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ABSTRACT

The gene-expression profile of a cell in large part determines what functions that cell can
perform. Cell-type specific gene expression is set up over the course of development as
different tissues and cell types arise. By studying the mechanisms of cell-type specific
gene expression, one may uncover processes involved in the generation of different cell
types.

The neuron-restrictive silencer factor (NRSF) was isolated in an effort to discover
mechanisms involved in the generation of neurons during vertebrate embryogenesis.
NRSF is a zinc-finger transcriptional repressor that is known to have many, primarily
neuron-specific genes as putative direct targets. It is expressed widely outside of the
nervous system, and in the nervous system it is expressed in neural progenitors. NRSF is
downregulated in differentiated neurons. Given its action as a repressor, its expression
pattern, and its list of potential target genes, NRSF was likely to play an important role
in neural development.

We chose to test this idea by both inhibiting NRSF function and overexpressing
NRSF in chicken embryos. In order to inhibit NRSF function in vivo we infected embryos
with a retrovirus encoding a dominant-negative form of NRSF. Ectopic expression of
three neuronal target genes was observed in non-neural tissue. Within the nervous
system, two of these genes were derepressed in neural progenitors. Premature
neurogenesis, however, was not seen, and the low-level expression of neuron-specific
genes was insufficient to convert neural progenitors into ectopic neurons.

Overexpression of NRSF was performed by electroporating expression constructs
for NRSF into one side of the neural tube of developing chicken embryos. One target

gene that is normally expressed at low levels in neural progenitors was repressed in this



Vi
cell type. Another target gene was repressed in the differentiated neurons. This gene,
Ng-CAM, is important for axon pathfinding of spinal-cord commissural neurons. Some
axons of NRSF-overexpressing commissural neurons showed pathfinding errors. The
extent of neurogenesis and the expression of some NRSF target genes, however, was
apparently unaffected by this manipulation. NRSF, therefore, is important for proper
gene regulation during neural development, but is not a direct regulator of the process

of neurogenesis itself.
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Chapter 1

INTRODUCTION
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The gene-expression profile of a cell in large part determines what functions that cell can
perform. Specific cell types in the mature organism, therefore, have distinct patterns of
gene expression. This cell-type specific gene expression is established over the course of
development. In a mature cell gene expression levels can be further modified by
physiological stimuli. A gene’s regulatory region, therefore, must contain elements that
allow the gene to be responsive to changes in both the developmental and physiological
state of each cell.

One particularly interesting and complex cell type is the neuron. Neurons are a
major component of the nervous system — the organ system, consisting of brain, spinal
cord, and peripheral nerves and ganglia, that receives signals from the external and
internal environment, processes them, and provides signals to effector organs such as
muscles and glands to respond appropriately. In addition to the neuron, which carries
signals in the form of nerve impulses, the other major cell type of the nervous system is
the glial cell, which provides support functions for neuronal structure and activity.

Although there are an extremely large number of different neuronal subtypes,
defined according to their location within the nervous system, their morphology,
connectivity, etc., there are many aspects that all neurons have in common. Functioning
as a neuron requires having specialized cellular processes, adhering to and forming
synapses with appropriate cells, synthesizing a neurotransmitter and packaging it in
synaptic vesicles, and having neurotransmitter receptors and ion channels. (This is not
an exhaustive list.) All neurons, therefore, must express the genes that act to fulfill
these requirements, such as genes encoding specialized cytoskeletal components and
cell-adhesion molecules, neurotransmitter-synthesizing enzymes, synaptic vesicle

proteins, and subunits of neurotransmitter receptors and ion channels.
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As mentioned above, cell-type specific gene expression is established over the
course of development. For example, at early stages of development, the genes that
underlie the function of mature neurons tend not to be expressed. Instead, there is
expression of genes that are involved in promoting cell division, enabling morphogenetic
movements, patterning undifferentiated tissue, specifying progenitor cells, etc. It is only
during the process of differentiation of neural progenitor cells into neurons that neuron-
specific genes begin to be expressed. Neural progenitors in a wide range of animals can
give rise to both neurons and glia, i.e., cell types that do and do not express neuron-
specific genes. This may in part explain why in general it is only after a neuronal
derivative of a neural progenitor ceases to divide that it begins to express the genes
characteristic of a mature neuron. Obviously, over the course of development and
especially during neurogenesis the expression of neuron-specific genes is tightly

regulated.

Regulating the process of neurogenesis

Little is actually known about the factors that directly regulate the expression of
neuron-specific genes during neurogenesis. A number of transcription factors are known,
however, that regulate the process of neurogenesis. These were initially identified in
Drosophila, and relatively recently homologues performing similar functions in
vertebrates have been isolated and characterized (Jan and Jan, 1993; Kageyama and
Nakanishi, 1997; Lee, 1997; Lewis, 1996). In Drosophila proneural genes such as atonal
and members of the achaete-scute (ac-sc) complex positively regulate neural fate. On

the other hand, hairy and Enhancer of split (E[spl]) antagonize the action of these genes
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and inhibit neuronal differentiation. Another negative regulator of neurogenesis in
Drosophila is extramacrochaetae (emc).

All of these genes encode basic helix-loop-helix (bHLH) transcription factors,
except emc, which has no basic domain. A bHLH transcription factor binds to DNA via its
basic domain and dimerizes with itself or other HLH proteins via its HLH domain. The first
two genes mentioned above encode transcriptional activators. The second two encode
transcriptional repressors that both repress the transcription of the first two genes and
inhibit the function of their products by heterodimerizing with them. The last one
encodes a transcription factor that can only act by inhibiting the ability of a dimerization
partner to bind to DNA.

