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Abstract

The transcriptional regulation of neuronal genes requires the combination of
positive and negative control mechanisms. As a model neuronal gene, we have studied the
neuron-specific gene, SCG10. The expression of SCG10 appears to be restricted to
neurons by selective repression in non-neuronal cells. The upstream regulatory region of
SCG10 contains a short sequence element that can repress, or silence, the activity of
promoter fusion constructs in all non-neuronal cells assayed. In neuronal cells, this
element has very little silencing activity. This neuron-restrictive silencer element (NRSE)
was localized to about 21bp by deletional analysis. We have identified an NRSE binding
protein that is present only in non-neuronal cell lines, but is absent from neuronal cell lines.
This protein, the neuron-restrictive silencer factor (NRSF), is likely to mediate the
repression activity of the NRSE as a double point mutation in the element that eliminates
NRSF binding also eliminates silencing. Intriguingly, a similar element was identified in
the type II sodium channel gene and shown to bind NRSF. Taken with its wide spread
activity, this suggests that NRSF may be a coordinate regulator of neuronal gene
expression in non-neuronal cells.

To determine the role of NRSF in neuronal gene regulation, we have isolated cDNA
clones encoding a portion of human NRSF and the complete mouse homologue. NRSF is
a novel protein with nine zinc fingers and several distinctive domains. Using in situ
hybridization, expression of NRSF mRNA was detected in most non-neuronal tissues at
several developmental stages, supporting the hypothesis that it functions as a near-global,
sequence-specific repressor of neuronal gene expression. In the nervous system, NRSF
mRNA was detected in neuronal progenitors, but not in postmitotic neurons. Its presence
in precursor cells suggests that relief from NRSF-imposed repression may be an important
event in the selection or execution of a neuronal differentiation program.

Further support for NRSF’s role in neuronal gene regulation and development was

provided by identification of potential NRSF target genes. Endogenous and recombinant
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NRSF represses the activity of NRSE-containing reporter constructs and binds to
consensus NRSEs in 14 other neuron-specific genes in addition to SCG10 and the type 11
sodium channel. At least seven additional neuronal genes were found to have sequences
with significant similarity to the NRSE which are likely to represent functional binding sites
for NRSF. These results suggest that one protein can coordinately repress many neuronal
genes. Included amongst these genes are transcription factors that are implicated in the
activation of neuronal differentiation, providing further evidence that NRSF may repress
this process. Potential NRSEs also are found in non-neuronal genes which indicates that

NRSF may have a function beyond the regulation of neuronal genes.
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Chapter 1

Transcriptional regulation of eukaryotic genes
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With few exceptions, all cells in a multicellular organism contain the same DNA. If
the genetic material in each cell is the same, how then are the myriad of cell types in such
organisms established and maintained? To answer this question, what distinguishes cell
types must be determined. From developmental and genetic studies, we know that all cell
types are products of their unique lineal histories and present environmental signals. And,
from molecular and biochemical studies, it is clear that cell types can be characterized by the
different proteins they express. It is thought, then, that a cell type is determined by the
combined effects that lineage and environment have on the differential expression (and
activity) of proteins. Thus, although it is an over-simplification, the question of cell type
establishment and maintenance can be considered one of how differential protein
expression is established and maintained.

Since we believe that the DNA content between cell types is the same, the regulation
of differential protein expression must concentrate on RNA or the proteins themselves.
While the nature of this regulation can be greatly influenced for extracellular signals,
ultimately the control of protein expression must be performed by cell intrinsic factors. For
RNA, these regulatory factors could focus on any of the steps required to convert genetic
information into proteins, such as transcription, splicing, and translation. Proteins, on the
other hand, could be subject to regulation by such methods as covalent modification,
sequestration, and degradation. Much work in the field of molecular biology has focused
on determining which of these processes are regulated and what relative role they play in
defining different cell types.

This work has led to the conclusion that all of these processes are regulated to
different degrees for each gene or protein. In fact, conventional wisdom suggests that if a
process, or even a mechanistic step in that process, exists, then it will be regulated. This,
however, should not imply that for a given gene each step is significantly regulated nor that
each step is equally advantageous to regulate in all circumstances. In fact, overwhelming

evidence indicates that for establishing and maintaining differential protein expression and,
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thus, different cell types, transcription is the most pervasively regulated of all the potential
target processes.

In this review, I want to discuss major concepts that are common to the regulation
of transcriptional initiation of eukaryotic genes. Transcriptional regulation requires a highly
complex orchestration of many interactive proteins that assemble into complicated
structures. Understanding this multistep process requires a full integration of all the DNA
sequences and proteins involved, from those that form chromatin, to the multitude of
enhancer elements and factors that aid the general transcription factors required for all RNA
polymerase II transcription. As an introduction, I will describe the major components of
transcriptional regulation and give an overview of their properties. Then I will discuss
mechanisms used by sequence specific factors to drive the initiation of transcription and
how their arrangement in enhancers is critical to that activity. As they are of equal
importance to activation mechanisms, methods of repressing transcription will also be
detailed. Finally, mechanisms that address issues that may be distinct from classical

enhancer models of transcription will be discussed.

THE COMPONENTS OF TRANSCRIPTIONAL REGULATION

The regulation of transcriptional initiation is accomplished predominantly by a
combination of specific DNA sequences and the proteins that interact with them. Both the
DNA sequences and the proteins can be broken down into two categories. The first
category of each is required by almost all genes transcribed by RNA polymerase II. The
second can differ from gene to gene.

The promoter

The focus of much of this regulation occurs at DNA sequences known as the

promoter. For the purposes of this review a gene's promoter will be defined as sequences

required for the assembly of the minimal complex necessary for RNA polymerase II to bind
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and initiate transcription. Frequently, however, the term 'promoter’ is used in a general
manner to indicate sequences that are important for a basal level of transcription.
Following the first definition, most promoters contain two distinct regions, a well
conserved sequence (TATAA) known as the TATA box present at -30 and an Initiation
sequence (CA) present at +1. The TATA box represents the high affinity binding site for
the TATAz binding protein (TBP) which is part of a large complex of proteins known as
TFIID. These TBP-associated factors (TAFs) are essential for transcriptional activation by
enhancer proteins. The binding of TFIID, followed by other protein complexes and RNA
polymerase, is required before transcription can begin. Some genes, however, do not have
an obvious consensus TATA box but appear to use the Initiation sequence (Inr) to recruit
TFIID and thus the other components of the basic transcriptional machinery (Zawel and
Reinberg, 1995). In fact, it has been proposed that the Inr represents the major nucleation
site for TFIID, as there are many TATA-less promoters, and mutations in the Inr can
abolish transcription whereas TATA box mutations only decrease transcription (Carcamo et
al., 1991). In support of this idea, a recombinant TAF can recognize DNA containing an
Inr and possibly can serve as the anchor for the TFIID complex (Verrijzer et al., 1994). An
alternative possibility or a third route for nucleating TFIID involves Inr-binding proteins,
such as the multifunctional YY1 (Roy et al., 1993; Seto et al., 1991).
Enhancers and repressors

A second set of DNA sequences are generally known as enhancers and repressors.
Other names include UAS (for upstream activating sequences) and silencer elements. (For
review see (Johnson, 1995; Mitchell and Tjian, 1989; Tjian and Maniatis, 1994)) These
sequences are defined by their ability to increase (enhancers) or suppress (repressors) the
rate of transcriptional initiation of a promoter on the same DNA molecule, i.€., in cis. They
represent high affinity binding sites for the wide variety of sequence-specific DNA-binding
proteins (transcription factors) which are responsible for their effect on transcription.

