a 0.7
kb Acc65I/Ncol DNA restriction fragment, spanning the initiation codon and 700 bp of
upstream intronic sequence in the mouse NRSF/REST gene, was obtained by restriction
digestion of a PCR product generated using primers Bs and 1a ATG on mouse genomic
DNA template. Primer 1la ATG introduces a point mutation into the sequence
immediately surrounding the initiation codon to generate an Ncol restriction site. The
0.7 kb Acc65I/Ncol DNA restriction fragment was cloned into pGL3 Basic, cut with
Acc651/Ncol, to generate pGL3 +1800/+2500. A 10 kb Acc651 mouse NRSF/REST

genomic fragment containing exon IA, exon IB, exon IC and flanking sequences was
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cloned into pGL3 Basic +1800/+2500 to generate pGL3 -8.5. All subsequent
NRSF/REST reporter plasmids were constructed using pGL3 splice. This reporter
plasmid was produced by replacement of the linker region between the HindIIl and Ncol
sites in pGL3 Basic (Promega) with a 120 bp region of the mouse NRSF/REST gene
containing the NRSF/REST initiation codon, the exon II splice acceptor sequence and
some intronic sequence. A 6.5 kb BamHI fragment, internal to the 10 kb Acc651
fragment, spanning the three non-coding exons and flanking sequences was cloned into
the BglII site of pGL3 splice to generate pGL3 -4.5 A2.0/2.4. This plasmid was digested
with either Sacl and religated resulting in pGL3 +262 A2.0/2.4, or Smal and religated,
resulting in pGL3 +389 A2.0/2.4 and pGL3 +947 A2.0/2.4. Subsequently pGL3 +389
A2.0/2.4 and pGL3 +947 A2.0/2.4 were digested with HindIII and religated to generate
pGL3 +389 A1.5/2.4 and pGL3 +947 A1.5/2.4, respecﬁvely. The reporter plasmid pGL3
-4.5 A2.0/2.4 was digested with Nhel/Spel and religated to generate a 5° deletion
resulting in the reporter construct pGL3 -310 A2.0/2.4. Subsequ;:ntly pGL3 -310
A2.0/2.4 was digested with HindIII and religated to produce pGL3 -310 A1.5/2.4.
Further internal deletions were generated by linearising pGL3 -310 A1.5/2.4 with
HindIII (which cuts at the 3’ end of the NRSF/REST genomic insert), performing partial
digestions with Smal, blunting the ends and religating. This procedure resulted in the
generation of reporter constructs pGL3 -310 A0.95/2.4, pGL3 -310 A0.39/2.4 and pGL3
-310 A0.32/2.4. Heterologous promoter constructs were generated using the vector pGL3
Inr (Wood et al., 1999) which contains the initiator element of the adenovirus major late
promoter cloned into the HindlIII site of pGL3 Basic. A Smal fragment spanning
nucleotides +389 to +947 of the mouse NRSF/REST gene was cloned into the Smal site
of pGL3 Inr to generate pGL3 Inr +389/+947 and pGL3 Inr +947/+389. PCR

amplification of pGL3 Inr +389/+947 using primers RV3 and GL2 resulted in a PCR
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product containing nucleotides +389 to +947 of the mouse NRSF/REST gene and some
vector sequence. The PCR fragment was digested with Sau3AIl and the resulting
fragments cloned into the BgIII site of pGL3 Inr to generate pGL3 Inr +394/+659; pGL3
Inr +659/+763 and pGL3 Inr +947/+763. Clones containing the NRSF/REST genomic

fragment +763/+947, contained the insert in the reverse orientation only.

2.4 RNA extraction and analysis

2.4.1 Extraction and purification of RNA

Total RNA was extracted from confluent cultured cells growing in 10 cm? TC dishes
using 1 ml of RNAzol™ B (B.iotecx Laboratories, Inc.) as per manufacturers

instructions. Poly A* RNA was purified from total RNA using the Oligotex™ kit

(Qiagen).

2.4.2 RNase protection assay

RNase protection assays were performed using the RPA II kit (Ambion). Following
synthesis of an internally radio-labelled cRNA probe (see section 2.8.3), approximately
10° cpm of cRNA probe and the target RNA (either total RNA or poly A* mRNA) were
co-precipitated (see section 2.10). The resulting RNA pellet was resuspended in 20-30 pl
of solution hybridisation buffer (see section 2.12), denatured at 90°C for 10 min
followed by incubation overnight an appropriate annealing temp. Samples were
subjected to RNase digestion using a 1:100 dilution of RNase A/T'1 mixture (Ambion) at
37°C for 30 min, precipitated and resuspended in 8 pl of formamide gel loading buffer.
Prior to loading, samples were denatured at 90°C for 10 min and electrophoresed
through a 3.5-6% urea-acrylamide gel in 1 x TBE at 60 watts bfor approximately 2 h.

Finally, the gel was dried and exposed to X-ray film.
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24.3 Primer extension assay

An oligodeoxynucleotide, end radio-labelled by kinasing using y-*P ATP (Amersham)
(see section 2.8.1), was co-precipitated with either poly A* mRNA or total RNA. The
RNA pellet was resuspended in solution hybridisation buffer (see section 2.12),
denatured at 90°C for 10 min, incubated at an appropriate annealing temperature
overnight, reprecipitated and resuspended in 10 pl of 2 x Superscript II buffer (Life
Technologies). Alternatively, the RNA pellet was resuspended directly in 10 pl of 2 x
Superscript II buffer, denatured at 85°C for 10 min and incubated at an appropriate
annealing temperature for 1 h. Following annealing, once the RNA and probe were in 2
x Superscript II buffer the temperature was adjusted to either 37°C or 42°C for M-MLV
and AMYV reverse transcriptase respectively, and 0.5 mM dATP, 0.5 mM dTTP, 0.5 mM
dGTP, 0.5 mM dCTP, 10 mM DTT, 1 nl RNase Inhibitor (Roche) and 200 units
M-MLV reverse transcriptase (Promega) or 10 units AMV reverse transcriptase
(Promega) were added taking the final volume up to 20 pul. Incubation of the reverse
transcription reaction was allowed to proceed for 1-2 hours; then 10 units (1 pl) RNase,
DNase-free (Roche) was added and incubation continued at 37°C for 30 min. The
reaction was stopped by phenol/chloroform extraction (see section 2.12), the samples
precipitated and the DNA pellet resuspended in 8 pl water. An equal volume of
formamide gel loading dye was added before electrophoresing through a 4% urea-
acrylamide gel in 1 x TBE. The gel was dried and exposed to X-ray film for the

detection of primer extension products by autoradiography.
2.4.4 Invitro transcription assay

100 ng of gel purified, linearised NRSF/REST genomic DNA fragments (excised from a

plasmid), 3mM MgCl, and 8 units HeLa nuclear extract (Promega) were assembled on
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ice. To this 1 ul [a-**P] rCTP (3000Ci/mmol, 10mCi/ml) (Amersham Life Sciences) and
1 pl of INTP mix (containing 10mM rATP, 10mM rUTP, 10mM rGTP and 0.4mM
rCTP) were added and the reaction incubated at 30°C for 1 h The reaction was
terminated with 175 pl of stop mix (Promega), phenol/chloroform extracted, precipitated
and the RNA pellet resuspended in 5 pl H,0. An equal volume of formamide loading dye
was added and samples electrophoresed through a 4% urea-acrylamide gel in 1 x TBE.
The gel was dried and exposed to X-ray film for detection of transcription run-off

products by autoradigraphy.

2.5 Polymerase chain reaction (PCR) analysis

2.5.1 Standard PCR

Reactions were performed in 25 pl of 1 x Taq Extender buffer (Stratagene) containing
template DNA, 250 nM dGTP, 250 nM dCTP, 250 nM dTTP, 250 nM dATP, 5 nM of
each forward and reverse primers, 1.25 units Taq polymerase (Promega) and 1.25 units
Taq Extender PCR additive (Stratagene). In some cases PCR amplification only yielded
products in the presence of dimethyl sulphate (DMSO). In these cases DMSO was added
to the PCR cocktail at a concentration of 5% w/v in the final reaction. Standard cycling
conditions were 1 cycle 94°C/3 min; 30 cycles 94°C/30 s, 55°C/30 s, 72°C/1 min; 1

cycle 72°C/5 min.

2.5.2 Reverse transcription-PCR (RT-PCR)

Traces of o contaminating genomic DNA were removed by incubation of 10 ug of total
RNA with 10 units (1 ul) DNAse I, RNase-free (Roche) at 37°C for 30 min in 1 x
transcription buffer (Roche). The reaction was extracted with phenol/chloroform and

precipitated (see section 2.12) and the RNA resuspended in 5 pul of water and stored at
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—20°C until use. For reverse transcription, 2 pl (4 pug) of DNase I -treated RNA was
added to 8 ul water containing 250 ng oligo d(T),s primer (Promega) and denatured at
65°C for 2 min then immediately cooled on ice. First strand cDNA synthesis was
performed in 1 x Superscript II buffer (Life Technologies) containing 10 mM DTT, 1
mM dGTP, 1 mM dCTP, 1 mM dATP and 1 mM dTTP, 1 pul RNase Inhibitor (Roche)
and 200 units (1 ul) M-MLYV reverse transcriptase (Promega) at 37°C for 1 h. Then, 2 ul
of cDNA template was subjected to standard PCR analysis (see section 2.4.1) and
amplified products were electrophoresed through 2% MetaPhor® agarose (FMC

BioProducts).

2.5.3 5’ RACE (rapid amplification of cDNA ends) PCR

5’ RACE PCR was carried out using a modified procedure of Frohman et al. (1988).
First sttand cDNA was synthesised as described in section 2.5.2, purified using High
Pure™ PCR purification kit (Roche) to remove excess dNTPs and eluted in 100 ul of
water. A tailing reaction was set up, to add a dATP tail to the 3’ end of the first strand
cDNA, in 1 x terminal deoxynucleotidyl transferase (TdT) buffer (Promega) containing
1 mM dATP and ~50 units (2 ul) TdT (Promega). The tailing reaction was incubated at
37°C for 1 h and heat inactivated at 65°C for 10 min. PCR amplification was performed
on tailed cDNA using a gene specific primer and a t17 adapter primer, RACE-1 under
standard PCR cycling conditions. A second round of amplification was performed using
10% of the amplified product from the first round of PCR as template and a set of
primers internal to the amplified product. These primers consisted of an internal gene
specific primer and the adaptor primer, RACE-2. PCR products from the second round
of amplification were cloned directly into pPGEMT-Easy cloning vector (Promega) and

resultant clones were verified by DNA sequence analysis.
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2.5.4 Semi-quantitative PCR analysis

To determine the PCR conditions required to produce a signal that is proportional to the
amount of starting template, a series of increasing amounts of plasmid standards were
used for PCR amplification. The plasmid standards were generated by cloning the PCR
products obtained from using gene specific primer pairs to amplify cDNA. Subsequently
standard RT-PCR was carried out except the optimal number of cycles was defined by

the minimal number of cycles required to obtain a signal.

2.6 DNA isolation and analysis

2.6.1 P1 clone DNA isolation

A single colony of mouse NRSF/REST P1 (in JS5 cells), streaked on LB agar plates
containing 25ug/ml kanamycin, was used to inoculate a 5 ml overnight culture. The
following day 50 ml of LB media containing 25 pg/ml kanamycin was seeded with 500
ul of this overnight culture and incubated at 37°C with shaking until A, 1.3<1.5 was
reached. Cells were harvested by centrifugation and P1 DNA was isolated using a Tip-
20 anion exchange column provided with the Plasmid Mini kit (Qiagen) but with two
modifications to the manufacturers’ protocol: (1) the volumes of P1, P2 and P3 were
increased to 3 mls and (2) the elution buffer was prewarmed to 50°C. Induction of P1
replication was carried out by addition of isopropyl -D-thiogalactopyranoside (IPTG)
to a final concentration of 1 mM from freshly made, filter sterilised, 100 mM IPTG
stock solution when the culture reached Ay, of 0.15. Recovery of P1 DNA from JS5
bacterial strain was found to be >10-fold higher per ml of culture than the NS3529
bacterial strain in which the P1 clone was provided. A comparison between restriction
digestion patterns of the P1 clone isolated from the original host NS3529 and new host

JS5 confirmed that no deletions or recombinations had occured.
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2.6.2 Transduction of P1 clone into a Cre” bacterial strain

The mouse NRSF/REST genomic clone in the P1 vector backbone, pAd10-SacBIl, was
provided in host strain NS3529 a derivative of E.coli DH5 containing the laclq and Cre
genes. Difficulties were experienced in obtaining sufficient yields of P1 clone DNA
from host strain NS3529 for subsequent restriction analysis and sub-cloning. Typical
yields were 0.5 ug of P1 plasmid DNA per 10 ml of exponentially growing cells (3 x 10°
cells) when high-copy-number P1 lytic replicon was induced with IPTG. Low P1
plasmid yields from host strain NS3529 have been attributed to the presence of cre
recombinase and transfer to a Cre™ host has been reported to improve P1 DNA recovery
by 3-10 fold (Sternberg et al., 1994). P1 phage-mediated transduction was carried out (as
described by Sternberg et al., 1994) to transfer the P1 clone to E. coli JS5 lacI® cre host
strain shown to produce higher yields of P1 plasmid DNA (Kroon and MacDonald,

1997).

Preparation of P1 vir lysate

A single colony of NS3529 containing the NRSF/REST P1 clone, streaked on LB agar
containing 25ug/ml kanamycin was used to inoculate a 5 ml overnight culture. The
following day 100 pl of this overnight culture was used to seed 5 ml of LB media
containing 25 pg/ml kanamycin and the culture incubated at 37°C with shaking for 2 h.
Bacteria were harvested by centrifugation at 6000 rpm for 5 min in a bench top
microcentrifuge. Cells were resuspended in 100 pl LB media containing SmM CaCl,,
followed by the addition of 10 pl (10°) of P1 vir phage (Genome Systems, Inc.) and the
cells were incubated at 37°C for 5 min. The cells were harvested by centrifugation and
resuspended in 1 ml LB media containing 10 mM MgCl,, incubated at 37°C with

shaking for 2 h, then lysed by addition of 20 ul chloroform, vortexed and the cell debris
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pelleted by centrifugation at maximum speed in a bench top microcentrifuge. The

supernatant containing the P1 lysate was incubated at 37°C for 10 min to evaporate

chloroform before storage at 4°C until required (stable for at least one year).

Transduction protocol

The Cre bacterial strain into which the P1 was to be transferred was streaked on
selective plates and a single colony used to inoculate 5 ml LB and grown overnight. The
following day 5 ml of LB media was seeded with 100 pl of this overnight culture and
incubated at 37°C, with shaking, for 2 h. 1 ml of this culture was harvested by
centrifugation and the bacterial pellet resuspended in 100 pl LB media containing 5 mM
CaCl,. 70 Wl of transducing phage (prepared as described above) was added and allowed
to adsorb to cells at 37°C for 5 min. Cells were harvested by centrifugation and
resuspended in 1 ml LB media containing 10 mM Na citrate and incubated at 37°C for
45 min after which cells were pelleted, resuspended in 100 pul LB media and plated onto

LB agar plates containing 25 pg/ml kanamycin.