The vertebrate homologues of these Drosophila genes isolated so far include the
ac-sc homologues: Mash1, Cash1 and 4, and Xash1 and 3; the atonal homologues:
Math1, Math2/NEX-1, Xath3, neurogenin (ngn) 1 and 2, and NeuroD; the hairy and E[spl]
homologues: Hes1 through 5; and the emc homologues: Id1 through 4 (Kageyama and
Nakanishi, 1997; Lee, 1997). A number of these genes have been shown to be
important regulators of different stages of vertebrate neural development. The following
examples are not an exhaustive review, but give an idea of the kinds of roles these
Drosophila homologues can have in the context of vertebrate embryogenesis.

Vertebrate neural development begins when the neural plate and a set of
placodes are formed by the transformation of ectoderm into neural ectoderm. Xash3 has
been shown to be expressed in the Xenopus neural plate and to have a role in
determining the amount of ectoderm that is converted to neural ectoderm, i.e., in
positioning the borders of the neural plate (Ferreiro et al., 1994). In birds and mammals,

the neural plate then begins to roll up, forming crests at each edge from which neural



crest cells begin to migrate. |d2 has been shown to be highly expressed in these crests
at the cranial level in chicken and to be involved in regulating the amount of ectoderm
that contributes to the cranial neural crest cell population (Martinsen and Bronner-
Fraser, 1998). The neural plate eventually forms the neural tube, and neural crest cells
continue to migrate from the dorsal part. Among other structures, neural crest cells
form sensory, or dorsal root, ganglia and sympathetic ganglia. Ngn1 and 2 have been
shown to be expressed in sensory ganglia (Sommer et al.,, 1996) and to be involved in
determining sensory fate (Perez et al.,, 1999). Mash1, on the other hand, has been
shown to be expressed in sympathetic ganglia and to be required for sympathetic
differentiation (Guillemot et al., 1993; Sommer et al., 1995).

When the neural tube first forms, it consists entirely of neural progenitors, which
are mitotically active. Later, however, neurons begin to be generated by progenitor cells
giving rise to daughters that first undergo a terminal cell division then migrate laterally
to form the marginal zone. It is in this region of the developing neural tube where these
newly born neurons upregulate neuron-specific genes. The various HLH genes tend to be
expressed in either the mitotically inactive marginal zone or the mitotically active
ventricular zone (where the progenitors reside). This expression pattern is related to the
functional classification of each of these genes as either a neuronal determination gene
or a neuronal differentiation gene (Lee, 1997; Ma et al.,, 1996). Neuronal differentiation
genes, such as NeuroD, begin to be expressed in post-mitotic neurons as they migrate
into the marginal zone, and gain-of-function experiments have shown that they can
promote neurogenesis (Lee et al., 1995). Neuronal determination genes, such as the
neurogenins, are expressed in neural progenitors, and gain-of-function experiments have

shown that they upregulate neuronal differentiation genes and, likely in doing so,
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promote neurogenesis (Ma et al., 1996). Conversely, loss-of-function experiments have
shown that neuronal determination genes are required both for the expression of the
downstream, neuronal differentiation genes and for neuronal differentiation itself (Cau et
al., 1997; Ma et al.,, 1999).

Neurogenesis regulated solely by the neuronal determination and differentiation
genes described so far would likely result in a very small number of mature neurons,
because progenitor cells would be promoted into differentiating before sufficient
numbers of progenitor cells had been generated. Neurogenesis, therefore, as in the case
of the differentiation of many different cell types, requires the effective regulation of
the antagonistic processes of cell division and cell differentiation (Kageyama and
Nakanishi, 1997). As mentioned above, a number of negative regulators of neurogenesis
have been identified in Drosophila. Vertebrate homologues of these genes, therefore,
have the potential of being negative regulators of vertebrate neurogenesis, but their
function cannot be assumed a priori. The emc homologues |d1-4, for example, do indeed
lack a basic domain, and as such have the ability to inhibit the transcriptional regulatory
ability of bHLH proteins, but |d2 has been found to promote neuronal differentiation
(Martinsen and Bronner-Fraser, 1998), and Id4 is known to be first expressed in newly
born neurons (Jen et al.,, 1997). Id1 and Id3, however, are expressed in neural
progenitors as would be expected for a potential inhibitor of neurogenesis (Jen et al.,
1997).

Of the vertebrate homologues of the hairy and E[spl] genes, the Hes1 gene has
been most convincingly shown to be a true inhibitor of neurogenesis, or “anti-neuronal
HLH gene” (Kageyama and Nakanishi, 1997). Hes1 is expressed in neural progenitors

(Sasai et al.,, 1992), and it has been shown to be able to directly repress the
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transcription of the neuronal determination gene, Mash1 (Chen et al.,, 1997). Targeted
disruption of Hes1 in mouse results in upregulation of Mash1, and premature neuronal
differentiation in both the telencephalon and retina (Ishibashi et al., 1995; Tomita et al.,
1996). In the eye, the increased rate of neuronal differentiation resulted in smaller
retinas, as would be expected if Hes1 were required to prevent differentiation
sufficiently for enough progenitor cells to be generated (Tomita et al.,, 1996).
Maintaining the expression of Hes1 in neural progenitor cells via retroviral transduction
prevented the cells from differentiating into neurons in both the cerebral cortex and
retina (Ishibashi et al., 1994; Tomita et al., 1996). Hes1, therefore, has essentially all
the characteristics of a negative regulator of neurogenesis.