Enhancers, as they were originally defined, are characterized by their ability to activate
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transcription regardless of their orientation relative to the promoter and when located a
considerable distance from a promoter (up to 50kb in some cases). Silencers, in their
original definition, are also relatively orientation and distance independent in their ability to
repress transcription (Brand et al., 1985). Both of these sequence elements typically are
present in regions upstream of transcriptional initiation sites, but often can be found
downstream of coding sequences and in introns. Furthermore, enhancers are usually
comprised of several binding sites for different transcription factors that may interact with
each other to define the overall characteristics of the enhancer. Individual enhancer
elements can have different activities than the enhancer. Thus enhancers can also have
silencer elements within them. Most genes contain multiple enhancers or silencers arranged
in a particular manner that directs the cooperative and antagonistic interactions of DNA
binding proteins that largely determine a gene expression characteristics.
Enhancer and silencer binding proteins

The proteins which recognize enhancer and silencer sequences make up many gene
families. One count of the number of distinct families registered at least 12 distinct DNA
binding domains (He and Rosenfeld, 1991). This is almost certainly an underestimation as
several unique transcription factors are likely to have unidentified family members. Overall
these DNA-binding proteins share certain characteristics important for transcriptional
regulation. One theme common to almost all transcription factors is modular design.
Almost all transcription factors have at least two domains: one responsible for DNA
binding and another for modulating transcription. Most DNA binding domains contain
alpha helices that interact with the major groove of DNA. A significant exception is the
TATA binding protein. It uses a beta sheet to recognize the minor groove (Kim et al.,
1993). Several other proteins families also recognize the minor groove (Tjian and
Maniatis, 1994).

Although often considered to function solely as a tether for modulation domains,

there is evidence that DNA binding is a dynamic process important to the activity of many
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transcription factors. For example, some DNA binding domains induce bends in DNA that
appear to be important for establishing contacts with other transcription factors (see below)
(Natesan and Gilman, 1993; Tjian and Maniatis, 1994). DNA binding can also alter the
effect a factor has on transcription. Members of the ligand-dependent nuclear receptor
family, such as thyroid, retinoic acid, and estrogen receptors, bind to DNA as dimers with
each monomer recognizing a ‘half-site.” These half-sites can be separated by three to five
nucleotides and, depending on the spacing, a bound factor will either activate or repress
transcription (Naar et al., 1991; Umesono et al., 1991). This suggests that the DNA
binding site acts as an allosteric effector to change the conformation of the transcription
factor. The molecular basis for this binding site dependency is unknown.

The second portion of most transcription factors, modulation domains, usually
referred to as activation or repression domains, are not well characterized either structurally
or by primary amino acid sequence (Mitchell and Tjian, 1989). There are, however, shared
characteristics that are used to classify activation or repression domains. Many of the first
activation domains characterized were rich in acidic residues and were thought to have
undefined secondary structure, thus giving rise to the term 'acid blob' (Sigler, 1988).
Recent work, however, suggests that acidic activation domains of the yeast activators
GAL4 and GCN4 may form [ sheets (Leuther et al., 1993; Van Hoy et al., 1993). Several
other activation domains that are commonly found in activator proteins have been
characterized as glutamine rich, proline rich, or serine and threonine rich. Interestingly,
mutagenesis studies on different activation domains suggest that the predominant amino
acids that characterize these domains may not be the most important residues for activation
(Cress and Triezenberg, 1991; Gill et al., 1994; Leuther et al., 1993). Instead, particular
hydrophobic residues appear to be most important, as might be expected for a protein
interaction domain. Several repression domains have been characterized and, just as for
activation domains, there does not appear to be much sequence similarity other than an

enrichment for certain amino acid residues (Cowell, 1994).
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The modularity of DNA binding and modulation domains allows separate
modification of DNA binding and transcriptional activity by posttranscriptional mechanisms
In accordance with this possibility, these different domains are often on separate exons
which creates opportunities for creating multiple proteins from one gene via differential
splicing (Foulkes and Sassone-Corsi, 1992). This serves to generate diversity with out
increasing the number of genes required. Other genes have taken advantage of this
property by using alternative promoters or alternative translational initiation sites
(Descombes and Schibler, 1991; Molina et al., 1993).

An important property of transcription factors is the ability of many of them to serve
as either activators or repressors (Johnson, 1995). It is not clear whether all transcription
factors have this property, but given the mechanisms used to achieve bifunctionality, it
seems likely that many will. One mechanism involves binding of a protein to the
transcription factor that changes its activity. For example, p53 becomes a repressor when
the adenovirus E1B oncoprotein binds to it. In this case, the repression domain is encoded
by E1B (Yew et al,, 1994). Unliganded thyroid receptor acts as a direct repressor (see
below) but changes to an activator upon ligand binding (Baniahmad et al., 1992). Recent
experiments suggest that the receptor binds a protein that imparts repressor activity, and
one role of the ligand is to release this activity (Baniahmad et al., 1995).

Requiring oligomerization for DNA binding, although not universal, is another
feature common to many transcription factor families. These interactions can be either
hetero- or homotypic and usually involve forming dimers. Often, one protein can dimerize
with several different, but usually closely related proteins. For example, members of the
‘basic helix-loop-helix (bHLH) family of transcription factors bind to DNA as dimers
(Murre et al., 1989). The HLH domain, mediates the oligomerization, and the basic region
is required for DNA binding (Davis et al., 1990; Murre et al., 1989; Voronova and
Baltimore, 1990). Many members of this family do not appear to form functional

homodimers, but must heterodimerize with a ubiquitously expressed bHLH protein
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(Cabrera and Alonso, 1991; Lassar et al., 1991). A variation on this theme is seen in the
basic leucine zipper family, in which members of the Jun family can form homodimers as
well as heterodimers with several members of the Fos family (Hurst, 1994). This
promiscuity can create oligomers with subtly or significantly different DNA binding or
transcriptional activities and, thus, generates further levels of complexity and regulation.
Furthermore, inhibitory subunits exist which when dimerized with a related factor prevent
DNA binding (Benezra et al., 1990; Van Doren et al., 1991). The proposed utility of the
multitude of interactions possible amongst related genes is to generate many different

regulators with only a few genes (He and Rosenfeld, 1991).

Chromatin

In this section, I review some of the basic aspects of chromatin structure. There is
increasing evidence that chromatin is a significant factor in the regulation of gene
expression. Beyond the evidence that packaging of DNA into chromatin can repress
transcription (Felsenfeld, 1992; Paranjape et al., 1994) in a non-specific manner, some
studies suggest that it may be the agent of at least some sequence-specific repression
mechanisms. On the other hand, recent work has also established a link between activation
of transcription and chromatin. It is possible that in some cases activaton depends on the
fact that DNA in eukaryotes in packaged into chromatin. Thus, it seems that to fully
understand gene regulation we must understand the structure of chromatin.