2.6.3 Plasmid DNA preparation

Plasmid DNA was routinely prepared from 5 ml bacterial overnight cultures using either
Wizard Plus SV Miniprep DNA purification system (Promega) or Plasmid mini kit
(Qiagen) as per manufacturers instructions. When higher quantities of plasmid DNA
were required either 50 ml or 100 ml bacterial cultures were grown, harvested and the

plasmid DNA isolated using Plasmid Midi or Maxi kit (Qiagen) respectively.
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2.6.4 Restriction endonuclease digestion of DNA

Digestions of DNA with restriction endonucleases were performed in 20 pl of 1 x
appropriate restriction enzyme buffer containing 0.3-1 ug DNA (depending on plasmid
size) and usually 3-10 units/ug DNA of restriction endonuclease (obtained from Roche
or Promega). Reactions were incubated for 1 h at the appropriate temperature for the
restriction endonuclease and terminated by either heat inactivation or addition of 2 ul
RE stop dye. Partial digestion of DNA with restriction endonuclease was carried out by
assembling a 100 pl reaction containing 1.5-5 pg DNA (depending on plasmid size) in 1
x restriction enzyme buffer. The reaction mixture was divided into 5 tubes, that were
placed on ice, such that tube 1 contained 30 pl, tubes 2 to 4 contained 20 pl and tube 5
contained 10 pl volumes. Restriction endonuclease was added to tube 1 and using a
different pipette tip, 10 ul from tube 1 was added to tube 2. The serial dilution process
was continued up to tube 5 and when completed all five tubes contained 20 pul volumes.
All five tubes were incubated for 15 min at the temperature appropriate for the
restriction endonuclease and reactions were terminated by addition of 2 pl of RE stop
dye. Restriction mapping of the P1 clone was performed by partial restriction digestion
analysis. The P1 clone DNA was fully digested with one restriction endonuclease, e.g.
BamHI and a series of partial digestions were performed with a second restriction
endonuclease, e.g. Xhol, Southern hybridisation was performed with radio-labelled
probes corresponding to the 5’ and 3’ end of fully digested fragments which allowed

restriction sites internal to the fully digested fragments to be mapped.
2.6.5 Southern and colony hybridisation

To perform Southern hybridisation, DNA digested with a suitable restriction

endonuclease was electrophoresed on a 0.8-1% agarose gel and transferred to Hybond
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N+ nylon membrane (Amersham Life Science) by capilliary blotting as described
(Sambrook et al., 1989). Colony lifts were prepared using Hybond N+ nylon membrane
as described (Sambrook et al., 1989). DNA was fixed to Hybond N+ nylon membrane
by crosslinking using a UV Stratalinker® 2400 (Stratagene). Pre-hybridisation was
carried out by placing Southern blots/colony lifts in a plastic bag containing 5-10 ml of
hybridisation buffer (see section 2.12) that was sealed and allowed to incubate in a
shaking waterbath at 65°C for 1-4 h. Denatured probe was added into the pre-
hybridisation buffer, the bag resealed and returned to the shaking water bath for
incubation at an appropriate annealing temperature for at least 12 h. Following probe

incubation, the membrane was washed twice in 1 x SSPE; 0.1% SDS at 65°C for 20 min

each time and then exposed to X-ray film.

2.7 Protein preparation and analysis

2.7.1 'Whole cell protein extracts

Whole cell protein extracts were routinely prepared from confluent 10 cm?” dishes of
cells. The cells were washed in 1 x PBS and harvested by scraping into 400 ul of whole
cell extract buffer (see section 2.12). Cells were lysed using three rounds of freeze/thaw,
each round consisting of freezing on dry ice, rapidly thawing in a 37°C waterbath and
vortexing. Extracts were centrifuged at maximum speed in a bench top microcentrifuge
to pellet the cell debris and aliquots of the supernatant were placed transferred to

cryotubes (Nunclon, Life Technologies) for storage in liquid nitrogen.
2.7.2 Assaying protein concentration

The concentration of proteins was determined using DC Protein Assay (BIO-RAD)

microassay procedure according to manufacturers instructions.
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2.7.3 Electromobility shift assay (EMSA)

Approximately 500 pug of whole cell extract, prepared as described in section 2.7.1, was
incubated on ice with or without competitor DNA for 20 minutes in 1 x whole cell
extract gel shift buffer or 1 x gel shift buffer (see section 2.12) containing 1 pg sheared
calf thymus DNA. Approximately 20,000 cpm of a radio-labelled DNA fragment was
added to each reaction and incubation was continued at room temp. for a further 20 min
Samples were electrophoresed through a 4% non-denaturing polyacrylamide in 0.25 x

TBE, fixed, dried and exposed to X-ray film.

2.8 Labelling probes

2.8.1 Radio-labelling oligodeoxynucleotides

Tailing

Reactions were performed in 20 pl of 1 x TdT buffer (Roche), containing 1 pmole
oligodeoxynucleotide, 4 ul [o*>-P] dATP (3000 Ci/mmol, 10mCi/ml) (Amersham Life
Science) and 25 units (1 pl) TdT (Roche) and incubated at 37°C for 1 h. Reactions were
terminated by heat inactivation and the probe purified by spin column chromatography

(Sambrook et al., 1989) using Sephadex G-50 (Sigma) columns.

Kinasing

Reactions were performed in 20 pl of 1 x T4 polynucleotide kinase buffer (Roche)
supplemented with 5 mM DTT containing 1 pmole oligodeoxynucleotide, 5 pl [y*-P]
ATP (>5000 Ci/mmol; 10mCi/ml) (Amersham Life science) and 10 units (1 pl) T4

polynucleotide kinase (Roche). To produce probes with higher specific activity, 15 ul
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[y*%-P] ATP (>5000 Ci/mmol; 10mCi/ml) and 0.3 pmole of oligodeoxynucleotide were
used instead. Reactions were incubated at 37°C for 1 h, then the reaction terminated by

heat inactivation and the probe was purified by spin column chromatography.

2.8.2 Radio-labelling double stranded DNA fragments

Klenow fill in
Reactions were performed in 20 pl of 1 x Klenow buffer (Roche), containing 100 ng of a

gel-purified DNA fragment, 0.1 mM each dCTP, dTTP and dGTP, 2 ul [0**-P] dATP
(3000 Ci/mmol; 10mCi/ml) (Amersham Life Science) and 2 units (1 ul) Klenow enzyme
(Roche) and incubated at 37°C for 30 min. Following this 1 ul of ANTP mixture (SmM
of each dCTP, dTTP, dGTP and dATP) was added and incubation continued at 37°C for
a further 10 min. Reactions were terminated by heat inactivation and probes were

purified by spin column chromatography.

Random primer labelling
Gel-purified DNA fragments were labelled using the Prime-It II random primer labelling

kit (Stratagene). Labelled probes were purified using tbe QIAquick nucleotide removal

kit (Qiagen).

2.8.3 Synthesis of cRNA probes

Internally radiolabelled cRNA probes were synthesised in 20 pl of 1 x transcription
buffer (Roche) containing 500 ng of linearised DNA template, 125 mM each rATP,
rGTP, rUTP and 12 uM rCTP, 2.5 ul of [a-*P] rCTP (800 Ci/mmol; 10mCi/ml)
(Amersham Life Science) 20 units (1 pl) T7 RNA polymerase (Roche) and 1 ul RNase

Inhibitor (Roche) at 37°C for 1 h. The DNA template was removed by addition of 10
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units (1 pl) DNase I, RNase-free (Roche) and continued incubation at 37°C for 15 min.
Following DNase I digestion, an equal volume of formamide loading buffer was added
and the probe electrophoresed through a 5% urea-acrylamide gel and the cRNA probe
was gel purified as described in section 2.3.1. Alternatively 280 pl probe elution buffer
(Ambion) was added and the probe could be used directly in RNase protection assays.
Incorporation of the radiolabelled nucleotide was measured by adsorption to DE-81

filters (Sambrook et al., 1989).

2.9 Sequencing

2.9.1 Automated sequencing

Sequencing reactions were performed using BigDye™ terminator kit (ABI Prism®, PE
Biosystems) in 10 pl reactions containing 4 pl terminator ready reaction mix, 400 ng
double stranded plasmid DNA or 2 pul PCR product template and 3.2 pmole primer.
Sequencing of DNA fragments corresponding to the 5’ end of the mouse NRSF/REST
gene were more effective with the inclusion of DMSO added to a final concentration of
5% wiv in the reaction. PCR cycling conditions used were 30 cycles 94°C/30 s, 50°C/15
s, 60°C/4 min. Samples were precipitated and resuspended in 3 pl fomamide before
electrophoresis through a urea-acrylamide gel prepared using Sequagel Automatrix 4.5
solution (National Diagnostics) on an 377 automated DNA sequencer (Applied

Biosystems).
2.9.2 Manual sequencing

Reactions were performed using Sequenase DNA sequencing kit (Amersham Life

Science) using [0-**S] dATP (1000Ci/mmol) as per manufacturers protocol.
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2.10 Precipitation of nucleic acids

Precipitation of RNA

Stock solution of 5 M NH,0OAc was added to RNA and the concentration adjusted to 0.5
M, then 2.5 volumes of ethanol was added, the samples mixed and placed at -20°C for
15 mins. to precipitate. The RNA was pelleted at maximum speed in a bench top
microcentrifuge at 4°C, the pellet washed in 75% ethanol before being air dried and

resuspended in TE pH 7.4.

Precipitation of DNA
Stock solution of 2 M NaCl was added to DNA to a final concentration of 0.2 M, then 2

volumes ethanol was added and samples placed on ice for 10 min. The DNA was
pelleted at maximum speed in a bench top microcentrifuge and the DNA pellets were

washed with 70% ethanol before being air dried and resuspended in TE pH 7.4.

Phenol/chloroform extraction of RNA and DNA samples
The concentration of salt was adjusted using 2 M NaCl or 5 M NH,OAc as for ethanol

precipitation. An equal volume of phenol:chloroform:isoamyl alcohol mix (25:24:1) was
added and the samples vortexed to form an emulsion. Samples were centrifuged at
maximum speed for 5 min. in a bench top microcentrifuge and the supernatant
transferred to a fresh tube, extracted with an equal volume of chloroform and

precipitated.
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2.11 Oligodeoxynucleotides sequences

1700s
1500s
1570s
1270s

As

Bs

Cs,

1Aa

1Aa,

1Aa,

69a

137a

406s

934a

la ATG
NRSF REls
NRSF REla
Nall RE1s
Nall REla
RV3

GL2
RACE-1
RACE-2
Spls
Spla

GGG
GGT
CCG
CGC
GCA
TAC
GGT
CTT
CGG
ATT
GTC
cca
CAT
CAG
TGG
GTA
GTA
GGT
TTC
CTA
CTT
GAC
GAC
GAT
GAT

ATT
AAG
CccC
GCG
GCA
AGG
GGC
TGT
GAG
CCA
GTT
CGT
CCG
TTG
GTG
CCG
CGA
GCT
AGA
GCA
TAT
TCG
TCG
CccC
CCG

AAC
GCT
CTT
CGG
GCA
CCcC
AGC
TGC
CCG
GCA
AGG
TGG
CTG

GCC
CTG
AGT
GTC
ACC

GTT
AGT
AGT
GAT
CCC

GGC
GGG
TAA
ACG
GAC
GAT
GGC
CGG
CAC
CAG
CAG
CTA
TGA
TGC
ATG
CTG
TTC
CGT
ACG
TAG
TTT
CGA
CGA
CGG
CGC

CAT
GCT
TGA
GCG
CGA
CGG
ACA
ACT
ATT
GAC
GGC
ACA
CCG
CGT
GCT
GTG
AGG
GGT
GAC
GCT
GGC
CAT
CAT
GGC
CCcC

AGC

GCC
AGG
GCG
ACG
TAG
TTC
CCA
GCT
CAT
TGA
CTG
GGG
GTA
ACC
ACC
TCT
AGC
GTC
GTC
CGA
CG

GGG
GAT
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TTC
TAA
GGG
CCG
CCG
GAA
GGG
GC

GCG
TCC
TGA

CTC
GCG
GCG
GAA
ACC
CcC

TTC
TTT

GCG
CGG

C

TGC T
CGC

CGT GT
CCG A
GTA

TT

GGA GGG

GC

TG
GTC CTG AAA CTT C
GTC ACC AGC AGC G

CA
TTT TTT TTT TTT TT



2.12 Solutions

Hybridisation buffer

5 x SSPE

5 x Denhardt’s solution

0.5% SDS

100 pg/ml SS DNA, sonicated and
denatured before addition

Solution hybridisation buffer (1x)
80% formamide,

0.4 M Na(Cl,

1 mM EDTA

0.04 M PIPES pH 6.5

Whole cell extract buffer

20 mM HEPES pH 7.9

450 mM NaCl

0.4 mM EDTA

25% glycerol

0.5 mM DTT added just prior to use
0.5 mM PMSF added just prior to use

Gel shift buffer (2x)
40 mM HEPES pH 7.9
16% glycerol

10 mM MgCl,

200 mM KCI

Whole cell extract gel shift buffer (5x)
25 mM HEPES pH 7.9

25 mM MgCl,

500 mM KCl

TBS (5.5 mM Tris pH 7.4, 137 mM
NaCl)
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B-galactosidase staining solution
(Made up in 1 x PBS)

1 mg/ml X-gal

5mM potassium ferricyanide
(K3Fe(CN)y)

5mM potassium ferrocyanide

K, Fe(CNy).3H,0

2mM MgCl,

Fixative (made up in 1 x PBS)
2% formaldehyde,
0.2% gluteraldehyde
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3.0 RESULTS

3.1 Introduction

The expression pattern of NRSF/REST, showing higher abundance in non-neural
than neuronal tissues throughout development and adulthood (Chong et al., 1995;
Schoenherr and Anderson, 1995a), is consistent with the proposed role of this
transcription factor in silencing neurone-specific gene expression in non-neural tissue.
However, NRSF/REST is also expressed within the developing nervous sysiem, in the
ventricular zone of the neural tube, although its expression is downregulated in
differentiating neurones (Chong et al., 1995; Schoenherr and Anderson, 1995a). Both the
inactivation and overexpression of NRSF/REST in the ventricular zone caused
alterations in the expression patterns of three NRSE/RE1-bearing genes: Ng-CAM, N-
tubulin and SCG10 (Chen et al., 1998; Paquette et al., 2000) and although overt
neurogenesis was not affected, sub-populations of neurones displayed axon guidance
abnormalities (Paquette et al., 2000). Thus the expression of NRSF/REST in neural
precursor cells, and its downregulation upon neuronal differentiation, is important for
controlling the proper expression of neuron_e-specific genes during neurogenesis which
in turn is crucial for certain aspects of neuronal development (Paquette et al., 2000).
Low levels of NRSF/REST mRNA were recently detected in sub-populations of
differentiated neurones in the adult brain (Palm et al., 1998), moreover an increase in
NRSF/REST mRNA within hippocampal and cortical neurones is detected following
KA-induced seizures (Palm et al., 1998). Transgenic studies have shown that abrogation
of the NRSE/REI in the L1 and nAChR B2 subunit transgenes causes alterations to
reporter gene expression in neuronal tissue, as well as non-neural tissue, during
embryonic and post-natal development (Bessis et al., 1997; Kallunki et al., 1997,
Kallunki et al., 1998). These experiments imply that NRSF/REST also controls gene

expression in neurones. Despite the accumulating evidence that NRSF/REST plays a
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crucial role in silencing the expression of multiple neurone-specific genes in non-neural
tissue and modulating their expression in developing and mature neurones, the
molecular mechanisms that control cell-specific expression of the NRSF/REST gene are
currently unknown. The aims of this study were to obtain a genomic clone of the mouse
Rest gene and to identify the cis-acting genomic elements, and the frans-acting factors,
that govern tissue-specific expression of the Rest gene. During the course of this study,
the rat Rest gene structure was described and shown to contain three 5’ non-coding
exons (exon I, exon II and exon III) each of which are alternatively spliced onto the first
coding exon (exon IV) resulting in mRNA containing three different 5° UTRs
designated type A, type B and type C, respectively (Palm et al., 1998). Expression of
mRNA transcripts containing type A, 5° UTR constitutes the majority of rat
NRSF/REST transcripts in all non-neural and neuronal tissues analysed (Palm et al.,
1998). The structure of the 5’ end of the mouse NRSF/REST gene was also recently
described and shown to have similar organisation to the 5’ end of rat gene
(Koenigsberger et al., 2000). In addition, the transcription start sites of mRNA initiated
at each of the three alternative 5’ non-coding exons in mouse were mapped, and the 5’
proximal regions of each of the alternative exons were shown to have promoter activity

(Koenigsberger et al., 2000).
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3.2 Characterisation of the mouse NRSF/REST gene

structure

The cis-acting genomic elements that regulate transcription of all eukaryotic,
protein-coding genes, can be arrayed within several hundred base pairs of the
transcription initiation site, but are usually found over larger distances ranging between
1-50 kb. To ensure the genomic clone could be large énough to contain genomic
elements required to direct tissue-specific expression of the Rest gene, a Pl
bacteriophage-based mouse genomic clone was obtained. The P1 genomic clone was
characterised and since the Rest gene structre was still unknown when the study was

initiated, the gene structure was elucidated.