Interestingly, Hes1 is expressed not only within the nervous system during
embryogenesis, but also in developing muscle (Sasai et al., 1992). One might predict,
therefore, that in a Hes1 null mutant embryo presumptive muscle cells might express
neuronal determination genes and begin to differentiate into neurons. Indeed, when the
neuronal determination gene, ngn1 or 2, is ectopically expressed in dermomyotomal
cells, ectopic sensory neurons arise (Perez et al.,, 1999). Loss of Hes1 function in the
developing muscle does not, however, lead to ectopic neurogenesis (Ishibashi et al.,
1995). This is likely because outside of the context of the nervous system loss of
repression of neuronal determination genes by Hes1 is insufficient for these target
genes to be adequately upregulated to begin the process of neurogenesis. Hes1 may, in
fact, play an anti-myogenic role during muscle development, because, as a bHLH
transcription factor, through heterodimerization it can inhibit the function of other bHLH
factors that are involved in the differentiation of other cell types. MyoD is a bHLH

transcription factor that can induce fibroblasts to differentiate into muscle. Co-
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expression of Hes1 along with MyoD can prevent this transformation (Sasai et al.,
1992). Thus, Hes1 may not only serve to negatively regulate the process of
neurogenesis during embryonic development, but of myogenesis as well. This illustrates
the fact that when cascades of transcriptional regulatory factors are involved in
generating specific cell types, the farther upstream the factor is in the regulatory

cascade, the less tightly it is associated with the final phenotype.

Regulation of neuron-specific gene expression during neurogenesis

Identification and characterization of the transcription factors described above has gone
a long way towards elucidating the mechanisms involved in regulating neural
development. The proper balance between the number of neural progenitors and
differentiated neurons over the course of neural development is maintained by the
opposing actions of the anti-neuronal HLH genes and the neuronal determination genes.
As the daughters of neural progenitors drop out of the cell cycle, the neuronal
determination genes succeed in activating the transcription of the neuronal
differentiation genes. This event is soon followed by initiation of expression of the
neuron-specific genes that are characteristic of the mature state.

Although attempts have been made to identify the direct targets of the neuronal
differentiation genes, establishing a gene as a true, in vivo direct target is difficult. This
is because most transcription factors recognize short DNA elements that are frequently
found throughout the genome. The recognition element of all bHLH factors that activate
transcription is the E-box: 5° CANNTG 3. The presence of this sequence in the

regulatory region of a gene is obviously insufficient to indicate that the gene is a target
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of a particular bHLH factor. Only with corroborating in vivo expression data, in vitro DNA
binding and transcriptional activation data, etc., can a gene be considered a candidate
for direct regulation by a particular bHLH protein. This problem has left almost
completely unanswered the question of how neuron-specific gene expression is regulated
during neurogenesis. The following section describes an attempt at addressing this

question.

Identification of the Neuron-Restrictive Silencer Element

A sequence element that mediates the transcriptional regulation of neuron-specific gene
expression is the Neuron-Restrictive Silencer Element (NRSE), also known as Repressor
Element-1 (RE-1) (Maue et al., 1990; Mori et al., 1990). This sequence element was first
discovered in the regulatory regions of two different genes whose expression is
restricted to the nervous system: Superior Cervical Ganglion 10 (SCG10) and the type I
sodium channel. Coarse deletion analyses of the promoters and 5’ flanking regions of
these two genes revealed that in each case removal of a particular segment of the
regulatory region resulted in upregulation of reporter gene expression in non-neuronal
cell lines, while expression in neuronal cell lines was unaffected. This result was also
replicated in vivo, where the regulatory region of the SCG10 gene with the deletion
directed ectopic reporter gene expression in many organs such as kidney, lung, and
spleen, while the intact construct gave expression only in neural tissue (Wuenschell et
al., 1990). Detailed deletion analyses combined with sequence comparison of the
relevant regions of the two genes later identified a 21 base-pair (bp) element as

responsible for part of the repressive activity of the deleted sequences (Kraner et al,,
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1992; Mori et al.,, 1992). This element was termed the NRSE by one group and RE-1 by
the other.

The mechanism of the tissue-specific nature of the transcriptional repression
mediated by this element was investigated by gel-shift analysis (Kraner et al., 1992;
Mori et al., 1992). A shifted band was found to be present when an NRSE probe was
incubated with extracts of non-neuronal cell lines, but not of neuronal cell lines. The
tissue-specificity of the repression, therefore, was regulated at the level of NRSE
binding. Either the protein that bound to the NRSE was not present in the neuronal cell
lines, or the protein was unable to bind to the NRSE in these cells. To further
characterize this NRSE-binding activity, mutations were made in the NRSE that
significantly reduced binding. The mutated NRSE was then tested to determine whether
diminished binding of the factor identified in the gel-shift would correlate with diminished
ability to mediate repression of a reporter construct in non-neuronal cells. The mutated
NRSE was, indeed, much less effective than the wild-type sequence. These results
provided the data and tools necessary for the identification of a specific NRSE-binding

factor.

Identification of the Neuron-Restrictive Silencer Factor

The human clone of the transcription factor that binds to the NRSE was identified by
three different groups using different criteria and different techniques. Anderson and
colleagues used phage display with radioactive wild-type and mutant NRSE sequences as
probes. They identified a phage clone that expressed a protein fragment that recognized

the wild-type but not mutant NRSE (Schoenherr and Anderson, 1995). This group
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termed the protein the Neuron-Restrictive Silencer Factor (NRSF). Mandel and colleagues
used the yeast one-hybrid method with wild-type and mutant NRSE sequences inserted
upstream of reporter genes (Chong et al.,, 1995). They identified a colony that
expressed an activation-domain fusion protein that activated reporter-gene expression
only when it was under the control of the wild-type NRSE. This group named the protein
the RE-1 Silencing Transcription Factor (REST). In contrast to the other two groups,
Strominger and colleagues did not use binding to the NRSE as the criterion for
identification, yet they identified a segment of the same protein as did the previous
groups (Scholl et al.,, 1996). This group used phage display with a different regulatory
element, the X2 box of the MHC class Il gene, DPA, to identify a plaque expressing an X2
box-binding protein fragment. The portion of the protein identified in this way was
completely different from the portion identified according to its ability to bind the NRSE.
This would indicate that the intact protein contains two distinct DNA-binding domains;
however, X2 box binding has not been replicated by other groups (Thiel et al., 1998; G.
Mandel, personal communication).