In nuclei of eukaryotes, DNA is packaged with proteins into chromatin (for review
see(Paranjape et al., 1994). This packaging provides for condensing the approximately
two meters of DNA into a typical Sum diameter eukaryotic nucleus. This packaging is
characterized by at least two major levels of organization. The lowest level is the
nucleosome, a small section of DNA (about 200bp) wrapped around a histone octamer core
with the linker histone H1 usually present. Nucleosomes typically are present every 200bp

and overall (linearly) compact the DNA roughly 7-fold. This 10nm fiber is further
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compacted (again roughly 7-fold) into a structure known as the 30nm fiber. The structure
of this fiber is unknown but clearly involves further coiling of the 10nm fiber. Most of the
cell's DNA during interphase is present in the 30nm fiber. There is considerable evidence
that organizing DNA into chromatin can have a negative effect on transcription in general
and may represent a mechanism to maintain the normally inactive state of most genes in a
cell. There is evidence, however, that the 30nm fiber is a dynamic structure that probably
unfolds during transcription. Direct evidence for unfolding comes from electron
microscopy of actively transcribed polytene chromosomes, and unfolding is inferred from
the indirect evidence of increased sensitivity to DNasel of transcriptionally active regions.
DNase I sensitivity is commonly used as a measure of general chromatin structure with low
sensitivity implying inactive chromatin and moderate sensitivity implying ‘open’ or actively
transcribing chromatin. Regions of chromatin are also found that are hypersensitive to
digestion. These sites are thought to represent the locations of regulatory regions.

While it is widely believed that it is the combination and arrangement of enhancers
and silencers that determine a gene expression pattern, other mechanisms that appear to be
distinct from these elements also contribute significantly to controlling transcriptional
regulation. These mechanisms involve DNA domains and associated binding proteins that
behave differently than enhancers and silencers do in standard transcriptional assays.
Some of these domains, such as locus control regions, address the issue of independent
domains of transcriptional regulation that may be necessary to prevent the repression of
chromatin or to prevent the regulatory apparatus of adjacent genes from interacting (see
below). There is, however, some controversy concerning the nature of these mechanisms.
It is not clear yet if they are performing a function distinct from classically defined
enhancers. On the other hand, these elements may alter the definition of enhancers to
include their activities. In other cases, DNA domains known as matrix attachment regions
or insulators are postulated to form boundaries that prevent cross-talk between regulated

regions. Their actual function and their mechanism of action, however, are still
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undetermined (see below). These areas are being actively explored and the understanding

of their contribution to transcriptional regulation should increase.

MECHANISMS OF TRANSCRIPTIONAL ACTIVATION

To understand how transcriptional activators and repressors perform their duties, it
is clear we need to understand the mechanism of transcriptional initiation. RNA
polymerase II cannot recognize promoters on its own, but requires the stepwise assembly
of several multiprotein complexes, known as general transcription factors, into an even
larger complex before it can accurately initiate transcription (for review see, (Zawel and
Reinberg, 1995). The first step in this assembly involves the binding of TFIID at the
TATA box. TFIID is a general transcription factor that consists of the TATA binding
protein (TBP) and several other TBP associated factors (TAFs). After TFIID has bound, a
protein, TFIIB, binds to the complex. Then, TFIIF in association with RNA polymerase
joins the complex. This is followed by TFIIE, TFIIH and TFIIJ to form the complete
initiation complex. Although there is evidence for alternative assembly pathways for the
initiation complex, the components are thought to be the same (Thompson et al., 1993).
For the purposes of this review, however, it is important to consider that assembly of a
complex takes place and transcription factors could alter the rate or the outcome of that
assembly.

Assembly of this complex alone, however, is not sufficient to drive initiation.
Some of these components have enzymatic activity essential for initiation. For example,
the largest subunit of TFIIH has a helicase activity that is postulated to unwind the DNA
helix over the start site to allow the polymerase to begin transcription. TFIIH has another
subunit that phosphorylates heptapeptide repeats which characterize the C-terminal domain

of RNA polymerase II (Lu et al., 1992). This phosphorylation appears to be crucial for the
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disassociation of polymerase from the initiation complex to continue elongation of the RNA
(Zawel and Reinberg, 1995).
In principle, anyone of the steps described above could be a target for activators (or
repressors). In practice, however, evidence points to two main ideas for how enhancer
proteins work. While it is widely considered that activators work by increasing the rate of
initiation complex assembly, their mechanism of action is still not clear. One school of
thought supports the idea of direct interactions between modulation domains and general
transcription factors that potentiate their assembly into a functional complex. The other
school of thought suggests that the main role of transcription factors is to relieve chromatin
mediated repression of initiation complex assembly. These two models (discussed below)
are not mutually exclusive, and it seems likely that at least some transcription factors will
have both types of activity (Paranjape et al., 1994).
Activator-initiation factor interactions

A number of interactions between activator proteins and different general
transcription factors have been detected (reviewed in (Tjian and Maniatis, 1994; Zawel and
Reinberg, 1995). Direct physical interactions have been demonstrated between activators
with acidic activation domains and TBP , TFIIB, and TFIIH (Ingles et al., 1991; Lin et al.,
1991; Xiao et al., 1994). In some cases, there is a correlation between mutations that
inactivate these domains and an inability to interact with these general factors. Conversely,
mutations in TFIIB that are unresponsive to activators in in vitro transcription assays are
also unable to bind acidic activators (Roberts et al., 1993). In some cases, the same
activator has been shown to interact with several initiation factors, suggesting multiple
separate targets or combined interactions (Lin et al., 1991).

An important question is whether there is any cell type specificity to the general
factors associated with the initiation complex. The possibility for cell type specificity to
basic mechanisms of transcriptional activation is implied by the ‘co-activator’ hypothesis.

It has been suggested that transcription factors may not necessarily directly interact with
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basal transcriptional machinery but may work through adapter or bridging molecules that
may be cell type specific. While cell type specific co-activators have not been discovered,
several activators can interact with particular subunits of TFIID (Gill et al., 1994; Goodrich
etal., 1993). And as, some TFIID subunits are substochiometric, it is possible that not all
subunits are essential for general function but could be specific to certain activators (Tjian
and Maniatis, 1994). Circumstantial evidence for specific coactivators is provided by
experiments showing that in certain tumor lines MyoD cannot activate transcription of
reporter constructs or endogenous genes (Tapscott et al., 1993).

More direct evidence for coactivators comes from a recent discovery of a protein
that binds to the transcription factor CREB (cAMP response element-binding protein). In
response to increased CAMP levels in a cell, CREB is phosphorylated, thereby increasing
its ability to activate transcription (Yamamoto et al., 1988). The CREB binding protein
(CBP) was found to interact with the phosphorylated form of CREB (Chrivia et al., 1993).
Moreover, CBP was also found to interact with TFIIB and activate transcription (Kwok et
al., 1994). Taken together, these results suggest that CBP binds phosphorylated CREB
and is responsible for its increased activation capability. Thus, CBP appears to serve as a
coactivator for CREB. Whether CBP is specific for CREB is unknown. Interestingly, it is
related to another protein , p300, which is implicated in the regulation of many genes
(Arany et al., 1994).