3.2.1 Restriction mapping of a P1 genomic clone containing the mouse
NRSF/REST gene

Bacteriophage P1 based genomic clones have several distinct advantages
compared to many other vectors used to construct genomic DNA libraries, including the
ability to contain inserts of up to 100 kb, a very low frequency of DNA rearrangements
owing to maintenance of the plasmid as a single copy and the ease of recovering and
purifying plasmid DNA by standard protocols. A P1 genomic clone of the mouse
NRSF/REST gene was obtained from Genome Systems, Inc. upon provision of primers:
1s (containing sequence from the first intron) and 137a (containing sequence from exon
IT), which spanned the most 5’ portion of mouse NRSF/REST sequence available at the
time. The copy number of the P1 vector backbone, pAd10-SacBII, developed by
Sternberg et al. (1992) can be increased by induction of the Lacl%-repressed lytic
replicon with IPTG. Nonetheless the yield of the P1 genomic clone was very low from
bacterial host strain NS3529 used for the generation of the P1-based genomic library by

Genome Systems, Inc. Thus, P1-phage mediated transduction (as described by Sternberg
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et al., 1994) was employed to transfer the P1 genomic clone to Cre™ host strain JS5
resulting in a >10-fold increase in P1 DNA yield. The P1 genomic clone was restricted
with Pstl, HindIIl and Acc651 and s‘ubcloned into pBluescript® II SK(+) (Stratagene).
Subsequently P1 restriction fragments spanning the NRSF/REST gene and flanking
sequences were identified and sequenced (Figure 1). Furthermore BamHI and Xhol sites

within the mouse NRSF/REST gene locus were mapped as shown in Figure 1.

3.2.2 Determination of the mouse NRSF/REST gene structure

Identification of multiple 5° UT exons within the mouse NRSF/REST gene

Since full length cDNA sequence of mouse NRSF/REST was unavailable,
sequence corresponding to the 5’ UTR was obtained by performing 5 RACE PCR on
RNA extracted from 3T3 cells, a mouse NRSF/REST expressing fibroblast cell line
(Figure 5). The longest 5 RACE PCR clone contained 115 bp of sequence upstream of
the adenine of the initiation codon. The 5’ RACE sequence showed 77% homology with
116 bp of the 3’ portion of rat type A, 5> UTR (accession number AF037200) and 70%
homology with 118 bp of the 3’ portion of human 5° UTR (accession number U13879
and HSU22680) indicating this sequence corresponds to at least part of the 5° UTR.
When aligned to mouse NRSF/REST genomic sequence, the 5> RACE sequence
diverged 9 bp upstream of the adenine of the initiation codon, indicating that the
remaining 106 bp of 5° RACE sequence was derived from an upstream exon(s). By
performing Southern hybridisation, a radio-labelled oligodeoxynucleotide prdbe, Aa,
corresponding to 5° RACE sequence between positions +442 and +468 (numbering
relative to transcription initiation site at +1 as shown in Figure 8) was shown to
hybridise to a 2.0 kb HindIII restriction fragment located approximately 1.2 kb upstream
of the initiation codon (data not shown). Sequence analysis of the 2.0 kb HindIIl

restriction fragment (Figure 8) revealed the 106 bp corresponding to entire 5° RACE
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sequence was present. Furthermore alignment with rat type A, 5° UTR sequence
(accession number AF037200) showed that 312 bp of the mouse NRSF/REST genomic
sequence was 85% homologous with rat type A, 5° UTR sequence and this region was

designated exon IA (Figure 1).

During the course of these studies, rat NRSF/REST mRNAs with three distinct
5’ UTRs, designated type A, type B and type C, were identified which are transcribed
from alternative 5° UT exons: exon I, exon II and exon III, respectively within the rat
NRSF/REST gene (Palm et al., 1998). To determine if the mouse gene also contained
alternative 5’ UT exons, the sequences of rat type B and type C, 5’ UTRs were aligned
to mouse NRSF/REST genomic sequence. A 79 bp region located 545 bp downstream of
exon IA showed 99% homology with rat type B, 5’ UTR sequence (accession number
AF037201) and was therefore designated exon IB (Figure 1). Furthermore a 145 bp
region, located 216 bp downstream of exon IB and 1.2 kb upstream of exon II, showed
89% homology with rat type C, 5’ UTR sequence (accession number AF037202) and
was therefore designated exon IC (Figure 1). Comparison of the structure of the 5’
portion of the mouse and rat NRSF/REST genes revealed that the sizes of the intronic
regions between exon IB and exon IC and between exon IC and exon II are similar in the
mouse and rat genes. In an attempt to measure the size of the intron separating exon I
(exon IA in mouse) from the first coding exon in the rat gene (exon II in mouse), Palm et
al., (1998) used exonic primers to amplify rat genomic DNA. Their failure to generate
any specific amplified products was taken to imply the presence of a large (>15kb)
intron. However, the size of this intron in mouse is, in fact, approximately 2.2 kb.

Difficulty was also experienced in amplifying DNA across this intron but this was
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Figure 1 Genomic organisation of the mouse NRSF/REST gene. (A) Restriction
map of the mouse NRSF/REST gene locus with Xhol, X and BamHI, B sites
indicated. (B) Subcloned P1 clone restriction fragments and PCR fragments. (C)
Linear representation of the exon/intron structure of the mouse NRSF/REST gene
showing the relative positions of exons (shown as boxes) and introns (shown as
thick, horizontal lines). The ORF is shown as blue filled boxes. The neural-specific
exon (N) is filled lighter blue. The 5’ and 3° UTRs are shown as red filled boxes.
Boxes with dashed stroke denote putative exonic sequence. Exons are denoted by
uppercase characters 1A, IB, IC and from II to I'V. Introns are denoted by lowercase
characters ia, ib and ic (denoting the first intron) and from ii to iv. Arrowheads
indicate the position of clusters of transcription start sites identified in exon IA.
Arrowheads with dashed lines indicate positions of putative transcription start sites
within exon IB and exon IC. Thin lines indicate the regions that are spliced out from
the primary transcript. Thin blue lines indicate the alternative, neural-specific
splicing pattern. (D) Dashed lines indicate the region of NRSF/REST protein
encoded by exons II, III, IV and exon N. A linear representation of the NRSF/REST
protein is shown with functional domains indicated. Ovals denote zinc finger motifs.
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attributed to the high GC content contained within this region, therefore the size of this

intron was possibly overestimated in the rat.

Having identified mouse sequences homologous to the rat alternative 5° UT
exons, RT-PCR was performed to determine if these mouse 5° UT exons were
transcribed. Primer pairs, consisting of an upstream primer derived from each 5’ UT
exon (1270s in exon IA (+161/4+184); Bs in exon IB (+1125/+1149); and Cs, in exon IC
(+1410/+1433)) in conjunction with a downstream primer derived from exon II, (137a),
were used on cDNA derived from 3T3 fibroblast and Neuro2a neuroblastoma mouse cell
lines and PC12 cells, a rat pheochromocytoma cell line that expresses low levels of
NRSF/REST (Chong et al., 1995; Shimojo et al., 1999) (Figure 2). The lengths of PCR
products obtained were consistent with all transcripts containing only exon IA, exon IB
or exon IC spliced onto exon II and DNA sequencing confirmed this observation. No
PCR products were obtained in absence of reverse transcriptase indicating that the
observed PCR fragments were amplified from cDNA template. The presence of
amplification products from 3T3 and Neuro2a cDNA template using primer pairs to
each of the 5° UT exons indicates that like the rat gene, mouse NRSF/REST mRNA is
transcribed from the start of three alternative 5° UT exons: exon IA, exon IB and exon
IC, resulting in transcripts containing three different 5° UTRs which were designated

type A, type B and type C, respectively.

mRNA containing type A, 5’ UTR is the predominantly expressed NRSF/REST transcript

in 3T3, Neuro2a and PC12 cell lines

The relative abundance of NRSF/REST mRNA containing different 5° UTRs
was examined using semi-quantitative PCR. PCRs were performed on serial plasmid

standards and cDNA derived from 3T3, Neuro2a and PC12 cells (Figure 2).
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Figure 2 Semi-quantitative RT-PCR analysis of NRSF/REST mRNA containing
type A, type B and type C, 5’UTRs RT-PCR analysis was performed on 0.8 ug
DNased, total RNA extracted from mouse 3T3 (T) and Neuro2a (N) cells and rat PC12
(P) cells. PCRs were performed on serial plasmid standards to show signal strength was
proportional to the amount of template. Decreasing amounts of plasmid DNA (given in
picograms) were used as indicated above the respective lanes. RNA without reverse
transcription is included as a negative control (-ve). PCRs were carried out in the
presence of 5% (w/v) DMSO, using primer pairs consisting of an upstream primer to
each of the 5’ UT exons IA, IB and IC in conjunction with a downstream primer to exon
II. PCR cycling conditions were 1 cycle 94°C/3 min; 23-39 cycles of 94°C/30 s,
55°C/30 s and 72°C/2 min. PCR products were electrophoresed through 2% MetaPhor®
agarose; M, 1-Kb plus DNA marker (Life Technologies). The primer pair and number of
cycles used in each PCR are indicated to the left of each gel photo. Arrowheads point to
positions of DNA fragments in 1-Kb DNA ladder with sizes given in base pairs. A map
of the 5’ portion of the mouse NRSF/REST gene is shown on the right with positions of
primers indicated by arrows and the predicted sizes of PCR products given.

72



12708/1378

23 cycles

Bs/137a

33 cycles

Cs2/137a

39 cycles

serial standard (pg)

M T N P -ve 100 10 101 M

600"
500:
serial standard (pg)
M T N R -ve 1 01 0.01 0.001 M
300 >
200 >
100>
serial standard (pg)
M T N P -ve 1 01 0.010.001 M
300>
200>
100>-

1270s

1270s

Bs

IB

IB

CS2

CS2

137a

137a

137a

137a

524 bp
PCR product

185 bp
PCR product

262 bp
PCR product



NRSF/REST mRNA containing type A, 5° UTR was detectable after only 23 cycles of
amplification. In contrast, detection of mRNA containing type B and type C, 5> UTRs
required 33 and 39 cycles of amplifiéation, respectively. In 3T3 cells a strong signal was
detected for type A, 5° UTR that was similar to, or stronger than, the signal seen in the
plasmid standard containing 10 pg DNA and the bands corresponding to type B and type
C, 5’ UTR were of similar intensity to the band observed in plasmid standard containing
0.001 pg DNA. Thus in 3T3 cells the signal strength for mRNA containing type A, 5’
UTR was approximately 1000-fold stronger than for mRNA containing type B and type
C, 5’ UTRs. Similar results were obtained using cDNA derived from Neuro2a and PC12
cells showing a much stronger signal strength for mRNA containing type A, 5° UTR
compared to mRNA containing type B and type C, 5> UTR. Thus semi-quantitative PCR
analyses indicate that NRSF/REST mRNA containing exon IA is, by far, the most
abundant NRSF/REST transcript expressed in mouse 3T3 and Neuro2a cells and in rat

PC12 cells.

The two repression domains of NRSF/REST protein are encoded by separate exons

Genomic DNA sequence from P1 clone restriction fragments was compared to
mouse NRSF/REST cDNA sequence to determine the exon/intron structure of the mouse
NRSF/REST gene (shown in Figure 1). Sequence of the entire open reading frame
(ORF) was obtained by combining partial cDNA sequence on Genbank (accession
number MMU13878) and sequence determined from a cDNA clone, pMT mNRSF (a
gift from D.J. Anderson, Caltech). The mouse NRSF/REST ORF was found to be
encoded by three exons (Figure 1). The first coding exon, exon II (0.9 kb), encodes part
of the ORF extending from the translation initiation codon, through the N-terminal
repression domain, to immediately beyond the end of the fourth zinc finger motif. Exon

III (84 bp) encodes the fifth zinc finger motif, and exon IV separated from exon III by an
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intron of approximately 5 kb, encodes the remainder of the ORF which includes the C-
terminal repression domain. The mouse NRSF/REST gene structure, described here,
compared with the partial descriptidns of rat and human NRSF/REST gene structures
that were recently reported by Palm, et al. (1998; 1999) reveal that the exon/intron

organisation of the ORF is conserved across these species.

Northern blot analysis of human and rat NRSF/REST mRNA indicates the
presence of a long 3’ UTR (Chong et al., 1995; Palm et al., 1998). The 3’ UTR of both
rat and human NRSF/REST mRNA have been mapped to the exon encoding the C-
terminal portion of NRSF/REST. The sequence of the 3° UTR of mouse NRSF/REST is
unknown, however, alignment of 0.9 kb of mouse NRSF/REST genomic sequence,
downstream of the stop codon, to Genbank showed similarity to the 5’ portion of human
and rat NRSF/REST 3’ UTRs (accession number HSU22680, HSU22314 and
AF037199). These data indicate that at least a portion of mouse NRSF/REST 3’ UTR is
present within exon IV which encodes the C-terminus of NRSF/REST (Figure 1). Since
most aspects of organisation of the NRSF/REST gene are conserved between mouse, rat
and human, the entire 3° UTR of mouse NRSF/REST mRNA may also be present in
exon IV, although genomic DNA sequence through to the polyadenylation signal of

mouse NRSF/REST was not obtained to provide confirmation.

Identification of a neural-specific exon that separates the two_repression domains of

NRSF/REST

During the course of performing RT-PCR analyses on cDNA derived from
different cell lines to determine NRSF/REST gene expression, using primers to the
DNA-binding domain of NRSF/REST, consistently generated two PCR products using

cDNA derived from NB-OK-1 cells, a human neuroblastoma cell line (Figure 3). Both
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TGGGGTATGGATACCAATTGGTAATATTTACTAGAGTGTGATCTAGCTGA M /
ouse
aN16(Palm, eta!., 1998;1999) Rat

aNSC (expressed in NB-OK-1 cells) Human

Figure 3 Detection of NRSF/REST mRNA splice variants by RT-PCR analysis
RT-PCR analysis was performed on 0.4 pg of DNase I -treated, total RNA per
reaction as detailed under Methods and Materials. (A) NB-OK-1 RNA was subjected
to RT-PCR with primer pair 406s/934a which span the NRSF/REST DNA binding
domain. M, 1-Kb DNA marker (Life Technologies). (B) Sequence of a 50 bp region
of the mouse NRSF/REST gene is shown. Filled dots indicate nucleotide mismatches
between the human and mouse sequence. Arrowheads pointing down denote splice
acceptor sites and arrowheads pointing up denote splice donor sites. Lines represent

the sequence spanned by exon N in different species.
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PCR fragments were cloned and sequenced. A 529 bp PCR fragment was obtained that
corresponded to NRSF/REST cDNA described earlier (Chong et al., 1995; Schoenherr
and Anderson, 1995a). However, a 579 bp PCR fragment was also obtained and found to
correspond to a novel NRSF/REST splice variant containing a 50 bp exon (exon N50)
insertion between the fifth and sixth zinc fingers motifs. Sequence analysis revealed that
human NRSF/REST mRNA, containing the alternative 50 bp exon, is predicted to
encode an in-frame stop codon after the fifth zinc finger motif. Therefore the human
NRSF/REST mRNA splice variant, expressed in NB-OK-1 cells, is predicted to encode
a truncated NRSF/REST protein isoform, designated NRSFSF, containing the N-terminal
repression domain and five of the zinc fingers of the DNA binding domain. A recently
identified human NRSF/REST splice variant, that is highly expressed in small cell lung
cancer (Coulson et al., 2000), contains a 50 bp insertion between the fifth and sixth
finger motifs and comparison of its sequence to the 50 bp insertion found in
NRSF/REST expressed in NB-OK-1 cells shows the sequence is identical. Alignment of
the sequence of exon N50 with mouse NRSF/REST genomic sequence revealed 96%
homology with a 50 bp region within the intronic sequence between exon III and exon
IV. During the course of this study the detection of mouse NRSF/REST mRNA splice
variants, containing a 16 bp insert (exon N16) between the fifth and sixth zinc finger
motifs, were reported to be expressed in neuroblastoma cell lines and brain tissue but not
in non-neural tissues (Palm et al., 1999). Comparison of exon N16 sequence to mouse
genomic sequence showed it is identical to the 3’ portion of the 50 bp region in the
mouse NRSF/REST gene that is homologous to exon N50 (Figure 3). This 16 bp
sequence, positioned 4.2 kb downstream of exon III and 0.8 kb upstream of exon IV in

the mouse gene, was designated exon N (for neural-specific exon) (Figure 1).
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Exon/intron boundaries between mouse, rat and human NRSF/REST genes are

conserved

The sequence at the predicted exon/intron junctions of the mouse, rat and human
NRSF/REST genes are shown in Table 1. The sequences of mouse, rat and human splice
donor sites were found to be 100% conserved while the sequences of mouse and rat
splice acceptor sites were conserved but diverged from human splice acceptor sites.
Nonetheless the positions of splice acceptor sites in mouse, rat and human genes have
been conserved in most cases. The exception is the splice acceptor site which gives rise
to exon N50 in human. The AG dinucleotide that is highly conserved in all splice
acceptor sites is present as GG in mouse and rat and is therefore not used (Table 1). A
splice acceptor site found a further 34 bp downstream is used instead, in mouse and rat,
resulting in a shorter exon N. Although this splice acceptor site is also present in the

human NRSF/REST gene no evidence demonstrating its use has been reported.