NRSF was found to have a single type of recognizable structural motif: the
Krupple-type, C,H, zinc finger. The protein contains nine of these zinc fingers, eight of
which are clustered together and form the DNA-binding domain isolated in the two
NRSE-based screens (Chong et al., 1995; Schoenherr and Anderson, 1995). The ninth is
at the extreme C-terminus, and structure-function analysis has shown that this is one of
two domains involved in the repressive activity of NRSF (Tapia-Ramirez et al., 1997;
Thiel et al., 1998). This zinc finger has been found to interact with a corepressor termed
CoREST (Andres et al., 1999). The second repression domain is at the extreme N-

terminus of the protein (Tapia-Ramirez et al., 1997; Thiel et al., 1998), and has been



12
found to interact with Sin3A and histone deacetylase, factors involved in chromatin
remodeling (Huang et al., 1999). The significance of these protein-protein interactions
will be discussed further below.

When NRSF was originally cloned, it was confirmed in a number of different ways
to be at least a component of the non-neuronal NRSE-binding activity demonstrated by
gel-shift analysis (Chong et al., 1995; Schoenherr and Anderson, 1995). First, protein
synthesized from the cloned cDNA was shown to specifically recognize the NRSE in gel-
shift experiments. Second, antibodies were generated against the cloned protein and
shown to be able to supershift a gel-shift complex from the appropriate cell extracts.
Third, a cDNA expression construct was cotransfected into a neuronal cell line along with
various reporter constructs. In this way the cloned protein was shown to be able to
repress the reporter gene in an NRSE-specific manner. Fourth, expression of the NRSF
gene was assessed in the various cell lines where the NRSE-binding activity was and was
not detected. A correlation between NRSF expression and the presence of NRSE-binding
activity in a particular cell line would not have been found, however, if binding were
regulated post-transcriptionally. Nonetheless, a perfect correlation was found, with
neuronal cell lines showing very low or undetectable levels of NRSF expression and non-
neural cell lines expressing NRSF at high levels. (Interestingly, glial cell lines were shown
to express low-to-moderate levels of NRSF; however, their NRSE-binding activity was not
assessed by gel-shift.) The correlation of NRSF expression with NRSE-binding activity
indicated that tissue-specific regulation of NRSE-containing target genes is primarily at
the level of transcription of NRSF.

NRSF expression was also analyzed by in situ hybridization in mouse and rat

embryos at stages when both neural progenitors and mature neurons are present
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(Chong et al., 1995; Schoenherr and Anderson, 1995). NRSF was found to be expressed
in almost all tissues outside of the nervous system. This was consistent with the
proposed role of NRSF of repressing neuron-specific genes in non-neural cells.
Interestingly, NRSF expression was also detected at low levels in neural progenitors,
while regions composed exclusively of mature neurons showed almost undetectable
levels of NRSF. This suggested that NRSF may also play a role in the process of
neurogenesis. The question of the expression of NRSF in glial cells in vivo was not
addressed by these studies, because for the most part, glia have not begun to
differentiate at the stages analyzed. In addition, the peripheral ganglia examined, which
may have contained differentiating glia at these time points, contained a mixture of
undifferentiated neural progenitors and differentiating neurons and glia, such that
double-labeling would have been required to determine the expression pattern at the
cellular level.

A later study, however, did partially address this question of whether NRSF was
expressed in glia in situ (Palm et al., 1998). Timmusk and colleagues performed a
detailed and sensitive in situ hybridization analysis of NRSF expression in adult rat brain.
This yielded many important results: (1) NRSF expression is undetectable in almost all
glia of the adult central nervous system (CNS). (2) Expression of NRSF is actually
maintained, at very low levels, in most mature neurons. (3) NRSF is expressed at high
levels in the non-neural tissues of the brain, including the choroid plexus, ependymal
layer, and meninges. These data facilitate the interpretation of a number of in vivo
studies of various genes, where the transcriptional activity of regulatory regions,

including or deleted for the NRSE, are tested in transgenic mice.
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Transcriptional regulation of many neuronal genes by NRSE/NRSF

| contributed to a study that analyzed the functionality of a large number of NRSE-like
sequences found via a database search in a wide variety of different genes (Schoenherr
et al.,, 1996; see Chapter 2). This investigation, as well as generating rules for predicting
the functionality of a particular sequence, provided evidence that a large number of
predominantly neuron-specific genes were direct targets of regulation by NRSF. Many
other groups, however, have independently identified NRSE-like sequences in the
regulatory regions of their genes of interest and have established a role for NRSE/NRSF
in the transcriptional regulation of these genes. To date, the list of genes investigated
by these other groups includes synapsin |, brain-derived neurotrophic factor (BDNF),
choline acetyltransferase (ChAT), the neuron-glial cell adhesion molecule (Ng-CAM), L1
cell adhesion molecule, the m4 subtype of muscarinic acetylcholine receptor (mAChR),
the B2-subunit of the neuronal nicotinic acetylcholine receptor (nAChR), the AMPA
receptor subunit GIuR2, the N-methyl-D-aspartate receptor 1 (NMDAR1), and the y2
subunit of the type A receptor for y-aminobutyric acid (GABA, receptor) (Bai et al.,
1998; Bessis et al., 1997; Bessis et al., 1995; Kallunki et al., 1997; Kallunki et al., 1998;
Kallunki et al., 1995; Li et al., 1993; Lonnerberg et al., 1996; Mieda et al., 1997; Mu and
Burt, 1999; Myers et al., 1998; Schoch et al., 1996; Timmusk et al., 1999; Timmusk et
al.,, 1993; Wood et al.,, 1996). All of these genes are expressed predominantly in
neurons and encode proteins that are directly involved in neuronal functioning. While an
in-depth review of each of these investigations would be excessive, a number of specific
results are particularly informative and have implications for future experiments.