Activators and chromatin

The other school of thought suggests that a significant function of enhancers is to
relieve repression enforced by chromatin structure. In support of this ‘antirepression’
mechanism, several groups have found that activators frequently have only a small effect
on the basal transcription rates of in vitro reactions using naked DNA templates (Paranjape
etal., 1994). If, however, the templates are packaged into chromatin, they see a marked
effect of these factors. This suggests that activator proteins work by displacing an

inhibitory effect of nucleosomal condensation. In vitro evidence showing that TFIID
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cannot bind chromatin supports this notion (Adams and Workman, 1993). Alternatively, it
is possible that they require nucleosomes for full activity, as in vitro activation has been
difficult to achieve from distances greater than 1kb without using a nucleosomal template
(Laybourn and Kadonaga, 1992).

The above examples suggest that chromatin is a dynamic structure that can respond
to transcription factor binding and, in contrast to previous thought, even provide an optimal
substrate for some factors. Recently, different avenues of research have provided evidence
for active remodeling of chromatin that requires transcription factors and a large,
multisubunit complex. The first avenue came from genetic studies in yeast of the control of
diverse regulatory networks, such as mating type switching and catabolite repression.
These studies identified a group of genes, known as SWI/SNF, that are involved in the
transcriptional activation of many genes that were not thought to be regulated by a common
mechanism (Peterson and Herskowitz, 1992). A Drosophila homologue of theSWI2
gene, brahma, also regulates many different genes, most notably the homeotics (for review
see (Tamkun, 1995). The SWI/SNF genes are not essential for basal transcription but
instead are required for efficient transcriptional stimulation by a wide variety of
transcriptional activators. A possible mechanism for assisting activator proteins was
postulated to involve counteracting the repressive effects of chromatin on transcription, as
suggested by genetic interactions between SWI/SNF genes and chromatin proteins such as
histones (Winston and Carlson, 1992).

This possibility was examined in vitro using a purified 2MDa complex containing
products of the SWI/SNF genes or related complexes isolated from mammalian cells
(Tamkun, 1995). As chromatin can prevent DNA binding of transcription factors, this
complex was examined for its ability to stimulate nucleosomal binding by derivatives of the
GALA transcription factor or TBP. The SWI/SNF complex was shown to stimulate
binding of either protein to nucleosomal DNA by at least 10-fold but has no effect on

binding to naked DNA. Furthermore, nucleosomal structure is altered by the complex even
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in the absence of transcription factors. This reaction requires ATP hydrolysis catalyzed by
the SWI2 protein and most likely involves a partial unwinding of the nucleosome (Cote et
al., 1994; Imabalzano et al., 1994). Thus, it appears that this complex may enhance
transcriptional activity by providing activators or TBP access to chromatin. Taken with the
genetic evidence, this implies that disruption of chromatin structure is essential for at least
some cases of transcriptional activation. These experiments, however, do not address
whether the main function of transcriptional activators is to alter chromatin structure by
targeting the SWI/SNF complex to disrupt specific chromatin domains or to enhance
assembly of initiation complexes once the SWI/SNF complex has provided them access to
DNA. Furthermore, it is important to note that not all genes in yeast are affected by the
SWI/SNF genes (Winston and Carlson, 1992). This suggests that not all genes use this
mechanism to relieve chromatin repression. Thus, SWI/SNF system may represent
another level of differential gene regulation that recognizes a property common to a diverse

set of genes.

CONCEPTS IN ENHANCER FUNCTION

Enhancer modules

As discussed above, transcriptional regulatory regions of some genes can be
divided into discrete modules that confer a spatial or cell type specific expression. One
example is the Drosophila homeodomain gene fushi tarazu. This gene is normally
expressed in seven stripes of cells (segments) during Drosophila embryogenesis and in the
nervous system later in development. Using fusion constructs in transgenic flies, it was
shown that the striped pattern of expression and the neuronal expression could be conferred
by two distinct, small sections of the ftz 5' flanking sequences (Hiromi and Gehring, 1987;
Hiromi et al., 1985). These modules were separable and could work independently of each

other. A similar but even more complex situation is seen in the regulation of another
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Drosophila homeodomain gene even skipped. Like ftz, eve is also expressed in seven
stripes in the early Drosophila embryo. Unlike frz, however, whose stripe pattern is
determined by one independent enhancer module, each stripe of eve expression is driven by
an enhancer module specific to one stripe (Jiang and Levine, 1993). Thus, artificial
constructs containing different combinations of enhancers can recreate a subset of the seven
stripe pattern.’

This modularity is not confined to Drosophila genes but is also seen in vertebrates
genes. Modular enhancers have been found in mouse Hox genes (Puschel et al., 1991;
Whiting et al., 1991). These enhancers drive expression in different tissues, and they have
positional specificity. For an example of a non-regulatory gene, the intermediate filament
protein, nestin, has independent enhancers for expression in muscle precursors and in
neural progenitor cells, one in its first intron and the other in the second intron (Zimmerman
et al., 1994). There are also well-described tissue specific enhancers that drive expression
in pancreas, lymphocytes, and liver (Kruse et al., 1995; Liu et al., 1988; Staudt and
Lenardo, 1991). Such enhancers often exist as functional entities as opposed to being
made of elements scattered around the transcription unit.

The modularity also suggests something about the evolution of transcriptional
regulation. It seems likely that transcriptional regulation could evolve in a manner similar
to proteins, with modular enhancers behaving as exons. This analogy suggests many
possible modes of enhancer evolution such as duplication and divergence within a gene or
across genes. Duplication and translocation of an enhancer near a hew promoter could now
confer additional regulation upon the gene, often times without disrupting previous
regulation. While this may reflect a simplistic view of transcriptional regulation, it seems
likely that the modularity of enhancers would allow such evolution.

Cooperative interactions
The c-fos gene has been widely used as a model for the molecular mechanisms

involved in transcriptional induction in response to extracellular signals. The c-fos gene is
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rapidly and transiently induced by many different extracellular signals, such as calcium
influx and growth factor signaling (for review see (Morgan et al., 1991). Extensive
characterization of its proximal regulatory sequences has defined binding sites for four
regulatory activities necessary for induction. As assayed by transient transfections, each of
these elements responds almost exclusively to separate signaling pathways. In fact, this
analysis lead to a model in which individual elements are thought to act independently to
activate transcription in response to different signals (Gilman, 1988; Sheng et al., 1988).
Recent evidence, however, has suggested that the transcription factors that bind to these
elements cannot act independently but require the presence of all four binding proteins.
Using transgenic mice, Robertson et al. showed that c-fos promoter fusion genes
containing the four binding sites were properly regulated in the brain (Robertson et al.,
1995). Constructs with point mutations in any one of the four elements defined in
transfection studies, however, did not respond properly to any inducing signals. This
result suggests that the factors bound to all four sites are required for c-fos to respond,
regardless of the type of signal. These results contradict some findings from transient
transfection experiments and suggest a more cooperative model of transcriptional
regulation. The results are supported by in vivo footprinting of the c-fos promoter region
which shows occupancy of all four binding sites during induction (Herrera et al., 1989).
One model for transcriptional activation, described above, has individual
transcription factors making contact with the initiation complex and facilitating its
assembly. In this model, the cooperative enhancement seen with multiple factors is due to
multiple separate contacts with members of the initiation complex. The authors suggest that
this model cannot explain the extent of cooperativity they see for c-fos transcription. The
authors propose that the concerted interaction of the four transcription factors forms a
nucleation site for an ‘interdependent transcription complex’ (ITC). The ITC may contain
adaptor proteins and initiation factors that bind cooperatively to form a functional unit

capable of activating transcription. Itis not known, however, which step the cooperativity
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in c-fos is acting on. It is possible that cooperative DNA binding is responsible for the
results seen, which is consistent with the first model.