3.2.3 Detection of mouse NRSF/REST transcripts in P1 transfected HEK 293 cells

Sequence analysis of P1 restriction fragments showed that the entire mouse
NRSF/REST gene including, at least, 10 kb of 5’ flanking sequence and 9 kb of 3’
flanking sequence is present in the P1 genomic clone. To determine whether sufficient
NRSF/REST genomic sequence was present to direct expression of the mouse
NRSF/REST gene the P1 genomic clone was transfected into HEK 293 cells, a human
NRSF/REST expressing cell line and RT-PCR analysis was performed to determine if
mouse transcripts could be detected. RNA extracted from wild-type HEK 293 cells and
P1 transfected HEK 293 cells were subjected to RT-PCR using species specific primers
to discriminate between the endogenous and transfected NRSF/REST genes. Primer,
1270s (containing sequence to exon IA) used in conjunction with primers 69a and 137a

(containing sequence to exon II) yielded no PCR products from cDNA derived from
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5’ splice site (splice donor) 3’ splice site (splice acceptor)

consensus MAGIGTRAGT YnNYAGIG
exon IA 6A66 GTAGGAC TTTATCCAG AGTACAGTTA exon I
XXX Y o
exon IB GAG GTAACT TTTATCCAG AGTACAGTTA exon Il
Y o
exon 10 GAG GTGCGT TTTATCCAG AGTACAGTTA exon I
Y o
CAG GTAAG ACTTTGCAG GAG
exon S exon
TS
CAG GTTGGT TACCTTTAG GTG
£xon exon [V
CAG GTTGGT TTGGACCGG TGG (not used) exon NS5O
e+ (notused)
exon
ATTTACTAG AGT
exon N16
(not used)
exon TGGIGTATGTATTCAG|GTA TACCTTTAG GTG
NI16IN2S exon IV
NSOING62

Table 1 Comparison of sequence at exon/intron boundaries of mouse, rat and
human NRSF/REST genes Mouse sequences at the predicted exon/intron boundaries
were derived by comparison of mouse NRSF/REST genomic sequence to cDNA
sequence. Mouse sequences are shown in black; rat sequences are shown in blue (taken
from Palm et al., 1998) and human sequences are shown in red (taken from Palm, et al.,
1999). Exon sequences are shown in bold text and intron sequences in plain text. I
denotes exon/intron boundary; x denotes sequences not determined.
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untransfected HEK 293 cells (Figure 4, lanes 3 and 8). Primers to cyclophillin produced
a robust PCR band (lanes 2 and 7) indicating that a lack of PCR product was not due to a
lack of cDNA. In contrast, a PCRAproduct was obtained using cDNA derived from
transfected HEK 293 cells and the length of this PCR product was identical to the PCR
product obtained from cDNA derived from mouse 3T3 cells (lanes 4, 5 and 9, 10). As no
PCR products were obtained in absence of reverse transcriptase (lanes 6 and 11), and the
primers were derived from separate exons, the observed PCR products indicate the
presence of mouse NRSF/REST mRNA in transfected HEK 293 cells. The presence of
correctly spliced mouse NRSF/REST transcripts in transfected HEK 293 cells
demonstrates that the P1 genomic clone contains sufficient sequence to drive
NRSF/REST gene expression. Moreover since the entire P1 clone was transfected cis-
regulatory elements maybe exonic, intronic or within 3’ flanking sequence. These latter
possibilities have numerous precedents in genes encoding transcription factors, for
example, Mashl (Verma-Kuvari et al., 1998) and Csx/Nkx2.5 (a homeobox transcription
factor) (Tanaka et al., 1998) which both requife sequences that lie 3’ of the coding

sequence to generate appropriate gene expression patterns in transgenic mice.
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Figure 4 RT-PCR analysis of PI clone transfected HEK 293 cells HEK 293 cells,
grown in 600 mm dishes, were transiently co-transfected with 0.9 p.g of PI genomic
clone and 0.1 jig pCMVP DNA (Clontech) using TFx™-50 (Promega) as detailed
under Methods and Materials. Subsequent LacZ histocytochemistry showed that
>1% of cells were transfected. RT-PCR analysis was performed on 0.4 pg of DNase
I-treated, total RNA extracted from 3T3 (T), HEK 293 (H) and PI transfected HEK
293 (HP) cells. PI-transfected HEK RNA, without reverse transcription, was
included as a negative control (-ve). PCRs were performed in the presence of 5%
(w/v) DMSO using primer pairs to cyclophillin (lanes 2 and 7) and mouse
NRSF/REST: 1270s/69a (lanes 3, 4, 5 and 6) and 1270s/137a (lanes 8, 9, 10 and 11).
Cycling conditions used were: 1 cycle 94°C/3 min; 35 cycles 94°C/45 s, 63°C/30 s
and 72°C/1 min; 1 cycle 72°C/5 min. PCR products were electrophoresed through
2% MetaPhor® agarose; M, 1-Kb DNA marker (Life Technologies).
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3.2.4 Summary

A mouse genomic P1 clone was obtained, containing the entire Rest gene locus
and at least 10 kb of 5’ flanking seqﬁence and 9 kb of 3’ flanking sequence. This clone
contains sufficient sequence to direct expression of mouse NRSF/REST transcripts in a
human, NRSF/REST expressing cell line. Determination of the mouse Rest gene
structure showed that the N-terminal repression domain and the first four zinc finger
motifs forming the DNA binding domain; the fifth zinc finger motif; and the remainder
of the coding region, including the remaining three zinc finger motifs of the DNA
binding domain, the C-terminal repression domain, and the 3’ UTR are encoded by exon
IT, exon III and exon IV, respectively. A human NRSF/REST splice variant containing a
50 bp exon between the fifth and sixth zinc finger motifs is expressed in NB-OK-1
human neuroblastoma cells and is predicted to encode a NRSF/REST isoform,
designated NRSF;, consisting of the N-terminal repression domain and five of the zinc
finger motifs forming the DNA binding domain. Similar splice variants have been
identified in mouse, as well as rat, neuroblastoma cell lines and brain tissues (Palm et al.,
1998; 1999) which contain a short exon corresponding to the distal portion of the 50 bp
exon identified in human and these also encode NRSFg.. Three 5’ UT exons were
identified, exon IA, exon IB and exon IC which are transcribed and alternativly spliced
onto the first coding exon, exon II, resulting in mRNA containing three different 5’
UTRs designated type A, type B and type C, respectively. The much higher abundance
of mRNA containing type A, 5> UTR in mouse fibroblast and neuroblastoma cell lines
suggests the promoter directing transcription of mRNA containing type A, 5’ UTR is

responsible for the vast majority of transcripts.
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3.3 Transcription initiation site analysis

To identify the 5’ flanking sequence of the mouse Rest gene, several
complementary methods were used to determine the positions of the transcription
initiation sites, consisting of mapping the 5’ termini of mRNA and carrying out in vitro

transcription assays using NRSF/REST genomic fragments.

3.3.1 5’ RACE PCR analysis indicates that type A, 5’ UTR is approximately 300
bp long.

As a means to mapping the 5’ termini of mouse NRSF/REST mRNA transcripts,
the length of the 5’ UTR was determined by using 5° RACE PCR analysis as shown in
Figure 5. The cDNA template, derived from 3T3 mouse cells, was tailed with dATP to
form the 5’ anchor site and subjected to two rounds of PCR amplification using, first,
anchor primer RACE-1, in conjunction with NRSF/REST primer, 137a (the 5’ end of
which anneals 158 bp downstream of the 5’ end of exon II) and, second, RACE-2 primer
in conjunction with an internal NRSF/REST primer, 69a (the 5’ end of which anneals 96
bp downstream of the 5’ end of exon II). PCR products containing sequence
corresponding to type A, 5’ UTR, the most abundant mRNA, were detected by Southern
hybridisation using radio-labelled oligodeoxynucleotide probes: As and Aa,
corresponding to positions +273/+303 and +468/+442, respectively. A smeary signal
that extends from approximately 280-480 bp was obtained, however, the strongest
hybridisation signal corresponded to a PCR product of approximately 400 bp (Figure 5),
and since 96 bp should correspond to constitutive exon II sequence, this PCR product
was expected to contain approximately 300 bp of exon IA sequence extending from
position +224 to position +528 corresponding to the 3’ end of exon IA. The 5° RACE
PCR products were cloned and screened by colony hybridisation using radio-labelled

oligodeoxynucleotide probes, As and Aa, and six positive colonies were identified.
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344-H
288~
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5’ untranslated region poly A tail
mRNA 5’ IAAAAAAAAA 3’
cDNA synthesis 3’ * STTTTTTTTT §°

(primed with oligo d(T)is)

cDNA tailed with dATP for
addition of'the 3’ anchor site

5 eni:l exon 137a
3 (A)n < - -TTTTTTTTT 57 Fi?&é%"ggé’f
GACTCGAGTCGACATCGA(T) 17 158 bp
RACE-1 (Anchor primer)
i
5’end exon Il
69a
3’ CTGAGCTCAGCTGTAGCT(A) 17 A Second round of
GACTCGAGTCGACATCGA A A 96 bp RACE PCR
s a

RACE-2 (Anchor primer) (+273X+468)

Figure 5 5° RACE PCR analysis of mouse NRSF/REST mRNA (A) 5° RACE
PCR products from the second round of amplification were electrophoresed through
2% MetaPhor® agarose and subjected to Southern hybridisation using radio-labelled,
oligodeoxynucleotide probes: As and Aa (the 5’ ends of which correspond to
positions +273/+303 and +468/4-442 in exon lA). Arrows point to positions of DNA
fragments in 1-Kb DNA ladder (Life Technologies) with sizes given in base pairs.
The large arrow points to the strongly hybridising band. (B) Schematic showing
procedure for 5 RACE PCR (adapted from Frohman et al., 1988).
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Sequence analysis showed one clone contained sequence corresponding to exon
IA sequence, but between positions +423 and +528 only, and the remaining clones were
false positives (contained no insert). Although Southern hybridisation indicated that
longer 5’ RACE PCR products were obtained, a large number of 5° RACE clones would
have been needed to be analysed to obtain 5° RACE clones containing full length type
A, 5’ UTR, therefore, alternative methods were used to map the position of the 5’

termini of mouse NRSF/REST mRNA.

3.3.2 Identification of a cluster of transcription initiation sites within exon IA
between positions +203 and +272

To map the exact position of the 5’ termini of NRSF/REST mRNA containing
type A, 5° UTR, RNase protection analyses were performed. Two internally radio-
labelled cRNA probes, spanning the 5’ end of exon IA and 5’ flanking sequence,
corresponding to positions -516 to +402 and positions -310 to +402 generated an
identical series of protected bands that were specific to 3T3 and Neuro2a RNA and
which were not generated using yeast RNA (Figure 6). A third cRNA probe spanning
positions -227 to +468, generated a similar series of bands that. migrated with an
incremental increase in molecular weight that is consistent with the increase in length of
the 3’ end of the probe (Figure 6). Since RNA migrates slower than DNA in urea-
acrylamide gels (Sambrook et al., 1989), specific protected fragments generated with
cRNA probe -227/+468 must be 66 nucleotides longer than specific protected fragments
produced with cRNA probes -516/+402 and -310/+402, however a difference of 67 bp
indicated that the length of RNA molecules needed to be corrected by 1.5% (corrected
lengths of protected fragments are given in Figure 6). The positions of the transcription
initiation sites, corresponding to the 5’ termini of NRSF/REST mRNA, were determined

by subtracting the length of the protected fragment from the position corresponding to
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Figure 6 RNase protection analysis of the 5’ end of mouse NRSF/REST mRNA (A)
Three cRNA probes, internally radio-labelled with [a-**P] rCTP, were synthesised using
T7 RNA polymerase using linearised plasmid templates. cRNA probes —516/+402 and
-310/+402 were generated from pBSK Xho 1.0 cut with BamH]1 and Spel, respectively.
cRNA probe —227/4+468 was generated from pGEMT-easy 1700s-Aa cut with Sall.
cRNA probes —516/4+402 and -310/+402 were each annealed with 10 pg yeast RNA (Y),
10 pg 3T3 total RNA (T) and 50ug and 10pug Neuro2a total RNA (N), respectively.
cRNA probe —227/+468 was annealed with 2 ng yeast RNA, 2 ug 3T3 poly A* RNA and
2 ug Neuro2a poly A* RNA. Hybridisation was performed in 20 pl of 80% formamide,
400 mM NaCl, 40 mM PIPES (pH 7.9) and 1 mM EDTA at 55°C overnight. Samples
were subjected to RNase digestion as described under Methods and Materials and
electrophoresed through a 3.5% urea-polyacrylamide gel. The gel was dried and exposed
to X-ray film. A DNA sequence ladder was used as a size marker (not shown). Arrows
indicate protected cRNA fragments specific to 3T3 and Neuro2a RNA. Apparent lengths
of protected cRNA fragments (shown in bold) have been corrected for 1.5% slower
migration of RNA compared to DNA on denaturing polyacrylamide gel. The
corresponding positions of transcription initiation sites are given in parantheses (B) Map
of the 5’ end of the mouse NRSF/REST gene with the regions spanned by each probe
indicated.
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the 3’ end of the cRNA probe. A cluster of nine transcription initiation sites was

mapped within a 69 bp segment of the mouse NRSF/REST gene between positions +203
and +272 (Figure 8). Interestingly é transcription start site at position +218 coincides
with the position corresponding to the longest rat type A, 5° UTR containing cDNA
clone isolated (Palm, et al., 1998). Moreover the transcription initiation sites identified
by RNase protection analysis are predicted to generate type A, 5° UTR ranging between
265 bp and 334 bp long, and this is consistent with the 5° RACE PCR data which
indicated that the length of the type A, 5° UTR is approximately 300 bp long. The
cluster of nine transcription initiation sites are used in both 3T3 and Neuro2a cells,
however, the intensity of the bands obtained using Neuro2a RNA were much lower than
those obtained using 3T3 RNA (Figure 6), and this finding correlates with published
data demonstrating that NRSF/REST mRNA levels are ~30-fold lower in Neuro2a cells

compared to 3T3 cells (Lonnerberg et al., 1996).

Intriguingly RT-PCR analysis of cDNA derived from 3T3 cells using a primer
within exon IA (1270s) in conjunction with a primer within exon II (137a) demonstrated
that sequence as far upstream as position +161 within exon IA is transcribed (Figure 4),
thus RNase protection and 5> RACE PCR data still corresponded to mRNA transcripts
initiating within known exon IA sequence. Failure to observe RNase protected
fragments, that could correspond to mRNA transcripts initiated upstream of position

+203, suggested that the abundance of such transcripts was below the limits of detection.