These studies begin with a common set of steps that implicate the NRSE-like

sequence of a particular gene as being important for its cell-type specific expression: (1)
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A segment of the regulatory region of the gene is selected for analysis of its ability to
direct transcription of a reporter gene. This region can consist of any combination of the
5’ flanking region, promoter, 5 untranslated region (UTR), introns, and 3’ UTR. In some
cases the endogenous promoter is replaced by a heterologous one, because of a
complicated pattern of transcription initiation sites, for example. (2) The reporter
construct is transfected into various cell types in order to ascertain whether its
expression is cell-type appropriate. These cell types can be cell lines or primary cells
recently isolated from embryonic or adult tissue. Some categories of cell type are
“neuronal,” “glial,” and “non-neural,” meaning neither neuronal nor glial. (3) Either the
region containing the NRSE or the NRSE itself is deleted or mutated, and its effect on
cell-type specific expression is assessed. If the NRSE is involved in the proper repression
of the gene, then ectopic or increased expression is detected in an inappropriate cell
type. Analysis of the NMDAR1 gene has only been pursued to this extent (Bai et al.,
1998). (4) A few studies have gone on to examine the expression of intact vs. NRSE-
deleted/mutated reporter constructs in vivo in transgenic mice.

So far NRSF mRNA has been found in all glial cell lines tested and in a preparation
of primary CNS glia (Palm et al., 1998; Schoenherr and Anderson, 1995). This is in
agreement with the derepression that was observed in primary glia but not primary
neurons with an NRSE-deleted GIuR2 reporter construct (Myers et al., 1998). It is also
consistent with the selective expression in neurons but not glia of adenoviruses carrying
multiple copies of the NRSE upstream of various promoters (Millecamps et al., 1999;
Miyaguchi et al., 1999; Tabuchi et al.,, 1999). These results are in sharp contrast,
however, to those derived from reporter constructs analyzed in transgenic mice, where

the lack of derepression in CNS glia upon NRSE deletion/mutation correlates well to the
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lack of NRSF expression shown in almost all glia of adult rat brain (Palm et al., 1998). No
derepression in any non-neuronal cells of the brain was detected for NRSE-mutated
reporter transgenes containing either regulatory sequences of BDNF or of the p2-subunit
of the neuronal nAChR (Bessis et al., 1997; Timmusk et al., 1999). Interestingly,
however, in the case of an NRSE-deleted reporter construct based on the L1 gene
(Kallunki et al., 1998), derepression in non-neuronal cells of the brain was detected in
exactly those non-neuronal cells found to express NRSF: the glia of the olfactory bulb
that ensheathe the sensory afferents, the meninges, and the choroid plexus (Palm et al.,
1998). A precise study has not yet been made of NRSF expression in peripheral glia. One
would predict, however, that either NRSF or an alternative NRSE-binding protein is
expressed in this cell type, because derepression of the NRSE-deleted L1 reporter gene
was found in embryonic peripheral nerve (Kallunki et al., 1997).

Aside from the question of the influence of the NRSE in non-neuronal cells of the
nervous system, in vivo analysis of intact vs. NRSE-deleted/mutated reporter constructs
in transgenic mice has shed light on the role of the NRSE both in non-neural tissues and
in neurons themselves. It was somewhat unexpected that in the cases of all three genes
examined, deletion/mutation of the NRSE resulted in derepression within neurons of the
adult brain. In the case of reporter genes both for the p2-subunit of the neuronal nAChR
(Bessis et al., 1997) and for BDNF (Timmusk et al., 1999) neuronal derepression was
widespread, whereas for L1 derepression was limited to the neurons of the thalamus
(Kallunki et al., 1998). Given the, albeit low-level, expression of NRSF found in neurons
of the adult brain, however, this neuronal derepression might have been anticipated.

Two of these studies showed in addition, however, a very surprising result, which

indicated for the first time that the NRSE might be able to act as an enhancer in some
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neuronal contexts (Bessis et al., 1997; Kallunki et al., 1998). The NRSE-deleted
transgene based on L1 was expressed at lower levels than the intact transgene in the
neurons of the adult striatum, cortex, and hippocampus. In the case of the 2 nAChR
subunit, expression of the intact transgene began during embryogenesis in a widespread
pattern, including almost all differentiating neurons of the developing central and
peripheral nervous systems, while by adulthood expression was limited to a small subset
of neurons in the hypothalamus. The NRSE-deleted transgene had the opposite type of
expression pattern, where almost all embryonic expression was missing and adult
expression was promiscuous, as mentioned above. The fact that the expression of the
deleted transgene was lower than the intact transgene during embryogenesis indicated
that, depending on the context, the NRSE in the 2 nAChR subunit gene can act as an
enhancer.

The mechanism for this new function of the NRSE has not been established.
Based on data derived from chimeric reporter constructs, it has been proposed that an
NRSE acts as an enhancer in neurons when it is located either within 50 bp of the
transcription start site or within the 5’UTR (Bessis et al., 1997). This is not supported,
however, by the facts that (1) both the NRSE of the p2 nAChR subunit, in the context of
its own regulatory region, and the NRSE of the NMDAR1 gene show no enhancer function
in neuronal cell types, even though they are located in the 5UTR (Bai et al., 1998;
Bessis et al., 1995); and (2) the NRSE of the L1 gene does show enhancer function in
certain neurons, even though it is located greater than 10 kb upstream of the
transcription initiation site (Kallunki et al., 1998).