One gene that clearly illustrates the need for cooperative DNA binding is
Interleukin-2 (IL-2). Detailed analysis of the inducible IL-2 promoter illustrates several
concepts that appear to hold true for many genes, whether they are induced transiently or
developmentally regulated. A 300bp region of the IL-2 upstream sequences has been the
subject of intensive investigations and have identified at least six binding sites necessary for
proper IL-2 induction (for review see (Jain et al., 1995). Unlike c-fos, some but not all of
these sites were found to completely eliminate activation when mutated. It should be
pointed out, however, that most of these conclusions are based on data obtained from
transient transfections, which may give misleading results as suggested for c-fos.
Furthermore, sequences just distal to the first 300bp have regulatory activity, suggesting
additional complexity (Novak et al., 1990). This may be the case as only 1 of 17
transgenic mice made with this region of the IL-2 promoter express properly (Brombacher
et al., 1994).

IL-2 is a model of hierarchical cooperative interactions. At the first level, two of the
six sites are actually composite elements that require the cooperative binding of different
transactivators. One of these sites is composed of adjacent sites for a lymphoid specific
factor known as NFAT (for nuclear factor of activated T-cells) and the Fos/Jun complex,
AP-1 (Jain et al., 1993). When assayed individually, only NFAT can bind this binary site
in vitro. The AP-1 site is very different from a consensus site and does not bind AP-1
alone. When assayed together however, an NFAT-AP1-DNA complex is formed
indicating an interaction between the two transcription factors. This cooperative binding
appears to require AP-1 to interact with DNA as mutations in the AP-1-like site abolish
ternary complex formation. A similar situation is seen in another composite element that
directs cooperative binding of Oct and AP-1 factors (Ullman et al., 1993). These

composite element illustrate how different signaling pathways, such as the protein kinase C



18

and the calcium-dependent pathways, converge to induce IL-2 transcription. This
interaction of AP-1 and NFAT and Oct proteins is postulated to explain the complex
signaling required to activate IL-2 expression.

The second level of cooperative interactions takes place amongst the six major
binding sites. For instance, if either of the composite sites described above are mutated
such that AP-1 cannot bind, then IL-2 induction is eliminated. Similarly, induction is also
eliminated if an apparently solo AP-1 site is mutated. This cooperativity was assayed
directly by in vivo footprinting the IL-2 enhancer under different stimulatory conditions
(Garrity et al., 1994). In unstimulated T-cells, the enhancer is unoccupied, even though
some of the factors are present in the nucleus. Upon stimulation, coordinate occupation of
all sites is observed. Further evidence of cooperativity was shown by the complete loss of
a footprint caused by inhibitors of IL-2 induction even though they interfere with only one
signaling pathway. Thus, just as in c-fos, cooperative interactions can decide the fate of
the entire complex. In contrast to c-fos, the complex is not preformed but must assemble
after stimulation.

Other studies have shown that a complex with a ‘stereospecific’ structure is
required for activation. The mouse T-cell receptor o (TCRa) gene is driven by a minimal
enhancer that can direct T-cell specific transcription. This enhancer contains binding sites
for at least three different transcription factors, all of which are required for full enhancer
function . Two of these factors are lymphocyte specific, but the other is expressed in many
different cell types (Tjian and Maniatis, 1994). No one factor can activate TCRa
transcription alone, but all three factors are required. Furthermore, not only is the binding
of all three factors required, but the relative position of each binding site in the enhancer is
essential for proper function. To explain this puzzle, the DNA binding and protein
interaction properties of LEF-1 were examined.

LEF-1 is a lymphocyte specific HMG class protein known to induce a significant

bend in DNA upon binding (Giese et al., 1992). Furthemore, LEF-1 appears to directly
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interact with the other factors bound to the enhancer (Giese and Grosschedl, 1993). These
results suggest that an LEF-1-induced bend, in the proper orientation, and protein
interactions are required to form a tightly associated complex of proteins with DNA
wrapped around them. Importantly, this indicates that a ‘stereospecific complex’ is
required for activation. Previous to the characterization of the TCRa enhancer (and
others), it was thought that the relative positions of individual binding sites was not
essential for activation. The ability of artificial and rearranged promoters to activate
transcription had suggested that position and even orientation of individual elements were
largely irrelevant to enhancer function. It is not yet known how universal the need for a
particular arrangement of enhancer elements is, although other examples are known

(Natesan and Gilman, 1993; Thanos et al., 1993)

CONCEPTS IN TRANSCRIPTIONAL REPRESSION

Interactive repression

As with positive regulation, repression of transcription could also focus on the
assembly of initiation complexes. However, since appreciable transcription requires
specific activation, negative regulators can also be directed toward the activators
themselves. One class of transcriptional repressors bind activator proteins and form
complexes that are unable to bind DNA efficiently and, therefore, cannot activate
transcription. Frequently this mechanism is seen between related transcription factor family
members and is implicated in the regulation of numerous developmental decisions One
system in which the genetic and molecular evidence is relatively complete is the
development of the Drosophila peripheral nervous system.

In Drosophila, members of the bHLH family of transcription factors play an
important role in the development of peripheral sensory organs (Jan and Jan, 1994).

Specifically, loss-of-function mutations in bHLH genes daughterless (da) and members of
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the achaete-scute complex (AS-C) result in the loss of particular sensory organs. On the
other hand, loss-of-function mutations in the bHLH genes extramacrochaete and hairy
(emc and h) result in the opposite phenotype, extra sensory organs (Van Doren et al.,
1992). Thus, genetically emc and A are negative regulators of AS-C and da.

Isolation of the emc gene suggested a molecular model for this negative regulation.
The emc protein contains an HLH dimerization domain but lacks the basic domain
necessary for DNA binding. Thus, emc should be able to heterodimerize with other bHLH
proteins, but such a complex should not be capable of binding DNA. This model was
confirmed by showing that complexes of emc and AS-C members or da did not interact
with a high affinity binding site (Van Doren et al., 1991). A homologous family of bHLH
inhibitors, the Id genes, have been identified in vertebrates (Benezra et al., 1990). These
factors inhibit DNA binding and transcriptional activation in the same manner as emc and
also are implicated in regulating the differentiation of several cell lineages. Importantly,
emc and Id can inhibit many different bHLH family members, most likely through
interaction with the universal subunit, da or E12, respectively (Murre et al., 1989).

Other transcription factor gene families that bind DNA as dimers have negative
regulators that work analogously to emc and Id. For example, in the basic -leucine zipper
(bZIP) family, the C/EBP-homologous protein (CHOP) can inactivate the CAAT/enhancer
binding protein (C/EBP) by dimerization and preventing DNA binding (Ron and Habener,
1992). In this case, the DNA-binding basic domain of CHOP is not deleted but apparently
disrupted by the insertion of two proline residues. The function of CHOP is unknown, but
it is postulated to antagonize some aspect of C/EBP-driven differentiation of adipocytes.
Such repressors are also seen in the POU family of transcription factors (Ingraham et al.,
1990). The I-POU protein has two lysine residues deleted from a highly conserved basic
region and can form non-functional heterodimers with Cf1a, an activator of the dopa
decarboxylase gene in Drosophila (Treacy et al., 1992). A different type of inhibitory

partner is seen in the bZIP family. An alternatively spliced form of FosB that lacks an
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activation domain, but not the DNA binding domain, forms heterodimers with Jun-related
proteins that can bind DNA but not transactivate, presumably due to the absence of an
activation domain (Wisdom et al., 1992).