3.3.3 Identification of a second cluster of transcription initiation sites further
upstream within exon IA
Since mRNA corresponding to transcripts initiating upstream of position +203

were detected by RT-PCR but not by RNase protection assays, an alternative method
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was used to identify the positions of transcription initiation sites that may exist further
upstream within exon IA. In vitro transcription assays, as a method of determining the
position of transcription start sites, have been used previously, for example, for the
analysis of the human decorin (Santra et al., 1994) and N-methylpurine-DNA
glycosylase (Tatsuka et al., 1995) genes. Mouse NRSF/REST genomic DNA fragments,
containing exon IA and 5’ flanking sequence, were assayed for the ability to initiate
transcription using ‘transcriptionally active’ HeLa nuclear extracts, containing [0.-**P]
rCTP, and the resulting run-off transcripts were analysed by autoradiography. HeLa cells
express NRSF/REST (Chong et al., 1995) and therefore nuclear extracts derived from
these cells should contain the necessary factors required to initiate transcription
faithfully from NRSF/REST genomic templates. Mouse NRSF/REST genomic fragment
1 (corresponding to -516/+402) and genomic fragment 2 (corresponding to -227/+402)
both generated identical sets of three run-off transcripts, corresponding to DNA sizes of
423, 410 and 397 nucleotides long (Figure 7). Genomic fragment 3, spanning positions
—227 to +492, and thus extending 90 bp downstream compared to genomic fragments 1
and 2, produced run-off transcripts corresponding to DNA sizes of 518, 505 and 492
nucleotides long (Figure 7). The fact that specific run-off transcripts from genomic
fragment 3, must be 90 nucleotides longer than run-off transcripts from genomic
fragments 1 and 2, was used to determine that the length of RNA had to be corrected by
5% due to slower migration compared to DNA (Sambrook et al., 1989). Accordingly,
the corrected sizes of run-off transcripts generated from genomic fragments 1 and 2 were
found to correspond to 402, 390 and 377 nucleotides, whilst those generated from
genomic fragment 3 correspond to 492, 480 and 467 nucleotides (Figure 7). The
positions from which transcripts had been initiated were determined by subtracting the
length of the transcript from the position of the 3’ end of the genomic fragment. The

length of these transcripts indicated the presence of transcription initiation sites, within
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Figure 7 Transcription initiation site analysis using an in vifro transcription assay
and comparative PCR of genomic DNA and ¢cDNA. (A) Map of the 5’ end of the
mouse NRSF/REST gene showing exon IA and 5’ flanking sequence. Thin lines mark
the regions spanned by the genomic fragments 1, 2 and 3 that were used in the in vitro
transcription assay. Arrowheads indicate the positions of transcription initiation sites
identified using the in vitro transcription assay. Arrows indicate the position of primers
used to carry out the comparative PCR analysis. (B) In vitro transcription assay
performed as detailed under Methods and Materials (Chapter 2) using HeLa nuclear
extract (Promega) and genomic fragments 1, 2 and 3. Samples were electrophoresed
through a 4% urea-acrylamide gel, dried and exposed to X-ray film. Labelled
arrowheads indicate transcript sizes (in nucleotides) and sizes have been corrected for
5% slower migration of RNA compared with DNA on this denaturing polyacrylamide
gel. The number in parantheses indicates the positions of corresponding transcription
initiation sites. (C) DNase I
treated, total 3T3 RNA was reverse transcribed as described under Methods and
Materials. PCRs were performed in the presence of 5% DMSO using NRSF/REST
primer pairs to exon IA: 1500s/IAa and 1570s/IAa, on 3T3 cDNA (C), 3T3 cDNA
without reverse transcription (N) and a subcloned mouse NRSF/REST gene restriction
fragment Pstl 5.3 (G) (refer to Figure 1). The PCR cycling conditions used were: 1 cycle
94°C/3 min; 35 cycles 94°C/30 s, 63°C/30 s, 72°C/3 min; 1 cycle 72°C/5 min. PCR
products were electrophoresed through 2% MetaPhor® agarose. M, 1-Kb ladder DNA
marker.
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exon IA, upstream of the cluster of nine transcription initiation sites identified by RNase
protection analysis. The position corresponding to the initiation site of the longest
transcript was designated +1 and the rtwo shorter transcripts accordingly as +13 and +25
(Figure 8). Interestingly, the intensity of the three run-off transcripts appeared to be
similar suggesting that the three start sites are equally used, at least in in vitro
transcription assays. The additional band generated from genomic fragment 1 may
correspond to an initiation site positioned ~30 bases upstream of +1, but this band was

not generated from genomic fragments 2 and 3 and is therefore likely to be non-specific.

3.3.4 The region spanning position +1 is transcribed within the endogenous
NRSF/REST gene

To detect the presence of mRNA initiated at positions +1, +13 and +25 within
exon IA, primer extension assays were performed using a primer derived from exon IA
sequence (corresponding to positions +260/+240). An identical set of primer ’extension
products were detected using run-off transcripts generated from HeLa cell extract and
poly A* mRNA derived from 3T3 cells as template, however primer extension assays
performed with a second primer to exon IA (corresponding to positions +247/+227) did
not produce bands with the predicted incremental decrease in length of 13 bases (data
not shown). These data indicate that primér extension products obtained with one or
both of these primers were non-specific. Furthermore the length of primer extension
products obtained with both of these primers did not correspond to any of the
transcription start sites mapped by RNase protection or in vitro transcription assays. As
an alternative method to detect endogenous mRNA transcripts initiated at position +1,
comparative PCR analyses of mouse genomic DNA and 3T3 cDNA were carried out.
Two different upstream primers were used: 1500s (position -74/-50) that contained

sequence just upstream of the proposed transcription start site at +1, and 1570s (position
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-12/+12) that contained sequence overlapping +1. These upstream primers were used in
conjunction with two downstream primers: IAa and IAa,, containing sequence derived
from exon IA. The PCR products 6btained from this analysis are shown in Figure 7.
Primer pair 1570s/IAa, generated the same size PCR products from both genomic DNA
and cDNA, indicating that this region is transcribed and that the primers span contiguous
exonic sequence. However, primer pair 1500s/IAa generated PCR products only from
genomic DNA, consistent with this sequence being upstream of the transcription
initiation sites. In control reactions no PCR products were obtained using RNA without
reverse transcription, demonstrating that amplified products obtained using cDNA could
have not resulted from contaminating genomic DNA. The comparative PCR analysis
produced data that is consistent with mRNA transcripts initiated at position +1 within

the endogenous NRSF/REST gene, at least in 3T3 cells.

3.3.5 Transcription initiation sites within exon IB and exon IC

Semi-quantitative PCR analysis indicated that mRNA containing type B and type
C, 5’ UTRs are present at very low levels, relative to mRNA containing type A, 5’ UTR
in mouse NRSF/REST expressing cell lines (see Figure 2). In an attempt to map the
positions from which mRNA which are initiated within exon IB and exon IC, a radio-
labelled cRNA probe corresponding to positions +794 to +1533, and thus spanning both
exon IB and exon IC was used in RNase protection assays. Protected fragments were
observed using both 3T3 and Neuro2a RNA but protected fragments of an identical
length were also observed using yeast RNA (data not shown), indicating that the
protected bands observed were due to self-protection, possibly as a result of secondary
structure. In fact the sequence between positions +794 and +1533 has a high GC content,
thus predisposing this region to secondary structure. During the course of these studies

Koenigsberger et al., (2000) reported the identification of several transcription initiation
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sites within exon IB and exon IC of the mouse NRSF/REST gene and mRNA initiated at
these sites are predicted to generate mRNA containing type B and type C, 5° UTRs,

respectively.

3.3.6 Sequence analysis of the 2.0 kb HindIII fragment containing the three 5’
non-coding exons

To identify the DNA elements that direct and control transcription of mRNA
initiated within exon IA, the DNA sequence extending 516 bp upstream and 1533 bp
downstream of the start site at position +1 was determined (Figure 8). Inspection of the
nucleotide sequence surrounding the cluster of transcription start sites around +1 within
exon JA revealed a canonical TATA box at position -42 and two CCAAT boxes at
positions -95 and -501 (Figure 8). Examination of the sequence surrounding the cluster
of nine transcription initiation sites between +203 and +272 within exon IA revealed no
homology with the TATA box or initiator element (Inr) YYA*'NWYY (Javahery et al.,
1994) suggesting this is a TATA-less promoter. However the sequence spanning +203 to
+272 is highly GC-rich, which is characteristic of many promoters that generate
transcripts with multiple 5’ termini. Four Spl sites were identified using MatInspector
(Quandt et al., 1995), positioned 5 bp, 16 bp, 74 bp and 104 bp upstream of position
+203, the most 5’ start site within this cluster (Figure 8). Sp1 sites in close proximity to
transcription start sites have been identified in many TATA-less promoters and have
been shown to be essential for promoter activity. Examples include the insulin-like
growth factor-binding protein-2 (Boisclair et al., 1993) and adenosine deaminase
(Dusing and Wiginton, 1994) genes. Database analysis of the sequence bétween
positions -516 and +947 using MatInspector Professional (Quandt et al., 1995) revealed
90 matches for potential transcription factor binding sites. A number of recognition sites

were identified for AP-2, EGR-1 and EGR-3 (data not shown), but the sequence
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extending 1.3 kb downstream of +1 is highly GC-rich (78%) which increases the
likelihood of spuriously identifying these GC-rich transcription factor recognition sites.
However the identification of sites-for transcription factors belonging to the class of
immediate early genes is interesting since these could potentially play a role in
modulating NRSF/REST expression in neurones in response to extracellular stimuli. In

addition, recognition sites for STAT, AP-1, Oct-1, NFkB and even NRSF/REST were

amongst those identified (Figure 8).

95



Figure 8 Sequence of a 2.0 kb HindIII fragment containing the NRSF/REST 5° UT
exons and proximal regions. (A) Restriction map of mouse NRSF/REST gene showing
relative positions of exons (shown as boxes) and introns (shown as lines). (B)
Restriction map of a 2.0 kb Hindlll fragment that spans the 5° UT exons: IA, IB and IC
and flanking sequences. B, BamHI; X, Xhol; H, HindIIl; S, Smal; Sc, Sacl. (C)
Nucleotide sequence of the 2.0 kb HindIIl fragment. Nucleotides in bold indicate
sequences for 5’ UT exons: IA, IB and IC. Positions of Xhol, Smal and Sacl restriction
sites are underlined. Arrowheads indicate positions of transcription initiation sites within
exon IA determined by RNase protection and in vitro transcription assays with the most
5’ transcription start site assigned as +1. Primers used in comparative PCR analysis are
identified by arrows lying above the sequence. Boxes indicate the positions of the TATA
box and CAAT boxes, as well as binding sites for the transcription factors: Spl, AP1,
STAT, Oct-1, NFkB, and NRSF/REST which were all identified using MatInspector
Professional (Quandt et al., 1995).
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3.3.7 Summary

5’ RACE PCR analysis demonstrated that NRSF/REST mRNA containing type
A, 5’ UTR extends approximately 300 bp upstream of the initiation codon. Using RNase
protection assays, a cluster of nine transcription initiation sites were mapped within a 69
bp segment within exon IA (between positions +203 and +272) that are used in both 3T3
and Neuro2a cells, however, as expected the abundance of NRSF/REST mRNA in
Neuro2a cells was much lower. Thus the 5> RACE PCR and RNase protection analysis
produced consistent results, indicating the presence of a cluster of transcription start sites
within exon IA that generate type A, 5° UTR of a length ranging between 265 bp and
334 bp. However, RT-PCR analysis demonstrated that exon IA sequence upstream of
position +203 is transcribed in 3T3 cells, although these mRINA transcripts are likely to
be present at very low levels since they were not detected using RNase protection
assays. Using an in vitro transcription assay, genomic fragments containing exon IA and
the 5’ flanking region generated run-off transcripts from a triplet of transcription
initiation sites (the most upstream site was assigned +1) in a 25 bp segment that is
positioned a further 178 bp upstream of the cluster of nine transcription start sites.
Furthermore RT-PCR analysis of 3T3 RNA using a primer upstream of +1 generated a
PCR product from genomic DNA but not cDNA, while using a primer spanning +1
generated PCR products from both cDNA and genomic DNA, demonstrating that the
upstream start sites are utilised in the endogenous NRSF/REST gene, at least in 3T3
cells. Sequence analysis of the 5° proximal sequence revealed that the two clusters of
transcription initiation sites that are pbsitioned 178 bp apart in exon IA are associated

with distinct promoter elements.
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3.4 Identification and characterisation of cis-acting regulatory domains

within the mouse NRSF/REST gene

To localise the genomic regions necessary and sufficient for promoter activity,
fusion constructs were prepared containing different NRSF/REST genomic fragments,
directing expression of the luciferase reporter gene. The reporter constructs were
transiently transfected into non-neural and neuronal cell lines and primary cultures that

display different levels of endogenous NRSF/REST gene expression.

3.4.1 Identification of a region of the NRSF/REST gene able to direct cell-specific
reporter gene expression

Transient transfections were performed in 3T3 cells, a fibroblast cell line that
expresses high levels of NRSF/REST mRNA (Lonnerberg et al., 1996); Neuro2a cells, a
neuroblastoma cell line that expresses moderate levels of NRSF/REST mRNA
(Lonnerberg et al., 1996) and PC12 cells, an adrenal pheochromocytoma cell line that
expresses very low levels of NRSF/REST mRNA (Chong et al., 1995; Shimojo et al.,
1999). In accord with these published data, RNase protection assays performed with
cRNA probes directed towards the 5’ termini of mouse NRSF/REST mRNA
demonstrated that 3T3 cells express much higher levels of NRSF/REST mRNA than
Neuro2a cells (Figure 6). To test for promoter activity an 11 kb mouse NRSF/REST
genomic fragment, starting at approximately position -8500 and extending downstream
to the translation initiation codon in exon II, was cloned into a modified luciferase
vector, pGL3 splice (see chapter 2, section 2.3.3). This construct, pGL3 -8.5, contains
exon IA, exon IB, exon IC and the splice acceptor site of exon II, thus the prediction is
that reporter transcripts containing three different 5’ UTRs are generated, the same as in
the endogenous gene. The relative luciferase activities obtained by transient transfection

of this construct into cell lines are shown in Figure 9. The highest level of reporter gene
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expression was detected in 3T3 cells which produced 13+2.9 —fold (n = 4) activity,
relative to promoterless pGL3 splice. A moderate level of activity, of 3.1+0.79 —fold (n
= 3), was measured in Neuro2a célls, and no activity above background level was
detected in PC12 cells, which produced 0.93+0.57 —fold (n = 7) activity. The luciferase
activity produced by pGL3 -8.5 in 3T3, Neuro2a and PC12 cells correlates with the high,
moderate and low levels, respectively, of endogenous NRSF/REST gene expression that
have been reported for these cell lines (Chong et al., 1995; Lonnerberg et al., 1996;
Shimojo et al., 1999). Thus pGL3 -8.5 appears to contain sufficient genomic sequence to
direct cell-specific reporter gene expression in transient transfections. As shown in
Figure 9, removal of 4 kb of 5’ flanking sequence and a part of the first intron (between
nucleotides +2000 and +2400), to generate pGL3 -4.5 A2.0/2.4, containing exon IA,
exon IB, exon IC and the exon II splice acceptor (the latter allowing intronic sequence to
be spliced out of reporter transcripts), produced similar high levels of luciferase activity
in 3T3 cells (15+£1.2 —fold (n = 8)), moderate levels of activity in Neuro2a cells
(4.6+0.69 —fold (n = 6)) and only slight activity in PC12 cells (1.8+0.39 —fold (n = 8)).
Compared with pGL3 -8.5 this construct, pGL3 -4.5 A2.0/2.4, produced a slight but not
significant increase in luciferase activity in both Neuro2a and PC12 cells (P > 0.1,
unpaired student’s t test). Thus the 6.5 kb NRSF/REST genomic fragment between
nucleotides -4500 and +2000 still contained sufficient sequence to direct cell-specific

reporter gene expression in 3T3, Neuro2a and PC12 cells.

The lower reporter gene expression produced by both pGL3 -8.5 and pGL3 -4.5
A2.0/2.4 in Neuro2a and PC12 cells, compared to 3T3 cells, could be due to repressor
elements that are selectively active in Neuro2a and PC12 cells and/or enhancer elements
that are selectively active in 3T3 cells. To test these possibilities, a series deletions were

made from the 5’ and 3’ end of the 6.5 kb genomic fragment in pGL3 -4.5 A2.0/2.4.
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These were assayed in 3T3, Neuro2a and PC12 cell lines and the results are summarised

in Figure 9.

3.4.2 5’ deletion analysis

Lower NRSF/REST gene expression in Neuro2a and PC12 cells is achieved by cell

selective repressor elements

Deletion of 4.2 kb of 5’ flanking sequence between nucleotides -4500 and -310,
to generate pGL3 -310 A2.0/2.4, increased luciferase activity in Neuro2a and PC12 cells
by 1.6 and 1.7 —fold, respectively. However no change in reporter gene activity was
detected in 3T3 cells. The luciferase activity displayed by pGL3 -310 A2.0/2.4 in
Neuro2a and PC12 cells, compared to pGL3 -4.5 A2.0/2.4, was a slight but significant
increase (P < 0.05, unpaired student’s t test). Thus the region between -4500 and -310
may harbour a weak repressor element that is selectively active in Neuro2a and PC12

cell lines.