What do the analyses of regulatory regions in transgenic mice indicate about the

role of the NRSE in cell-type specific expression outside of the nervous system? The first
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study of this kind was done with the SCG10 gene, before the specific sequence of the
NRSE had been identified (Wuenschell et al., 1990). In this investigation, the expression
pattern of the intact reporter gene construct was compared to one in which a region of
the regulatory region consisting of many kilobases was deleted. This large region was
later confirmed to contain the NRSE. Nonetheless, numerous other regulatory elements
were likely deleted along with it. This study showed that, while the intact construct
showed nervous system-specific expression, the “NRSE-deleted” construct gave
expression not only in the brain but also in a wide range of non-neural tissues. Later
studies of other genes, where solely the 21 bp NRSE was either deleted or mutated,
have only partially replicated this result.

The three genes studied each gave different results. In the case of the $2 nAChR
subunit, no ectopic expression was detected outside of the nervous system (Bessis et
al., 1997). In the case of BDNF, which is normally expressed at low levels in the thymus
and lung, the NRSE-mutated reporter gene was derepressed in these two non-neural
tissues, but in no others (Timmusk et al.,, 1999). Finally, in the case of the L1 gene,
significant ectopic expression was seen in non-neural tissues (Kallunki et al., 1997;
Kallunki et al., 1998). Most of these tissues, however, derive from the neural crest. The
neural crest generates not only the neurons and glia of the peripheral nervous system
but many non-neural tissues as well, including the bones of the head, the teeth, part of
the cornea and heart, and melanocytes. Ectopic expression was found at all of these
sites. This was explained by an analysis at embryonic stages that demonstrated that
deleting the NRSE resulted in premature expression of the L1 reporter gene in the neural
crest (Kallunki et al., 1997). Thus, all neural crest derivatives showed reporter activity,

instead of only the derivatives that became neural. Non-neural expression of the NRSE-
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deleted reporter gene was not only restricted to neural-crest derivatives, however.
During embryonic and postnatal development ectopic expression was detected in the
apical ectodermal ridge and dorsal ectoderm of the forelimb; the mesoderm of the
abdominal body wall, genital tubercle, and hindlimb; and the metanephric tubules and the
ureter of the kidney.

This range of results for the three different genes analyzed in vivo so far has two
major implications for the results of inhibiting NRSF function by blocking its ability to
bind to the NRSE: (1) Only select non-neural tissues may show derepression of the
endogenous target gene. (2) The set of tissues where derepression occurs may be
different for each particular target gene.

Although deletion/mutation analysis of a regulatory region can show that the
NRSE is involved in the cell-type specific expression of a gene, additional experiments are
required to suggest that it is NRSF that mediates the NRSE-dependent regulation. One
way to implicate NRSF is to use gel-shift analysis. The putative NRSE of the gene of
interest is compared to a known NRSE in its ability to bind to a factor that is similar to
NRSF in (1) its pattern of activity in extracts of the cell types analyzed, (2) its mobility
and binding specificity, and (3) its antigenicity. Another approach to demonstrating that
NRSF may be responsible for the decrease of expression of an NRSE-containing reporter
gene in certain cell lines is to ectopically express NRSF. The hypothesis is that cell lines
that are insensitive to the presence or absence of an NRSE are so because they lack
NRSF. Therefore, if NRSF is expressed in these cell lines, then an NRSE-containing
reporter construct should be repressed relative to one lacking the NRSE.

This has frequently been the case. There are two significant exceptions, however,

that have important implications for the potential results of ectopic expression studies
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of NRSF in vivo. The regulatory region of the ChAT gene has been found to contain both
an NRSE that reduces its expression in non-neural cell types and an enhancer element
that increases its expression specifically in the cholinergic neuronal cell line, SN6
(Lonnerberg et al., 1996). When this enhancer is deleted from the reporter construct,
expression of NRSF in SN6 cells results in an NRSE-dependent reduction of reporter gene
activity. When this enhancer is included in the reporter construct, however, ectopic NRSF
is no longer able to significantly repress reporter-gene expression. This indicates that
the presence of strong transcriptional activators present in some tissues may be able to
overcome repression by ectopic NRSF in vivo. In the case of the other reporter genes
that were repressed in neuronal cell types by ectopic NRSF expression, this may be
explained by the particular regulatory region included in the reporter construct. In vivo
ectopic expression experiments will assess the expression of endogenous target genes,
which will have their full complement of regulatory elements.

A similar example of this phenomenon was found in the case of a reporter
construct containing regulatory regions of the m4 mAChR gene (Mieda et al., 1997).
Ectopic expression of NRSF in the neuroblastoma/glioma hybrid cell line, NG108-15, was
only able to partially repress this reporter gene (two-fold). When a type Il sodium
channel-based reporter construct was cotransfected into this cell line with the NRSF
expression construct, however, reporter gene expression was highly repressed (ten-
fold). Swapping the specific NRSE sequences between these two reporter constructs did
not change their response to NRSF expression, indicating that the m4 NRSE was not
simply weaker than that of the type Il sodium channel. The regulatory regions of these

two genes were simply differentially susceptible to repression by NRSF. This suggests
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that in vivo some target genes may be repressed by ectopic NRSF expression, and

others may not.