While it is clear that the potential for forming nonfunctional complexes between
closely related proteins is well exploited, unrelated transcriptional activators also can
interact to form non-functional complexes and, thus, mutually inhibit each other. For
example, both c-Jun and c-Fos can interact with the glucocorticoid receptor and form
complexes that are unable to activate transcription (Diamond et al., 1990; Jonat et al., 1990;
Yang-Yen et al., 1990). This interaction explains the many examples of glucocorticoid
inhibition of c-Fos/c-Jun mediated inductions and, conversely, the inhibition of
glucocorticoid mediated inductions by agents that increase levels of c-Fos/c-Jun. One
physiologically relevant example of this mutual inhibition occurs with the collagenase gene.
This gene is induced in fibroblasts of people with rheumatoid arthritis and is partially
responsible for the destruction of tissues seen in this disease. Glucocorticoids have long
been used as antiarthritic drugs and can lower collagenase levels through inhibition of an
AP-1 site (see references in (Jonat et al., 1990).

Mutual interactive inhibition between unrelated factors may also play a role in
myogenesis. Terminal differentiation and proliferation of myoblasts are apparently
mutually exclusive processes. Terminal differentiation of myoblasts can be directed by
increases in activity of members of myogenic family of bHLH genes, such as MyoD
(Weintraub, 1993). Proliferation, on the other hand, can be maintained by the expression
of transforming genes such as jun and myc (Miner and Wold, 1991; Su et al., 1991).
These results suggested that a direct interaction between MyoD and nuclear proto-
oncogenes would explain the exclusivity of differentiation and proliferation in myoblasts.
In support of this idea, overexpression of MyoD and c-Jun was shown to mutually inhibit
the activities of both proteins. Furthermore, these proteins could be cross-linked together

and co-immunoprecipitated (Bengal et al., 1992). Whether this direct interaction is
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necessary in development is unknown. As was the case for the positive integration of
signaling pathways seen on the IL-2 gene, the regulatory interactions between Jun and both
the glucocorticoid receptor and MyoD indicate that negative integration can also be

important for determining the effects of an extracellular signal.

Competitive repression

Another mechanism of indirect repression is competition between activators and
repressors for a DNA binding site. In a strict competition model, the repressor protein
should only interfere with binding of an activator and not directly influence the initiation
complex. Competition has been identified as a potential contributor to the spatial regulation
of two segmentation genes in Drosophila. In the first example, a 730bp enhancer in the
Kriippel (Kr) gene drives transcription in response to the homeodomain anterior
determinant, bicoid (Hoch et al., 1992). This enhancer has six binding sites for bicoid as
well as several binding sites for two genetically defined negative regulators of Kriippel,
knirps and tailless. The knirps and tailless binding sites overlap with the bicoid sites,
suggesting that these proteins may repress Kr expression by competing with bicoid for
occupancy of the enhancer. Supporting this model, knirps can occlude DNA binding by
bicoid to a DNA element with overlapping binding sites for the two proteins. Furthermore,
knirps can inhibit bicoid-mediated activation of a reporter construct driven by this same
DNA element.
Quenching

Another mode of repression involves interference with the activity of bound
enhancer proteins. This mechanism, referred to as quenching, can be mediated by DNA
bound repressors or soluble factors that interact with activators. In contrast to competition
repression, quenching does not require overlap of binding sites but may require direct
protein-protein interaction between activator and repressor. Although operationally similar

to repression that acts on the initiation complex, repressors that function solely by activator
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interference should have no effect on basal transcription. Of course, it is entirely possible
that some repressors can work in multiple ways.

An excellent example of quenching occurs in an enhancer from the rhomboid gene
that directs expression in the neuroectoderm of Drosophila (Gray et al., 1994). This
restricted actiyity of the enhancer requires the zinc finger repressor, snail. In sna-
embryos, this enhancer now drives expression in ventral mesoderm in addition to the
neuroectoderm. Similarly, when all snail binding sites in the enhancer are mutated,
expression also expands into the ventral mesoderm. Wild type activity can be restored to
the mutant enhancer by placing synthetic snail binding sites 50 to 100bp away from the
nearest activator elements. However, when these sites are placed 150bp away, repression
is drastically reduced. This repression does not appear to be directed at the initiation
complex as snail sites that are close to the TATA box but greater than 150bp away from the
enhancer still do not repress. This mode of repression may be a general phenomenon as
parallel experiments performed with Kr binding sites gave similar results. Thus, snail and
Kr can only interfere with activators bound within a short distance. Further work should
determine the nature of the protein-protein interactions that mediate this repression.

While sna and Kr must be bound to DNA to function, some repressors bind directly
to activators and "mask" their activation domains without interacting with DNA. The best
characterized example of masking is seen in the regulation of galactose catabolism in S.
cerevisiae (reviewed in (Herschbach and Johnson, 1993) The genes necessary for
galactose catabolism are upregulated by the activator protein GAL4 in the presence of
galactose (Johnston, 1987). This protein is made constitutively but only activates
transcription in the presence of galactose. In the absence of inducer, GALA4 is inactivated
by the binding of the GALSO0 protein. This does not occur by inhibiting DNA binding as
GALSO can interact with GAL4 when it is bound to DNA. This suggests that GALS0
makes the activation domain of GAL4 inaccessible for further protein-protein interactions.

In support of this idea, GALSO0 interacts with a subset of amino acids present in the
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activation domain of GAL4. Inducer, however, does not cause GALS0 to disassociate but
most act in a more subtle manner to relieve the repression (Leuther and Johnston, 1992).
“The existence of competitive repression and quenching illustrates an important

aspect of specific negative regulation. As many genes have enhancers with individual
functions, ther_e may be a need to repress them separately. Thus, repression by short range
mechanisms allows for autonomous activity of different enhancers within an elaborately
regulated gene. For instance, eve expression is regulated by separate enhancer modules
for each stripe. The eve stripe 2 enhancer is repressed by Kr in the same cells that the
stripe 3 enhancer is active(). Thus, short range repression of the stripe 2 enhancer is
essential to proper eve expression. Presumably repressors such as snail or GAL8O0 could
work similarly.
Direct repression

Repressors can also act directly on the initiation complex. In that sense, they are
similar to activator proteins and may have similar target proteins, but with opposite effects.
The hallmark of direct repression, in contrast to quenching, is the ability to repress
unactivated (basal) transcription. This criterion makes direct repression difficult to
distinguish from quenching and, perhaps, is best addressed in a purified in vitro
transcription system. With this caveat, however, it is believed that many repressors
identified will act directly on the initiation complex (Johnson, 1995). This appears to be
true for even-skipped and the thyroid hormone receptor; the repression appears to act early
in the assembly pathway, as complete initiation complexes are unaffected by the repressors
(Fondell et al., 1993; Johnson and Krasnow, 1992). Further work on the many other

examples of repressors will have to be done before their mode of action can be discerned.