NRSF/REST mRNA containing type A, S’ UTR is far more abundant than
mRNA containing type B and type C, 5° UTRs in 3T3, Neuro2a and PC12 cell lines (see
Figure 2). In accord with these data, deletion of the region between -310 and +262 which
contains both clusters of transcription initiation sites identified within exon IA, to
generate pGL3 +262 A2.0/2.4, resulted in a significant reduction in luciferase activity of
2.4 —fold in 3T3 cells. Strikingly, removal of nucleotides -310 to +262 had no significant
effect on reporter gene expression in Neuro2a and PC12 cells. In pGL3 +262 A2.0/2.4
transcription is potentially initiated within exon IB and exon IC, since low levels of
mRNA transcripts that are initiated within exon IB and exon IC were detected by RT-
PCR in all three cell lines (see Figure 2), and several transcription start sites have been

identified within exon IB and exon IC (Koenigsberger et al. 2000). Thus reporter gene
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Figure 9 Transient transfection analysis of a deletion series of mouse
NRSF/REST gene reporter constructs. (A) Map of the 5’ end of mouse
NRSF/REST gene and flanking region. Arrows indicate positions where deletions
were introduced and these are numbered with respect to the 5’ most transcription
start site defined as +1. (B) For Neuro2a, 3T3 and PC12 cells, respectively 0.25 pg,
0.5 ng and 1 pg of DNA consisting of equimolar amounts of each reporter plasmid,
and Bluescript® II (Stratagene) DNA to make up the total amount of DNA, were
transfected using Tfx™-50 (Promega) into each well of a 24-well plate. Cells were
co-transfected with pRL-CMV (Promega) which contains Renilla cDNA driven by
the CMV promoter, at a ratio of 1:250 of pRL CMV to reporter plasmid. Luciferase
assays were carried out using 5 pl (Neuro2a) and 20 pl (3T3 and PC12) of cell
extract and reagents of the Dual-Luciferase™ assay system (Promega). Relative
luciferase activity is defined as firefly luminescence normalised to Renilla
luminescence expressed relative to normalised luminescence driven from the
promoterless pGL3 splice. A representation of each reporter plasmid is indicated on
the left of the graph and values of relative luciferase activity are given on the right.
Data represent the mean +S.E.M of at least three independent experiments each
performed in triplicate.
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expression directed by the promoters upstream of exon IB and exon IC appear to have
increased. One rationalisation for this is that the segment between positions -310 to +262
contains a repressor element(s) that Suppresses transcription initiated within all three 5’
UT exons in Neuro2a and PC12 cells but not in 3T3 cells. Removal of the transcription
start sites within -310/+262 would be mitigated by the concomitant removal of the
repressor element(s), hence resulting in little change in reporter gene activity. Also the
level of luciferase activity in Neuro2a and PC12 cells would be expected to be the same
as the level of activity in 3T3 cells. The transfection data suggest that additional cis-
elements that maintain lower expression in PC12 cells are present in pGL3 +262
A2.0/2.4. A further deletion from positions +262 to +389, to generate pGL3 +389
A2.0/2.4, produced a further small increase in luciferase activity ranging between 1.6
and 2.0 —fold in all three cell lines indicating that this region contains a weak repressor
element(s). In fact the reporter construct pGL3 +389 A2.0/2.4 produced the maximal
luciferase activity observed in Neuro2a and PC12 cell lines. In summary the 5’ deletion
data suggest that the lower levels of reporter gene expression observed in Neuro2a and
PC12 cells are due to repressor elements that are present between positions -4500 and
+389, however the repressor element(s) present between nucleotides +262 and +389 also

suppresses activity in 3T3 cells.

Identification of a proximal enhancer region spanning the 3’ portion of exon IA and part

of the first intron
Further 5° deletion from positions +389 to +947, resulting in removal of the

remaining 3’ end of exon IA and part of the first intron, to generate pGL3 +947 A2.0/2.4

produced a dramatic reduction in luciferase activity ranging between 3 and 6 —fold in all

three cell lines. Since, the reporter construct pGL3 +947 A2.0/2.4 still retains the

transcription start sites within exon IB and exon IC that have been mapped by
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Koenigsberger et al. (2000), the region between +389 and +947 appears to contain
enhancer element(s) that promote transcription from these exons. However, to
demonstrate that reduced luciferasei activity was not due to deletion of initiation sites
within exon IB, the region between +389 and +947 was cloned, in both orientations, ’
upstream of a heterologous promoter in pGL3 Inr (Wood et al., 1999) containing the
initiator sequence from the adenovirus major late promoter. As can be seen in Figure 11
this fragment enhances transcription from pGL3 Inr between 5.1+0.55 and 6.6+1.06
—fold when cloned in the forward orientation, and to a similar degree ranging between
6.1+0.68 and 8.0+0.89 —fold when cloned in the reverse orientation, in all three cell
lines. These data showing that the region between +389 and +947 activates reporter gene
expression from a heterologous promoter in an orientation-independent manner indicates
that the reduction in reporter gene expression seen upon deletion of this fragment in
pGL3 +389 A2.0/2.4 is due to the removal of an enhancer element(s) that is present
between +389 and +947. The genomic segment corresponding to the sequence between

positions +389 and +947 was designated the proximal enhancer region.

3.4.3 3’ deletion analysis

The fact that NRSF/REST mRNA containing type A, 5° UTR is the most
abundant NRSF/REST transcript in 3T3, Neuro2a and PC12 cells, motivated the search
for transcriptional control elements that direct transcription of mRNA with type A, 5’
UTR. Therefore a series of deletions were generated from the 3’ end of the genomic
insert within pGL3 -310 A2.0/2.4 to remove exon IC and exon IB, however the splice

acceptor site between +2400 and +2500 was retained.
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Identification of a distal enhancer region in the first intron which is required for the

higher luciferase activity in 3T3 cells
Deletion of nucleotides +2000 to +1533, to generate pGL3 -310 A1.5/2.4 which

retains exon IA, exon IB and exon IC, almost halved the luciferase activity produced in
3T3 cells, reduced activity by 1.6 —fold in PC12 cells and increased activity by 1.5 —fold
in Neuro2a cells. Deletion of the same fragment to generate pGL3 +389 A1.5/2.4 and
pGL3 +947 A1.5/2.4, both of which contain exon IB and exon IC but not exon IA, led to
a 2.9 and 2.2 —fold reduction in luciferase activity in 3T3 cells, respectively. In contrast
no significant change to reporter gene activity was observed in Neuro2a and PC12 cells.
These data suggest that the segment between +1533 and +2000 increases reporter gene
expression in 3T3 cells, and perhaps to some extent in PC12 cells. In fact Koenigsberger
et al., (2000) also report the detecting enhancer activity in a fragment corresponding to
+1518/+2010 (+1517/+2000 as defined here) which enhanced reporter gene expression
directed by a heterologous promoter. The genomic region between nucleotides +1533

and +2000 was designated the distal enhancer.

Further deletion of the sequence between +1533 and +947, which contains the
transcription start sites mapped within exon IC and most of start sites mapped within
exon IB (Koenigsberger, et al. 2000), to give pGL3 -310 A0.95/2.4, decreased luciferase
activity by between 1.6 and 2.3 —fold in all three cell lines. Decreased reporter gene
activity may reflect a loss of low levels of reporter transcripts initiated from exon IB and

exon IC however the possibility that this region contains an enhancer is not ruled out.

The proximal enhancer region is essential for exon IA promoter activity

In the 3’ deletion series, the most dramatic change in luciferase activity was

produced by a deletion of 558 bp, corresponding to the proximal enhancer region
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between positions +947 and +389, to generate pGL3 -310 A0.39/2.4. This reporter
construct still retained the 5’ portion of exon IA, the two clusters of transcription start
sites within exdn IA, and 310 bp 6f 5’ flanking sequence, however, reporter gene
expression was decreased by 9.4 —fold and 5.9 —fold in Neuro2a and PC12 cells
respectively, and 1.9 —fold in 3T3 cells. Luciferase activity produced by pGL3 -310
A0.39/2.4 in Neuro2a and PC12 cells was lower than background levels. However
approximately 2.0+0.01 —fold activity was detected in 3T3 cells. These data are
consistent with the 5’ deletion analysis which suggested that the region between -310
and +262 contains a repressor element that is selectively active in Neuro2a and PC12
cells. Moreover the promoter activity associated with exon IA is dependent on the
proximal enhancer region. A further deletion to generate pGL3 -310 A0.32/2.4 resulted
in a further modest decrease in luciferase activity ranging from between 1.4 and 1.8

—fold in all three cell lines.

3.4.4 The proximal enhancer is essential for exon IA promoter activity in rat
primary cultures of neuroepithelial cells

In situ hybridisation analysis of mouse and chick embryos has shown that low
levels of NRSF/REST mRNA are present in the developing nervous system but
expression is restricted mainly to the ventricular zone (Chen et al., 1998; Chong et al.,
1995; Schoenherr and Anderson, 1995a). Loss-of-function and gain-of-function studies
demonstrate that the expression of NRSF/REST in the ventricular zone is crucial for the
proper spatial and temporal expression of NRSE/RE1-bearing genes (Chen et al., 1998;
Paquette et al., 2000). Moreover the precise control of NRSF/REST gene expression in
the ventricular zone is essential for the proper development of neurones (Paquette et al.,
2000). Primary cultures of neuroepithelial (NE) cells derived from the cortical

ventricular zone of rat embryos can differentiate into neurones, astrocytes and
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Figure 10 Transient transfection analysis of the 3’ deletion series of NRSF/REST
gene reporter constructs in neuroepithelial cells. For neuroepithelial cells
prepared from rat E14 cortex 0.2 pg DNA containing equimolar amounts of each
reporter plasmid, and Bluescript® II (Stratagene) DNA to make up the total amount
of DNA, was transfected using Effectene (Qiagen) in each well of a 24 well plate.
Neuroepithelial cells were co-transfected with pRL-CMV (Promega) which contains
Renilla cDNA driven by the CMV promoter, at a ratio of 1:40 of pRL CMV to
reporter plasmid. Luciferase assays were carried out using 20 pi cell extract and
Dual-Luciferase™ assay system (Promega). Relative luciferase activity is defined as
firefly luminescence normalised to Renilla luminescence expressed relative to
normalised luminescence driven from the promoterless pGL3 splice. A
representation of each reporter plasmid is indicated on the left of the graph and
values of relative luciferase activity are given on the right. Data represent the mean

+S.E.M of at least three independent experiments each performed in triplicate.
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oligodendrocytes (Williams and Price, 1995). RT-PCR analysis of primary NE cell
cultures showed that NRSF/REST mRNA is present (N. J. Buckley, unpublished
observation). Therefore, the NRSF/REST reporter constructs pGL3 -8.5 and pGL3
—4.5A2.0/2.4, that are sufficient to support cell specific reporter gene expression in
fibroblast, neuroblastoma and pheochromocytoma cell lines, were tested for activity in
primary cultures of NE cells. In all tissues examined, including embryonic and adult rat
brain, NRSF/REST mRNA containing type A, 5° UTR is the most abundant
NRSF/REST transcript (Palm et al., 1998). Accordingly the 3’ deletion series of reporter
constructs were tested to identify the transcriptional control elements required for exon
IA promoter activity in NE cells. The data obtained from transient transfection assays of
reporter constructs performed in NE cells are summarised in Figure 10. The luciferase
activity produced by pGL3 -8.5 in NE cells was only slightly above background levels.
In contrast reporter gene expression produced by pGL3 -4.5 A2.0/2.4 was 4.0+0.9 -fold
above background. Removal of -4500 to -310 to generate pGL3 -310 A2.0-2.4, which in
Neuro2a and PC12 cells produced a slight increase in reporter gene activity, produced
no significant change in activity in NE cells. Deletion of the segments from positions
+2000 to +1533, to generate pGL3 -310 A1.5/2.4, and from positions +1533 to +947, to
generate pGL3 -310 A0.95/2.4, each produced an incremental increase in luciferase
activity of 1.3 —fold. Although NRSF/REST mRNA containing type B and type C, 5’
UTRs are present at very low levels in embryonic rat brain (Palm et al., 1998) and in rat
primary neural progenitor cell cultures (Koenigsberger et al., 2000), the transfection data
in this study suggest that the promoter regions upstream of exon IB and exon IC have
very little activity in NE cells, and the most prominent promoter activity in these cells is
upstream of exon IA. In accord with these data deletion of the proximal enhancer region,

to generate pGL3 -310 A0.39/2.4, which is essential for transcription initiated within

exon A in Neuro2a and PC12 cells, and to a lesser extent in 3T3 cells, led to a marked
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3.7 —fold reduction in activity. Finally, removal of nucleotides between +389 and +320,

to generate pGL3 -310 A0.32/2.4 produced a further small decrease in luciferase activity.

3.4.5 The 5’ and 3’ portion of the proximal enhancer activates reporter gene
expression driven from a heterologous promoter

Transient transfection analysis of the mouse NRSF/REST gene reporter
constructs defined the proximal enhancer region, spanning the 3’ portion of exon IA and
part of the first intron between +389 and +947, as important for promoter activity in
Neuro2a, PC12 and NE neuronal cells and to a lesser extent in 3T?3 fibroblast cells. In
order to define the boundaries of the proximal enhancer region a series of constructs
were made by insertion of Sau3Al fragments spanning this region upstream of the
heterologous promoter in pGL3 Inr, resulting in pGL3 Inr +394/4+659, pGL3 Inr
+659/+763 and pGL3 Inr +947/+763 and these were tested in 3T3, Neuro2a and PC12
cells. Since the proximal enhancer region was equally effective in both the reverse and
forward orientations, the fact that clones containing the fragment between positions
+763 and +947 were obtained in the reverse orientation only should not effect the ability
of this region to enhance expression. As shown in Figure 11, both the 5’ fragment,
+394/+659, and the 3’ fragment, +947/+763, each retained approximately 50% of the
enhancer activity of the entire proximal enhancer region. The centre fragment
+659/+763 did not appear to have any enhancer activity. Thus, the 5’ and 3’ portions of
the proximal enhancer were able to activate reporter gene expression from a
heterologous promoter, although neither fragment alone was as effective as the whole

fragment.
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Figure 11 Analysis of the NRSF/REST proximal enhancer region (A) Map of the
mouse NRSF/REST +3S9/+947 proximal enhancer region. Labelled arrows indicate
positions of Sau341 sites (B) For Neuro2a, 3T3 and PC 12 cells, respectively 0.25 [Xg,
0.5 pg and 1 pg of reporter plasmid DNA were transfected using Tfx™-50 (Promega)
into each well of a 24-well plate. Cells were co-transfected with pRL-CMV (Promega)
which contains Renilla cDNA driven by the CMV promoter, at a ratio of 1:250 of pRL
CMYV to reporter plasmid. Luciferase assays were carried out using 5 pi (Neuro2a) and
20 pi (3T3 and PC 12) of cell extract and reagents of the Dual-Luciferase™ assay system
(Promega). Indicated on the left of the graph are schematic representations of pGL3 Inr
containing fragments of the proximal enhancer cloned upstream of the adenovirus major
late promoter initiator sequence. Values for relative luciferase activity are given on the
right. Relative luciferase activity is defined as firefly luminescence normalised to
Renilla luminescence expressed relative to normalised luminescence driven from the
empty pGL3 Inr. Data represent the mean +S.E.M of at least three independent

experiments each performed in triplicate.
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3.4.6 Electromobility shift assays performed with DNA fragments spanning the
proximal enhancer region

To identify trans-acting féctors that bind the proximal enhancer region,
electromobility shift assays were performed using end-labelled Sau3Al fragments as
probes corresponding to nucleotides +394/4+659, +659/+763 and +763/+947. However,
despite using different cell extract preparations from 3T3, Neuro2a and PC12 cell lines,
no DNA-protein complexes were detected using any of the three probes under the
conditions employed in this assay (Figure 12). The quality of the protein extracts was
tested by performing EMSAs using a radio-labelled Spl oligodeoxynucleotide probe
(Promega), and multiple DNA-protein complexes were detected (Figure 12). The
detection of two or more specific complexes in EMSAs performed with a Spl
oligodeoxynucleotide probe has also been reported by others (Myers et al., 1998; Wood
et al., 1996). The specificity of the DNA-protein complexes was tested by competing the
shift by inclusion of a 70 —fold excess of unlabeled Spl oligodeoxynucleotide (Figure

12).