Mechanism of transcriptional repression by NRSF

The mechanism whereby NRSF represses the transcription of NRSE-containing genes has
remained relatively obscure for many years since the identification of NRSF. Very
recently, however, significant strides have been made toward addressing this question. It
has long been known that the NRSE functions in a position- and orientation- independent
manner (Maue et al., 1990; Mori et al., 1990). This was the basis for terming the
repressive sequences a silencer element, according to the classical definition (Brand et
al., 1985). Since these preliminary tests of NRSE function, numerous groups have tested
the limits of the flexibility of the NRSE. Not only does the NRSE function in all positions
tested, including downstream of the reporter gene (Kallunki et al., 1997; Mu and Burt,
1999; Thiel et al., 1998), but it is also capable of mediating repression of the following
heterologous promoters/enhancers: the thymidine kinase promoter, the SV40 promoter,
and the enhancer of the glucose-regulated protein 78 gene (Bessis et al.,, 1997,
Lonnerberg et al., 1996; Thiel et al., 1998). This ability to repress reporter-gene
expression independent of context suggests that NRSF is an active repressor that
functions either by directly inhibiting the basal transcription machinery or by recruiting a
corepressor that performs the transcriptional repression (Leichter and Thiel, 1999).

A number of corepressors have recently been identified (Leichter and Thiel, 1999
and references therein). A corepressor binds to the repressor domain of a transcriptional

repressor and is required for the ability of the repressor protein to inhibit transcription.
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KAP-1/KRIP-1 is a corepressor that interacts with the KRAB domain — a repressor domain
found in many zinc-finger proteins — and is necessary for the repressor function
mediated by that domain. N-CoR (nuclear corepressor) is a corepressor that interacts
with the C-terminal region of the unliganded thyroid hormone receptor (TR). This region
of TR is a repressor domain, and N-CoR is required for ligand-independent inhibition of
transcription by TR. N-CoR can recruit the histone deacetylase HD1. N-CoR-mediated
repression may, therefore, involve chromatin remodeling. An additional corepressor,
silencing mediator for retinoid and thyroid receptors (SMRT), contains a conserved
nuclear receptor interaction domain found also in N-CoR.

As mentioned above, NRSF contains two separate repressor domains —one at
each end of the protein. Each of these domains can be fused to the heterologous DNA-
binding domain of GAL4 and as such repress transcription of reporter genes containing
UAS elements (the element to which GAL4 normally binds). It has recently been shown
that these two NRSF repressor domains function by binding distinct nuclear factors
(Leichter and Thiel, 1999). This was done using a squelching assay. Each repressor
domain was fused to each of two proteins —the GAL4 DNA-binding domain and a
nuclear-localized version of glutathione S-transferase (GST). It was tested whether co-
expression of a particular GST-fusion protein could inhibit repression by a particular GAL4
fusion protein. Transcriptional repression by the N-terminal repression domain could be
overcome by expression of the N-terminal GST-fusion protein but not the C-terminal
GST-fusion protein, and vice versa. This indicated that each repressor domain of NRSF
required a titratable nuclear factor for its repressive function, but that the factor was

not the same for the N-terminal domain as for the C-terminal domain.
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Two other GST-fusion proteins were also tested in this assay. These were the
repressor domain of the thyroid hormone receptor o (known to interact with N-CoR), and
the repressor domain of NK10 (a KRAB domain known to interact with KAP-1/KRIP-1). If
the ability of either repressor domain of NRSF to repress transcription was inhibited by
the expression of one of these GST-repressor domain fusions, then one could propose
that N-CoR or KAP-1/KRIP-1 was a corepressor for NRSF. This was not found to be the
case. However, a novel protein related to N-CoR and SMRT, termed CoREST, has since
been found to act as a corepressor for the C-terminal repressor domain of NRSF (Andres
et al.,, 1999). (Recall, NRSF is also known as REST (Chong et al., 1995).)

CoREST was identified by a yeast two-hybrid screen, using the C-terminal domain
of NRSF as bait (Andres et al., 1999). This domain includes a single zinc finger, which
must be intact for CoREST to bind to NRSF. This correlates well to the reduced ability of
NRSF to repress a reporter gene when this zinc finger is mutated (Tapia-Ramirez et al.,
1997). The interaction of CoREST with NRSF was demonstrated by both yeast two-
hybrid and GST pull-down assays. In addition, coimmunoprecipitation of endogenous
NRSF by an anti-CoREST antibody showed that this interaction occurs in vivo. When
CoREST was enabled to bind DNA by fusing it to the GAL4 DNA binding domain, it was
found to be able to mediate repression even in the absence of NRSF, indicating that
recruiting CoREST to a transcriptional unit is sufficient to inhibit transcription. CoREST
was further shown to mediate repression by NRSF by using a squelching assay similar to
that described above. In this case, the CoREST-binding domain of NRSF (the N-terminal
repressor domain) was coexpressed with full-length NRSF and shown to be able to inhibit
reporter-gene repression. When extra CoREST was expressed along with these proteins,

it was able to rescue the inhibition of repression. Unlike NRSF, CoREST appears to be
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expressed ubiquitously, both in non-neuronal and neuronal cell lines and tissues,
indicating that it likely does not contribute to the tissue-specific regulation of NRSF
target genes and that it may be involved in the function of additional transcriptional
repressors.

A distinct mechanism of transcriptional repression by NRSF has recently been
reported that involves the N-terminal repressor domain. This domain has been shown to
be able to bind to a complex including the corepressor Sin3A and histone deacetylase
(Huang et al., 1999). The acetylation state of histones is important for transcriptional
activity, because it determines in part the accessibility of a promoter to binding by the
transcription apparatus (Huang et al., 1999, and references therein). When the lysines
of the N-terminal tails of histones are acetylated, their positive charge is neutralized,
decreasing their affinity for the negatively-charged DNA. The subsequent unfolding of
the nucleosome results in greater access of the DNA to transcription factors and other
transcriptional machinery. The opposite process has been shown to be involved in the
repression of transcription by the repressors RB and MAD. In these cases, the repressors
bind to the corepressor Sin3A or Sin3B, which recruit histone deacetylases. These
enzymes deacetylate the lysines of the histone tails, stabilizing the chromatin structure
and masking nearby promoters from the transcription apparatus.