CHROMATIN STRUCTURE AND ACTIVATION

Role of chromatin-related mechanisms



25

The possibility that transcription could be positively regulated by proteins other than
classically defined enhancer factors was first suggested by studies of gene regulation in
transgenic mice. Transgenes are inserted in an apparently random fashion into the mouse
genome and, before their insertion, frequently are ligated in a head-to-tail fashion to form
multicopy concatamers. It was found, however, that many promoter fusion transgenes
exhibited variable levels of expression that did not correlate with number of copies present
in the genome (Palmiter and Brinster, 1986). Furthermore, independent insertion events of
a given transgene gave widely variable levels of expression. This phenomenon appeared to
depend on the position a transgene inserted into the genome and is assumed to be a function
of nearby DNA sequences that can deregulate transgene expression.

At first, the influence of position effects on transgene expression was considered
detrimental to elucidating the factors required for proper transcriptional control; it is now
seen as an excellent assay system for defining sequences that can impart position
independent and copy number dependent control of a transgene. Elements that can impart
such activity are known as locus control regions (LCR) (Orkin, 1995). Several regulatory
regions have been identified that have LCR-type activity (Bonifer et al., 1990; Grosveld et
al., 1987; Palmiter et al., 1993), and many other regions have been implicated in such
regulation. Important work for the future involves determining the mechanism of LCRs
and distinguishing them from enhancers.

The defining LCR was first identified in the upstream region of the human B-globin
locus (Grosveld et al., 1987). The B-globin locus is a cluster of five different globin
isoforms that comprises approximately 60kb of DNA. Previous to the discovery of the
globin LCR, experiments using transient transfections and transgenic mice identified
regions both 5’ and 3’ of the gene that were important for the proper developmental and
tissue specific expression of the B-globin gene (for review see (Orkin, 1995). However,
transgenes containing these regions gave highly variable levels of expression that was

independent of copy number. Furthermore, the levels of expression were much lower than
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the endogenous gene. This classic position effect suggested that significant portions of the
globin regulatory sequences were missing from the transgenes examined.

Using a construct that contains the globin LCR, Grosveld et al. (1987) was able to
obtain, for the first time in a transgenic mouse, a transgene that showed copy number
dependent and position independent levels of transcription (Grosveld et al., 1987). Other
LCR’s have been identified in the chicken lysozyme gene and the metallothionein gene
(Bonifer et al., 1990; Palmiter et al., 1993). Thus, the function of the LCR appears distinct
from the classically defined enhancer. However, several enhancer factors have been
shown to be necessary for LCR activity, and one portion of the LCR does have enhancer
activity in transient transfection assays (Orkin, 1995).

The LCR is widely considered to create a active chromatin domain (Orkin, 1990).
Initial evidence for this hypothesis came from measuring the DNase I sensitivity (see
above) of the B-globin locus. These studies identified four hypersensitive regions located
about 40kb upstream from the globin cluster. This group of hypersensitive sites marks the
globin LCR, thus linking chromatin structure to copy number-dependent, position-
independent gene regulation. The hypothesis that the LCR can function autonomously as a
‘chromatin opener’ was directly examined in transgenic mice. By comparing the DNase I
sensitivity of a construct containing the chicken B-globin LCR, enhancer, and promoter to
one containing only the LCR and enhancer, Reitman et al. (1993) showed that the LCR is
unable to open chromatin by itself but requires cooperation with a promoter (Reitman et al.,
1993). This experiment, however, does not rule out that the LCR is necessary for opening
chromatin.

While the LCR may not open chromatin on its own, genetic evidence for the
necessity of open chromatin is provided by the recent cloning of a gene involved in an o-
thalassemia (Gibbons et al., 1995). (a-globins do not appear to have a classic LCR but do
have hypersensitive regions that are crucial for expression.) This gene, designated XH2,

encodes a helicase similar to the brahma and SWI2 proteins described above that are
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involved in chromatin/activator protein interactions. Mutations in this gene selectively
reduce o-globin expression. One interpretation of the specificity of this mutation for o-
globin is, that in the absence of a strong LCR, additional machinery is required to establish
an open chromatin domain. Future work should determine whether this model or the
equally interesting possibility of gene specific helicases is correct.

Long range and long term repression

A form of transcriptional repression that may be analogous but opposite to LCR
activity is mediated by group of genes identified as negative regulators of homeotic genes
(for review see (Pirrotta, 1995). In Drosophila, the Polycomb group (Pc-G) of genes
work in concert to provide a mechanism of negative regulation that controls the activity of
large chromosomal regions. More specifically these genes maintain the repression of
certain genes that was established initially by transient regulatory factors. In Pc-G mutants,
the initial expression pattern of genes such as Ultrabithorax and Antennapedia is normal,
but later in development these patterns expand ectopically. Their patterns of expression is
established by positive interactions with segmentation genes such as ftz and engrailed and
repression by gap genes such as hunchback (Qian et al., 1993). Soon after the pattern is
established, the specific repressors are no longer expressed, and the gene is activated
ectopically. Thus, it appears that Pc-G proteins function to maintain the pattern of
repression set up by transient regulatory molecules and, thus, provide a mechanism for
propagating regulatory states established early in development.

The exact molecular mechanism for propagating repression is unknown but
involves the formation of a complex made up of several Pc-G proteins that interacts with
specific regions of DNA in the regulatory regions of many genes. There are twelve Pc-G
genes identified genetically, seven of which have been characterized molecularly.
Mutations in some Pc-G mutations are haploinsufficient and combinations of mutations
have synergistic effects, suggesting that they must form a stochiometric complex for

function. The possibility that Pc-G proteins form a complex on DNA was tested using
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antibody staining of salivary gland polytene chromosomes. These experiments revealed
that each Pc-G protein can be found at between 80-100 chromosomal positions, some of
which correspond to known Pc-G regulated genes. Importantly, the sites for several
proteins overlap almost completely, while only partially for others. Furthermore,
mutations in different Pc-G genes almost eliminates the chromosomal interactions of other
members of thé group.

An important step was taken recently with the discovery of a Pc-G response
element (PRE) (Chan et al., 1994). The first PRE was identified as a portion of the Ubx
regulatory domain that could maintain the repressed state of a reporter construct bearing an
enhancer that directed proper parasegmental expression. This 1.5kb element has no
enhancer activity on its own and is dependent on wild type Pc-G activity. It is located 24kb
from the Ubx promoter and is postulated to interact with enhancers up to 70kb away.
Direct repression of the promoter, however, has not been ruled out. Notably, specific
binding sites for Pc-G proteins have not yet been identified in this element.

Several mechanisms have been postulated to explain the long range and long term
regulation imposed by Pc-G proteins. One hypothesis, based on cross-linking experiments
that show a Pc-G protein associated with many regions in repressed genes (Orlando and
Paro, 1993), suggests that Pc-G complexes extend over long regions of DNA, thereby
occluding any activator proteins.