3.4.7 Identification of an NRSE/RE1-like sequence within the proximal enhancer
region

Sequence analysis using MatInspector Professional (Quandt et al., 1995) had
revealed an NRSE/RE1-like sequence between positions +794 and +814 in the proximal
enhancer region (Figure 8), raising the possibility that NRSF/REST may regulate its own
expression. However EMSAs performed with a segment of the mouse NRSF/REST gene
containing the NRSE/REI-like sequence as a probe (+763/+947) did not produce any
DNA -protein complexes (Figure 12) with 3T3 cell extracts which have previously been
demonstrated to contain NRSF/REST binding activity (Wood et al., 1996). In addition

the transfection data had not indicated that the proximal enhancer contains a repressor

112



Figure 12 Electromobility shift assays performed with DNA probes spanning the
NRSF/REST proximal enhancer region between positions +389 and +947 (A)
Electromobility shift assays were performed using **P-end-labelled DNA fragments
corresponding to regions +394/4+659, +659/+763 and +763/4+947, of the mouse
NRSF/REST gene, and whole cell extracts prepared from 3T3, Neuro2a and PC12
cell lines. (B) Repetition of electromobility shift assays using different 3T3 and
PC12 whole cell extracts (C) Electromobility shift assays performed using a **P-
labelled double-stranded consensus Spl probe (Promega) and 3T3, Neuro2a and
PC12 cell extracts pre-incubated with a 70-fold molar excess of Spl
oligodeoxynucleotide (sp. comp.), or 100-fold molar excess of oligodeoxynucleotide
containing unrelated sequence (non-sp. comp.).
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element since deletion of this region had led to a marked reduction in reporter gene
expression. However the presence of a repressor element may be masked by positive-
acting elements within the same region. Table 2 shows the NRSE/RE1-like sequence
within the NRSF/REST gene aligned to a published NRSE/RE1 consensus sequence
(Schoenherr et al., 1996) and NRSE/RE1 sequences that have been functionally defined
in seven other genes. The consensus NRSE/RE1 sequence has been derived by
comparison of 19 different NRSE/RE1 sequences that can bind NRSF/REST
(Schoenherr et al., 1996). The 19 sequences were chosen on the basis of their high
degree of similarity and a few were selected for their divergence to a composite
NRSE/RE1 sequence to define the limits of NRSF/REST binding. The consensus
NRSE/RE1 was derived by assigning the most commonly found nucleotide to each
position. Thirteen of these positions were either invariant or differed from the consensus
only once among 19 sequences, while eight positions were variable. In some instances
NRSF/REST was shown to tolerate a large number of differences from the consensus at
these variable positions, for example the GABA-A receptor 8 subunit and human
cytochrome P450-11f have four and five mismatches, respectively, yet they bind
NRSF/REST (Schoenherr et al., 1996). However, all sequences with six or more
deviations from the consensus were found not to bind NRSF/REST. Shown in Table 2,
the NRSE/RE1-like sequence in the mouse NRSF/REST gene diverges from the
consensus sequence at six nucleotide positions which suggested that this sequence may
not bind NRSF/REST. However, this interpretation was tempered by the observation
that nucleotides seen to be critical in the context of one NRSE/RE1 sequence may be
redundant in the context of another NRSE/RE1 sequence (Schoenherr et al., 1996). For
example, mutation of the two adjacent G residues at position 12 and 13 to T residues has
been shown to drastically reduce binding and silencing by NRSF/REST (Mori et al.,

1992). However, the rat glycine receptor has an A residue at position 13 (as well as two
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other deviations) and can bind NRSF/REST much better than the double mutant
(Schoenherr et al., 1996). Since the NRSE/RE1 sequence in the mouse NRSF/REST
gene may bind with a lower affinity than previously described NRSE/RE1 sequences,
competition EMSAs were performed which would allow the relative concentration of
NRSE/RE1-like sequence to be greatly increased in the binding reaction. Cell extracts
were incubated with a radio-labelled probe generated from the promoter region of the rat
Na type II gene containing an NRSE/REI1 that has previously been shown to bind
NRSF/REST (Chong et al., 1995). Prior to addition of the probe, cell extracts prepared
from PC12 cells, stably transfected with an NRSF/REST expression plasmid (described
in Wood et al., 2001), were incubated with double-stranded oligodeoxynucleotide
competitors corresponding to the NRSE/RE1 sequence from the mouse NRSF/REST
gene or the rat Na type II gene. A 100-fold molar excess of Na type II NRSE/RE1 was
sufficient to partially compete the observed shift although a 500-fold molar excess was
required to fully compete (Figure 13). However even a 10,000-fold molar excess of the
NRSE/RE1-like sequence from the NRSF/REST gene was unable to compete for
NRSF/REST binding to the Na type II promoter (Figure 13). Thus these results suggest
that the NRSE/RE1-like sequence between positions +794 and +814 within the mouse

NRSF/REST gene does not bind NRSF/REST.
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Consensus TTCAGCACCACGGACAGCGCC

Mouse NRSF/REST TTCAGGACCGCGGTCACCAGC
Rat SCG10 TTCAGCACCACGGAGAGTGCC
Rat Na type II channel TTCAGAACCACGGACAGCACC
Rat M, muscarinic receptor TTCAGCACCTCGGACAGCTCC
Rat GluR2 receptor TTTAGCACCGAGGACAGCGCT
Mouse nAChR, B2 subunit TTCAGCACCACGGACAGCGCT
Rat BDNF TTCAGCACCTTGGACAGAGCC
Rat GABA-A receptor, & subunit TTCAGCACCGAGGACGGCGGA

Table 2 Alignment of mouse NRSF/REST gene NRSE/RE1-like sequence with
functional NRSE/RE1 sequences Nucleotides in bold indicate mismatches with the
published consensus NRSE/RE1 sequence (Schoenherr et al., 1996). Bold,
underlined nucleotides indicate mismatches that are invariant in other functional
NRSE/REI sequences. Rat SCG10 (Mori et al., 1992); rat Na type II channel
(Kraner, et al., 1992); rat M, muscarinic receptor (Wood, 1995, et al.; Mieda, et al.,
1996); rat GluR2 receptor (Myers et al., 1998); mouse nAChR B2 subunit (Bessis et
al., 1997); rat BDNF (Timmusk et al., 1993) and rat GABA-A receptor, & subunit
(Schoenherr et al., 1996) NRSE/RE1 sequences shown.
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Figure 13 Competition electromobility shift assays performed with the sequence
corresponding to the NRSE/REI-like sequence within the mouse NRSF-REST
gene. Electromobility shift assays were performed using a radio-labelled NRSE/REI
containing BgIWIHindlW fragment of the promoter of the type II sodium channel
gene. PC12 Cl1 (Wood et al.,, 2001) whole cell extracts, expressing myc-tagged
human NRSF/REST (pMT HZ4, gift from D.A. Anderson, Caltech), were pre-
incubated with different amounts of double stranded oligodeoxynucleotide
corresponding to the NRSE/REI sequence from either the type II sodium channel or

mouse NRSF/REST genes. Labelled arrows show position of complexes.
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3.4.8 Summary

A NRSF/REST genomic fragment, containing 11 kb of sequence upstream of the
initiation codon, and a 6.5 kb genorhic fragment internal to this larger fragment were
both sufficient to support reporter gene expression in 3T3, Neuro2a, PC12 and NE cells.
Furthermore the relative luciferase activities produced by pGL3 -8.5 and pGL3 -4.5
A2.0/2.4 in 3T3, Neuro2a and PC12 cell lines were consistent with the relative levels of
endogenous NRSF/REST gene expression that have been reported in these cells. A
series of 5’ and 3’ deletions within pGL3 -4.5 A2.0/2.4 were generated and their activity
tested in 3T3, Neuro2a, PC12 and NE cells leading to the identification of several
negative cis-acting regions that are required to suppress activity in Neuro2a and PC12
cells and a positive cis-acting region that is required to enhance expression in 3T3 cells.
Moreover the proximal enhancer region, spanning the 3’ portion of exon IA and part of
the downstream intron, was found to be crucial for the promoter activity directing
transcription initiated within exon IA, particularly in Neuro2a and PC12 neuronal cell
lines and NE cell primary cultures. When placed upstream of a heterologous promoter,
the proximal enhancer region activated transcription in an orientation and position-
independent manner. Delineation of the proximal enhancer region, by generating
heterologous promoter constructs containing smaller fragments spanning this region,
showed that the 5° and 3’ portions were each partially responsible for enhancer activity.
However electromobility shift assays performed by using the 5’ and 3’ portions of the
proximal enhancer region as probes failed to produce any detectable DNA-protein
complexes. Finally competition EMSAs, performed with an oligonucleotide
corresponding to an NRSE/RE1-like sequence present in the proximal enhancer region

demonstrated that NRSF/REST is unlikely to interact with this sequence.
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4.0 DISCUSSION

4.1 Introduction

During neurogenesis, progenitor cells must select between neuronal versus non-
neuronal cell fates; and in the former case, must select among a large repertoire of
neuronal subtype fates. These developmental decisions require the action of
transcriptional regulatory proteins, as has been indicated by genetic analyses first in
invertebrates (reviewed in Jan and Jan, 1994) and more recently in vertebrates (Joyner
and Guillemot, 1994). Neuronal cell fate specification usually involves a cascade of
regulatory events in which transcriptional regulators are controlled by other
transcriptional regulators acting in a hierarchical manner. Furthermore, these hierarchies
of transcription factors are themselves controlled by signalling pathways that respond to
cell-cell interactions and environmental signals. Thus transcriptional regulation is
important in the genesis, as well as function, of neurones. A great deal of work has been
devoted to defining the cis-acting DNA elements and trans-acting protein factors
involved in the transcriptional regulation of neurone-specific genes (reviewed in Mandel
and McKinnon, 1993) and most of these studies have identified positive-acting factors
(reviewed in He and Rosenfeld, 1991). However recent studies have revealed that
negative-acting transcription factors also play a significant role in directing neurone-
specific gene expression (reviewed by Schoenherr and Anderson, 1995b). NRSF/REST
represents one of the first transcriptional repressors to be identified that directs neural-
specific expression of multiple, terminal-differentiation genes. NRSF/REST is a multi-
zinc finger DNA-binding protein that is expressed at high levels in non-neural tissue
during development and adulthood, at lower levels in undifferentiated neural progenitor
cells and at very low levels in mature neurones. This transcription factor has been
implicated in silencing, and more recently in both repressing and activating, the

expression of multiple neurone-specific, terminal-differentiation genes (Schoenherr et
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al., 1996) in non-neural and neuronal cells, respectively. Loss-of-function studies
indicate that NRSF/REST expression is essential for normal growth and morphogenesis
in early development (Chen et al., 71998), and gain-of-function studies indicate that
downregulation of NRSF/REST expression in the developing nervous system during
neuronal differentiation is essential for specific aspects of neuronal development
(Paquette et al., 2000). In order to address how NRSF/REST expression is controlled at
the transcriptional level, a study was initiated to investigate the structure of the
NRSF/REST gene and its promoter to try and identify the cis-acting DNA elements and

trans-acting proteins that govern cell-specific expression of the NRSF/REST gene.

4.2 Discussion of results
4.2.1 Alternative splicing at the 5’ end of mouse NRSF/REST primary transcripts
results in mRNA containing three alternative 5’ UTRs

Human NRSF/REST c¢DNA, has been independently cloned in three labor\atories
and these all contain 5° UTR of different lengths, but the same sequence (Chong et al.,
1995; Schoenherr and Anderson, 1995a; Scholl et al., 1996). Rat NRSF/REST ¢cDNA
clones have been isolated containing three different 5° UTRs (designated type A, type B
and type C) (Palm et al., 1998), although expression studies have shown that rat
NRSF/REST mRNA containing type A, 5° UTR (which is homologous to human
NRSF/REST 5’ UTR) is the most abundant (~80% of all NRSF/REST transcripts) in all
tissues analysed, including brain (Palm et al., 1998). So far no reports of tissue-specific
or developmental stage-specific expression of any of the 5° UTRs has been detected.
One report claims that primary cultures of cortical neurones, prepared from E17 rat
embryos, express mRNA containing type B, 5° UTR more abundantly than mRNA
containing type A and type C, 5’ UTRs (Koenigsberger et al., 2000), however the RT-

PCR data in Koenigsberger et al., (2000) does not support their claim. The mouse
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NRSF/REST gene contains three alternative 5° UT exons, designated exon IA, exon IB
and exon IC. RT-PCR analysis of mouse 3T3 fibroblast and Neuro2a neuroblastoma cell
lines led to the detection of splice vériants in which each of the 5° UT exons is spliced
onto the first coding exon, exon II, resulting in mRNA containing type A, type B and
type C, 5’ UTRs. Furthermore expression of the latter two splice variants was estimated
to be approximately 1000-fold less abundant in all three cell lines. The fact that these
alternative 5° UT exons are transcribed indicates that exon IA, exon IB and exon IC each
has a promoter. However the exclusive or predominant expression of mRNA containing
type A, 5° UTR in both murine and human NRSF/REST expressing cells suggests that

the promoter directing transcription initiated within exon IA has the strongest activity.

4.2.2 NRSF/REST mRNA containing type A, 5° UTR are initiated from multiple
start sites within exon IA that are arranged in two clusters

To define the promoter region upstream of exon IA, the positions of the
transcription initiation sites were determined. Southern hybridisation analysis of 5’
RACE PCR products showed type A, 5° UTR is predominantly about 300 bp long. In
accord with these data, mapping the 5’ termini of mRNA by RNase protection assays,
using three probes spanning the 5’ end of exon IA and the upstream sequence, indicated
the presence of a cluster of nine transcription initiation sites within a 69 bp segment and
the use of which are predicted to generate mRNA containing 5’ UTR ranging between
265 bp and 334 bp long. The 5’ proximal sequence to the transcription start sites
between +203 and +272 is GC-rich and does not contain any TATA box or initiator
sequences, however four Spl elements are present that may be required to direct
transcription from these positions. However the fact that RT-PCR indicated that the
sequence upstream of the most 5’ transcription start site at position +203 is transcribed

prompted the use of an alternative method to define the start sites. Using in vitro
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transcription a second cluster of three transcription initiation sites was mapped within a
25 bp segment positioned 178 bp upstream and the most 5’ start site within this cluster
was assigned +1. Although mRNA tfanscripts that are initiated from the upstream cluster
of start sites were not detected by RNase protection assays, the sequence was detected
by RT-PCR suggesting the mRNA transcripts are present albeit at very low levels.
Hence the utilisation of these upstream start sites appears quite low, at least in Neuro2a
and 3T3 cells. The 5’ proximal sequence contains a canonical TATA box positioned 42
bp upstream of +1, and two CAAT boxes positioned 95 bp and 501 bp upstream, and
these may be involved in initiating transcription from these start sites. However in
higher eukaryotes the TATA box normally lies 25-30 bp upstream of the transcription
start site and usually is associated with a single initiation site. Thus the role of the TATA
box in initiating correct transcription within the NRSF/REST gene can only be

unequivocally determined by mutational analysis.

During the course of this study, a report was published identifying multiple
transcription initiation sites within three alternative 5° UT exons in the mouse
NRSF/REST gene (Koenigsberger et al., 2000). However very few of the transcription
start sites were identified using both primer extension and in vitro transcription assays.
Within exon A (corresponding to exon IA in this study) a cluster of seven sites were
mapped between positions +142 and +285 (positions +128 and +271 as defined here)
and a second cluster of sites were mapped between positions -65 and +56 (positions -78
and +42) (Koenigsberger et al., 2000). Comparison of the start sites identified by
Koenigsberger, et al., (2000) and those identified in this study revealed that while some
of the sites correspond to approximately the same positions, only two of the start sites at
positions +39 and +232 (+25 and +218 as defined in this study), correspond to exactly

the same nucleotide. Furthermore of the transcription start sites mapped by
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Koenigsberger et al., (2000), thirteen are positioned upstream of the nucleotide defined
as +203 in this study, and RNase protection assays indicated that the abundance of
NRSF/REST mRNA transcripts initiated upstream of +203 is below the levels of
detection. In addition, seven of the transcription initiation sites Koenigsberger et al.,
(2000) identified are positioned between -65 and +11 (corresponding to positions -78 to
-4 as defined here) and hence lie upstream of the nucleotide defined as +1 in this study.
Since RT-PCR performed with a primer corresponding to positions -75 to -50 did not
generate any amplified products the abundance of mRNA initiated from the majority of
transcription start sites mapped by Koenigsberger et al., (2000) must be present at

extremely low levels.