A potential role of histone deacetylases in repression by NRSF was first
established by assessing the effect of the histone deacetylase inhibitor, trichostatin A
(TSA) on the expression of both endogenous NRSF target genes and transiently
transfected reporter constructs (Huang et al.,, 1999). The ability of NRSF to inhibit
transcription was found to be reduced in the presence of TSA, and this effect was

mapped to the N-terminal repressor domain. This domain was then shown to be able to
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associate with both Sin3A and histone deacetylase 1 (HDAC1) by coimmunoprecipitation
using both transfected and endogenous proteins. Finally, the acetylation state of the
histones associated with the promoter of the neuronally expressed, NRSF target gene,
GIuR2, was assessed. This was done in both the C6 glioma cell line and primary cortical
neurons with and without TSA treatment. First, this experiment showed that the
promoter of this endogenous gene was associated with acetylated histones in neurons
but deacetylated histones in glia, as would be predicted. Second, upon treatment with
TSA, acetylation of the histones associated with the GIuR2 promoter dramatically
increased in glia, but was unaffected in neurons. This, combined with the earlier result of
TSA treatment of glia increasing expression of the endogenous GIuR2 gene, confirmed
the idea that transcriptional repression of GIuR2 in glia is dependent on histone
deacetylation. The association of the N-terminal repression domain of NRSF with Sin3A
and HDACH1, along with the ability of TSA to inhibit the repression of a reporter gene by
this domain of NRSF, indicates that NRSF is likely to repress endogenous GIuR2
expression by recruiting HDAC1 to deacetylate the histones surrounding the GIuR2
promoter.

The fact that NRSF may be able to affect transcriptional repression by modifying
chromatin conformation may have implications for studies that attempt to inhibit NRSF
function. Binding of NRSF to its target genes may begin a process that results in those
genes being “trapped” in a repressive chromatin conformation that is not easily
reversed. If an inhibitor of NRSF function is introduced after this process is completed,
full derepression of NRSF target genes may not be seen. An extreme version of this
scenario is that NRSF may only be required to initiate repression of a target gene.

Displacing NRSF from its binding site at a later point in time, therefore, may have little
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consequence for the expression level of that gene. Clearly a transcription factor can
have an initiation rather than a maintenance function, however, without being involved in
chromatin remodeling, but the ability of NRSF to affect chromatin structure may make

this type of function more likely.

Theme of the thesis

The experiments described herein aimed to analyze the role of NRSF during vertebrate
embryogenesis in regulating neuron-specific gene expression both in non-neural tissues
and in neural cell types during neural development. The three data chapters and the
appendix describe the efforts made toward achieving that aim.

Chapter 2 consists of a paper published in 1996 in the Proceedings of the
National Academy of Sciences and describes the identification of a large set of putative
direct targets of NRSF transcriptional regulation (Schoenherr et al., 1996). This study is
important for an investigation of NRSF function, because it defines the potential realm of
influence for NRSF. The most direct potential consequence of perturbing NRSF function
in vivo is a change in the expression levels of NRSF target genes in various tissues. | am
middle author on this paper. The work for which | am responsible consists of (1)
preparing all the materials for and conducting the experiments that generated the two
data figures: Fig. 1 — binding of NRSF to the potential NRSE sequences, and Fig. 2 —
repression of reporter constructs containing the potential NRSEs; (2) actively
participating in the editing of the first draft of the paper, composed by C.J. Schoenherr.

Chapter 3 consists of a manuscript that | prepared for submission to the journal

Development. It describes the effects of inhibiting NRSF function in developing chick
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embryos in both neural and non-neural tissues. This data was later combined with data
describing the phenotype of mouse embryos homozygous for a targeted mutation of
NRSF, generated by a fellow lab member, Z.-F. Chen. These two data sets were published
together in a single paper in Nature Genetics in 1998 (Chen et al., 1998).

Chapter 4 describes the generation, characterization, and use of monoclonal
antibodies against NRSF. These antibodies were generated in order to more accurately
assess the timing of NRSF expression and extinction during neurogenesis. Unfortunately,
they were not sensitive enough to detect the low endogenous levels of NRSF in neural
progenitors. These antibodies have been useful, however, in gel-shift analysis, Western
analysis, and in immunocytochemistry on cells expressing moderate to high levels of
NRSF. This chapter describes the characterization of these antibodies and their use in
both this and collaborating labs. The expression of NRSF is carefully examined during the
differentiation of the mouse embryonal carcinoma cell line, P19 —a model system of
neuro- and gliogenesis —to gain insight into potential NRSF function during these
processes. This data has not been published except for the use of these antibodies by
collaborators (Shimojo et al., 1999; Xu et al., 1999).

Chapter 5 describes preliminary data from NRSF-overexpression experiments in
the nervous system of chick embryos in vivo. NRSF expression constructs were
electroporated into the neural tube of early embryos before neurons of the spinal cord
begin to differentiate. These initial experiments have indicated a role for NRSF in the
proper regulation of neuronal target genes in both neural progenitors and differentiating
neurons. Axon targeting appears to be affected in a subset of the NRSF-overexpressing

neurons as well.
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The Appendix describes an attempt at identifying proteins in addition to NRSF
that can bind to the NRSE. A number of different results lead to the suspicion that an
alternative NRSE-binding protein might exist. A yeast one-hybrid screen was set up in
order to search for such a protein. The set of yeast strains generated by this effort will

be useful for future library screening.
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