In this study, exon IA was found to contain two clusters of transcription start
sites separated by a region of 178 bp. Transcripts initiated from the upstream cluster of
start sites within exon IA are predicted to result in NRSF/REST mRNA containing a
GC-rich, 5’ UT leader sequence ranging between 537 bp and 512 bp long. In contrast,
transcripts initiated from the downstream cluster of start sites, distributed between
positions +203 and +272, are predicted to result in mRNA leader sequence ranging
between 265 bp and 334 bp long. NRSF/REST is believed to contain one translation
initiation codon (Chong et al., 1995; Schoenherr and Anderson, 1995a) that resides in
exon II, however, sequence analysis has revealed that a short ORF of 40 amino acids is
present between positions +247 and +369 within exon IA (data not shown). Also an out-
of-frame AUG codon is present in exon IC (data not shown). Thus mRNA transcripts
initiated from either the upstream or downstream cluster of transcription start sites
within exon IA, except for those mRNA initiated from positions +259, +262 and +272 in
the downstream cluster, will contain the 40 bp ORF. The presence of a short open

reading frame or one or more out-of-frame initiation codons upstream of the main open
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reading frame can inhibit cap-dependent translation (Kozak, 1991). In addition, GC-rich
5’ leader sequences are not as efficiently translated (Kozak, 1991). For example the rat
AMPA receptor subunit GluR2 gene‘ contains multiple transcription initiation sites some
of which result in GluR2 mRNAs with long GC-rich 5° UTRs and several out of frame
AUG codons which impair translation (Myers et al., 1997). Therefore the choice of start
sites within exon IA from which transcripts are initiated potentially affects the
translational efficiency of NRSF/REST mRNA. The downstream cluster of transcription
start sites within exon IA produce mRNA that appears abundant in both neuroblastoma
and fibroblast cell lines. However, whether there is stage- or tissue-specific use of the

clusters transcription start sites within exon IA is currently unknown.

4.2.3 The promoter region upstream of exon IA displays the strongest activity and
is dependent on the proximal enhancer region

A reporter construct containing 310 bp of 5’ flanking sequence and the 5’ portion
of exon IA including the two clusters of transcription start sites, and 116 bp of exonic
sequence downstream of the most distal transcription start site (pGL3 -310 A0.39/2.4)
produced 2 —fold activity above background levels in a fibroblast cell line although the
activity was lower than background in both a neuroblastoma and pheochromocytoma
cell line. However, addition of the proximal enhancer region increased promoter activity
by 9.4, 5.7 and 3.6 —fold in Neuro2a, PC12 and NE cells, respectively, and by 1.9 —fold
in 3T3 cells. Thus activated transcription within exon IA is dependent on the presence of
the proximal enhancer region, corresponding to the segment from positions +389 to

+947.

Reporter constructs containing the exon IA promoter region (pGL3 -310

A0.95/2.4) generated approximately 2 —fold higher reporter gene activity in 3T3 and
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Neuro2a cells, than reporter constructs containing both exon IB and exon IC and their
respective 5’ flanking sequences (pGL3 +947 A1.5/2.4). Koenigsburger et al. (2000)
report similar results, showing that -the 5’ proximal sequence of exon IA supports the
strongest reporter gene expression followed by the 5’ proximal sequence of exon IB and
then exon IC. However in this study the abundance of mRNA containing type A, 5’
UTR was found to be 1000 —fold higher than the abundance of mRNA containing type B
and type C, 5° UTRs. Thus, the relative promoter activities upstream of exon IA, exon
IB and exon IC in transient transfection assays do not reflect these larger differences in
the abundance of NRSF/REST mRNA containing different 5’ UTRs. These data suggest
that in vivo differences in mRNA stability may result in a higher abundance of mRNA
containing type A, 5° UTR. Alternatively the reporter constructs may not contain all the
necessary cis-regulatory elements to produce levels of endogenous gene transcription

from exon IA, exon IB and exon IC.

The proximal enhancer region, which is able to activate transcription in an
orientation-and position-independent manner when placed upstream of a heterologous
promoter, is essential for transription initiated within exon IA. Enhancers that are
positioned downstream of a transcription start site and increase transcription have been
widely reported in higher eukaryotic genes such as the M; muscarinic receptor gene
(Wood et al., 1999), utropin gene (Galvagni and Oliviero, 2000), 8-enolase gene (Feo et
al., 1995) and sonic hedgehog gene (Miiller et al., 1999). The proximal enhancer region
had a more marked effect on reporter gene expressioﬁ in Neuro2a, PC12 and primary
cultured neuroepithelial cells than in 3T3 cells. The apparent cell selectivity of the
proximal enhancer region was lost when placed upstream of a heterologous promoter,
which may reflect differences in the transcriptional platforms recruited by the different

promoters. Koenigsburger et al. (2000) reported that a region, corresponding to
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+521/+948 (+508/+947 as defined here), in the mouse NRSF/REST gene acts as an
enhancer for transcription initiated within exon IB, but no data was presented on its
action on transcription initiated within exon IA. Interestingly this region enhanced
transcription initiated within exon IB as effectively in non-neural cells as in neuronal
cells supporting the notion that apparent enhancer selectivity is promoter dependent.
Delineation of the proximal enhancer region showed that enhancer activity is located
within the proximal 250 bp and the distal 185 bp but both are required for full enhancer
activity. EMSAs performed with probes corresponding to the 5’ and 3’ portions of the
proximal enhancer region did not produce any detectable DNA-protein complexes,
suggesting that any trans-acting factors are either present at low levels or exhibit weak
binding under the conditions of the assay. On the other hand, the configuration of linear
duplex DNA corresponding to the proximal enhancer region in this assay may not allow
DNA binding proteins to bind their cognate sites. For example proteins that bind cis-
regulatofy elements in the c-myc gene interact with torsionally strained but not linear
duplex DNA (Michelotti et al., 1996). Whether this is the reason for not detecting
DNA:protein interactions could be tested by performing further EMSAs using single-
stranded DNA fragments spanning the proximal enhancer region. A NRSE/RE1-like
sequence was identified within the distal 185 bp of the proximal enhancer region.
Although, more usually associated with repression, NRSE/RE1 sequences that are
located downstream of the transcription initiation sites have nonetheless been shown to
mediate transcriptional activation (Bessis et al., 1997; Kallunki, et al., 1998). How_ever
competition EMSAs performed with the NRSE/RE1 derived from the mouse
NRSF/REST gene demonstrated that this sequence does not interact with recombinant

NRSF/REST protein.
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4.2.4 Cell-specific NRSF/REST gene expression is controlled by an array of
positive and negative cis -acting regulatory domains

The cis-acting regulatory elements that control transcription of eukaryotic genes
are often found upstream of the transcription start sites, however maﬁy genes have been
found that contain cis-regulatory elements within exons, introns and even 3’ flanking
sequence. The cis-regulatory elements sufficient to direct cell-specific expression of the
NRSF/REST gene, at least in transient transfection assays, are present within 11 kb of
genomic sequence upstream of the initiation codon. An internal 6.5 kb genomic
fragment, containing 4.5 kb of 5’ flanking sequence, the three 5’ UT exons and part of
the first intron is also sufficient to produce cell-specific expression. The 3’ end of this
6.5 kb fragment terminates in the first intron and retention of the exon II splice acceptor
site ensures intronic sequence is removed from the 5° UTR of reporter transcripts. The 5’
UTR of reporter transcripts, containing intronic sequence, could lower translational their
efficiency and hence effect the luciferase activity. This is the most likely explanation for
not being able to detect luciferase activity when a 2.0 kb HindIII fragment (nucleotides
—-516 to +1533), containing exon IA, exon IB, exon IC and terminating in the first intron,
was cloned upstream of the luciferase gene in pGL3 Basic (Promega). Addition of a
HindIIl/Ncol fragment, containing a splice acceptor site, immediately downstream of the
2.0 kb HindIII fragment resulted in the production of 10-fold luciferase activity over
empty vector. Subsequently, all reporter constructs that were used in this study were
designed to contain the splice acceptor region. Several of the reporter constructs that
were tested in\ transient transfection assays by Koenigsberger, et al. (2000) contained
mouse NRSF/REST genomic fragments terminating in an intron and did not contain a
splice acceptor site upstream of the reporter gene. These reporter constructs are
predicted to generate reporter transcripts harbouring intronic sequence within their 5’

UTR and examination of their data shows that reporter constructs containing a genomic
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fragment spanning all three 5’ UT exons and terminating in the first intron, produced
considerably lower luciferase activity than reporter constructs containing genomic

fragments that terminate in either exon IA, exon IB or exon IC.

Although the proximal enhancer region has an essential role in directing
expression of the mouse NRSF/REST gene, other cis-regulatory domains that reside
elsewhere in the gene may have important functions in directing cell-specific expression.
Sequential deletions made from the 5’ and 3’ end of the 6.5 kb NRSF/REST genomic
fragment, that produces cell-specific expression in 3T3, Neuro2a and PC12 cell lines
and primary neuroepithelia cells, led to the identification of several cis-acting enhancer
and repressor regions. Three putative negative regulatory regions were identified. Two
of the regions located from positions -4500 to -310 and positions -310 to +262 appear to
inhibit expression selectively in Neuro2a and PC12 cells. A third fragment between
positioné +262 and +389 suppresses expression in 3T3, Neuro2a and PC12 cell lines.
Since NRSF/REST mRNA is only present at low levels in the ventricular zone and at
extremely low levels in differentiated neurones (Chong et al., 1995; Schoenherr and
Anderson, 1995) cell-selective repressor activities between -4500 and +262 may be
responsible for the lower NRSF/REST expression in these cell types. However, removal
of the cis-acting repressor region between -4500 and -310 produced no change in
reporter gene activity in NE cells implying that this region is not responsible for the
lower expression of NRSF/REST observed in these cells. A positive regulatory domain
identified between positions +2000 and +2400, which was designated the distal enhancer
region, increases expression in 3T3 cells. Similarly the distal enhancer region may also

enhance expression in other non-neural cells which express high levels of NRSF/REST.
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4.2.5 The organisation of the NRSF/REST gene allows generation of mRNA splice

variants encoding truncated NRSF/REST protein isoforms

Determination of the mouse NRSF/REST gene structure and comparison to the
recently described rat and human gene structures (Palm et al., 1998; 1999) shows that
the exon/intron organisation is conserved. An alternatively spliced exon, exon N, which
is expressed in brain tissue results in NRSF/REST mRNA splice variants containing
either a 16 bp (REST4) or 28 bp (RESTY) insertion after the fifth zinc finger motif
(Palm et al., 1998; Palm et al., 1999). These neural specific mRNA splice variants are
predicted to encode an NRSF/REST isoform (NRSFg;) containing the N-terminal
repression domain and five of the eight zinc finger motifs of the DNA binding domain.
As NRSF/REST is the only protein that has been found to bind the NRSE/RE1
sequence, post-transcriptional regulation resulting in alternative splicing is an important

mechanism for increasing the repertoire of NRSE/RE1 binding proteins.

4.3 Concluding remarks

Since the identification of the NRSE/RE1 cis-regulatory element in multiple
neurone-specific genes over the last decade much has been learnt about NRSE/RE1
mediated transcriptional regulation, and more recently about NRSF/REST and its
isoforms: the only NRSE/REI1 binding protein identified thus far. The expression pattern
of different NRSF/REST mRNA splice variants has been studied, the mechanisms by
which NRSF/REST represses transcription have begun to be determined, and loss-of-
function and gain-of-function studies have provided clues about the role of NRSF/REST
during development. However little is known about the mechanisms that govern cell-
specific expression of the Rest gene during development and adulthood. This study,
which has mapped the transcription start sites of the predominant NRSF/REST mRNA

transcript and identified several cis-regulatory domains within the mouse NRSF/REST
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gene, has opened the doorway to study the mechanisms underlying transcriptional

regulation of the NRSF/REST gene.

4.4 Future Experiments

RNase protection assays have shown that NRSF/REST mRNA containing type
A, 5’ UTR is the most abundant in all rat tissues analysed (Palm et al., 1998). In accord
with these data, semi-quantitative PCR showed that NRSF/REST-expressing cell lines
contain 1000 —fold more mRNA containing type A, 5’ UTR than mRNA containing type
B and C, 5’ UTRs. Two clusters of transcription start sites were identified within mouse
exon JA. As discussed earlier (see chapter 4, section 4.2.2) the use of alternative
transcription start sites within exon IA may result in NRSF/REST mRNA transcripts
with different half-lives or translational efficiencies. To determine if this is the case
experiments can be performed using expression plasmids containing different lengths of
type A ‘5’ UTR, corresponding to the different start sites, fused to luciferase coding
region. The translational efficiency of transcripts can then be compared by assaying
luciferase activity following in vitro translation or transient transfection of these
expression constructs. Furthermore the half-life of mRNA containing different
NRSF/REST 5’ UTRs can be compared by treating transiently transfected cells with
actinomycin D, which halts mRNA synthesis, and then assaying luciferase activity. To
determine whether the two clusters of transcription initiation sites within exon IA are
used in a developmental stage- or tissue-specific manner, in situ hybridisation can be
performed, using a probe to the common region of type A, 5° UTR and another probe to
5’ UT sequence present in mRNA initiated from the start sites at positions +1, +13 and

+25 only.
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In situ hybridisation analysis of mouse and chick embryos has shown that low
levels of NRSF/REST mRNA are present in the developing nervous system and
expression is restricted mainly to the ventricular zone (Chen et al., 1998; Chong et al.,
1995; Schoenherr and Anderson, 1995). Furthermore, loss-of-function and gain-of-
function studies demonstrate that the precise control of NRSF/REST gene expression in
the ventricular zone is essential for the proper development of neurones (Chen et al.,
1998; Paquette et al., 2000). Primary cultures of NE cells derived from the cortical
ventricular zone of rat embryos can differentiate into neurones, astrocytes and
oligodendrocytes (Williams and Price, 1995). However, NE primary cultures, derived
from cortex of E14 rat embryos, that have been exposed to platelet-derived growth
factor (PDGF) differentiate into neurones only (Williams et al., 1997). If the levels of
NRSF/REST mRNA in PDGF-treated NE cells show a reduction compared to untreated
cells, then these cells represent a convenient model system to assay NRSF/REST
reporter constructs and identify the cis-regulatory elements required for downregulation

of NRSF/REST gene expression during neuronal differentiation.

The proximal enhancer region is important for reporter gene expression directed
by the NRSF/REST promoter. Heterologous promoter constructs show that the proximal
and distal portions of this cis-regulatory domain contain enhancer activity, however the
precise cis-acting regulatory elements have not been mapped and the trans-acting factors
that bind have not been identified because DNA-protein interactions were not detected
using EMSAs. As an alternative approach to try and identify trans-acting factors that
bind the proximal enhancer region, a yeast one-hybrid screen of a cDNA expression
library can be performed. This technique has the advantage of allowing larger DNA
fragments, than can be used in EMSAs, to be tested. Thus the proximal enhancer region

would not need to be tested as three separate DNA fragments, but the whole region can
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be used to identify cDNA clones encoding DNA binding proteins. The resultant cDNA
clones, encoding transcription factors can be tested functionally by co-transfection with
NRSF/REST reporter contructs containing the proximal enhancer region to determine

the effects on reporter gene expression.

Finally, it would appear from the transient transfection assays in the present
study, that the NRSF/REST reporter constructs, pGL3 -8.5 and pGL3 -4.5 A2.0/2.4,
contain the cis-acting elements required to direct cell-specific expression, however
rigorous testing of this hypothesis can only be carried out using a transgenic animal
model. Once a genomic fragment is identified that is sufficient to direct reporter gene
expression in transgenic mice that recapitulates expression of the endogenous
NRSF/REST gene, then deletion and mutation analyses of cis-regulatory domains can be
performed. Comparison of the expression of wild-type and mutated transgenes in
developinent and adulthood could provide useful insights into the role of specific cis-
regulatory elements in directing NRSF/REST expression in vivo. Furthermore, several
mouse lines have been generated with targeted mutations of genes encoding
transcription factors that play a role in neuronal determination and differentiation
(Joyner and Guillemot, 1994). Generation of transgenic mice, expressing NRSF/REST
reporter genes, in genetically mutated backgrounds can enable the genetic pathways that

control NRSF/REST expression in development to be determined.
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