Matrix attachment regions

Eukaryotic chromatin appears to be organized into domains with an average length
of 50-100kb (Sippel et al., 1993). These domains are postulated to represent
independently regulable regions of the genome. They are thought to be established by
binding to a protein structure termed the nuclear matrix or scaffold. The nuclear matrix
refers to the protein structure remaining after isolated nuclei are treated with nucleases and
extracted with various agents to remove proteins. A small amount of DNA is tightly

associated with the matrix and is known as matrix-associated regions (MAR) or scaffold-
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attachment regions (SAR) (Sippel et al., 1993). These MARs were found to be short (250-

3000bp) A+T rich genomic fragments. No obvious consensus sequence, however, could
be identified. It is believed that these MARSs represent attachment sites to the nuclear matrix
that create separate chromatin domains. In support of this idea, some MARs have been
mapped to the boundaries of identified active chromatin domains. Furthermore in some
cases, transgenes containing MARs have a significantly lower frequency of position effects
than without such elements. In some cases, MARs have enhancer activity, suggesting a
link between the two functions. It has been difficult, however, to show that MAR activity
is distinct from enhancer activity or if the insulator type activity is dependent on matrix
binding. With the increasing use of PCR for genomic footprinting, this issue could be

addressed more directly than in the past.

CONCLUSION

Transcriptional regulation requires a complex, step-wise assembly of many
interactive proteins into complicated structures. Moreover, these structures are likely to
have enzymatic activity that is essential for the initiation process. Thus, a complete
understanding requires not only a full integration of all the sequences and proteins involved
in the process, but their respective activities as well. Itis also clear that the process of
initiating transcription can be broken down into many steps that can be regulated in parallel
and in sequence. Furthermore, both positive and negative regulation of transcription are
important for establishing the final pattern of gene expression. Finally, what is abundantly

clear is that sex is more fun than science.
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Summary

We have localized a cell type-specific silencer element
in the SCG10 gene by deletjon analysis. This neural-
restrictive silencer element (NRSE) selectively represses
SCG10 expression in nonneuronal cells and tissues. The
NRSE contains a 21 bp region with striking homology to
a sequence present in a silencer domain of the rat type
11 sodium channel (Nall), another neuron-specific gene.
We have identified a sequence-specific protein(s) that
binds the SCG10 NRSE, as well as the homologous ele-
ment in the Nall gene. A point mutation in the NRSE that
abolishes binding of this neural-restrictive silencer-
binding factor (NRSBF) in vitro also eliminates silencing
activity in vivo. NRSBF is present in nuclear extracts
from nonneuronal cells but not in extracts from neuronal
cells, suggesting that the neuron-specific expression of
SCG10 reflects, at least in part, the absence or inactivity
of this protein. These data identify the NRSE as a poten-
tially general DNA element for the control of neuron-
specific gene expression in vertebrates.

Introduction

The molecular mechanisms that generate cellular di-
versity in the developing vertebrate nervous system
remain largely unknown. Experiments in invertebrate
systems amenable to genetic analysis have suggested
that the development of particular types of neurons
involves a series of operations (Ghysen and Dambly-
Chaudiere, 1989; Jan and Jan, 1990). These operations
include the choice between a neuronal and a nonneu-
ronal fate, and the choice of neuronal subtype. One
approach to the problem of neural cell type specifica-
tion in vertebrates is to clone homologs of inverte-
brate neurogenic regulatory genes and subsequently
determine their function (Coffman et al., 1990; John-
son et al., 1990). Another, more systematic approach
is to isolate regulatory proteins that are required for
the transcription of genes specifically expressed in
neurons or their precursors (Bodner et al., 1988; Ingra-
ham et al., 1988).

We have studied the regulation of expression of a
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Southern California, University Park, MC 0191, Los Angeles, Cali-
fornia 90089.

*Present address: NIDA/Addiction Research Center, PO Box
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neuron-specific gene, SCG10, that was originally iden-
tified as a marker for sympathetic neurons derived
from the neural crest (Anderson and Axel, 1985).
SCG10is expressed by most or all developing neurons
in the embryo and is one of the earliest markers of
neuronal differentiation (Stein et al., 1988a). In addi-
tion, SCG10 is up-regulated by nerve growth factor
and fibroblast growth factor and is repressed by glu-
cocorticoid in PC12 cells (Stein et al., 1988b). The regu-
lation of this gene is therefore likely to be relevant
to the decision between neuronal and nonneuronal
fates, rather than to the selection of a particular
neuronal phenotype. SCG10 encodes a membrane-
associated protein that accumulates in the processes
and growth cones of developing neurons (Stein et al.,
1988a). It is highly homologous to a family of more
widely expressed phosphoproteins (Doye et al., 1989;
Shubart et al., 1989), suggesting that SCG10 is akinase
substrate as well. These features of expression pat-
tern, phosphorylation, and subcellular localization
are similar to those of GAP-43 (for review, see Beno-
witz and Routtenberg, 1987) and suggest that SCG10
may be another GAP. However, there is no sequence
homology between SCG10 and GAP-43 (Basi et al.,
1987; Karns et al., 1987; Stein et al., 1988a). The function
of SCG10 remains unknown, although its properties
suggest that it may play a role in growth cone exten-
sion (Stein et al., 1988a).

Studies of SCG10regulation in transfected cell lines
and in transgenic mice revealed, unexpectedly, that
the expression of this gene is restricted to neuronal
cells and tissues by a differential repression mecha-
nism. The promoter-proximal region of the SCG10
gene is active in both neuronal and nonneuronal cell
types (Mori et al., 1990), suggesting that it contains a
constitutive enhancer (although in transgenic mice
this enhancer is slightly more active in neuronal tis-
sues [Wuenschell et al., 1990)). Distal to this proximal
region lies a silencer element that represses the activ-
ity of the constitutive SCG10 promoter-enhancer, as
well as that of the heterologous thymidine kinase pro-
moter (Mori et al., 1990). This repression is exerted
in nonneuronal cells and tissues but is abrogated in
neuronal cells (Vandenbergh et al., 1989; Wuenschell
et al., 1990). Thus, in contrast to many other tis-
sue-specific genes whose specificity of expression is
achieved by selectively expressed positive-acting fac-
tors (for review, see Maniatis et al., 1987), the neural
specificity of SCG10 expression is achieved in large
part by differential repression. A similar observation
has been made for the rat type [l sodium channel
(Nall) gene (Maue et al., 1990), suggesting that selec-
tive repression may be a general mechanism used by
at least a subset of neuron-specific genes.

To understand the role of the silencer in SCG10
expression and in the development of neural progeni-
tor cells, we have sequenced the SCG10 upstream
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CAT16
CATATGATAGCTCCCCCTGCACACACTGAT -2991
CTCCTTCTCACGTICCTGTCTGTCAGGGAGGAATACTCACTAGAGACTAA -2041
AAAATGAGGACAATGGAAGTTGTGTTGCATTT TCTGCTCGCAAGTGCAAC -1591
CAT1S, CATAlL
ACATCTCATTGAATCCCCAATTCTTCTTAMGACATICTCTCATTGTCTT -13a1
TGAAGGACCGGTCCTC GTTGAAGAAT ACAA -1491
CATd2
GCC?GGGMCMCCC?CNGTWATTACTCACACA&GCGACCT -1841
GAAGAGTCCTCATCTTGTCCC TACTAACTAGCCTACTCAGAAGGAAGAAC -1791
CTCTCACATTTATACTGAGAAATGGCTTTTGGGAAGGAGAAAATGATCAT -1743
© TTATTTCCAAACCCTGCCATTTCCATACAGTACCCTATCTATATCATAGT -1691
CCTCCGCCTCTTCAATGACAGCAACAATAATTTCTCATCTTCCTGCTCAA -1641
CATd3
GAMTAATTTTATTCATCTTCATTTTTITTATTTTTCCCATGATTCAGCA -15%1
CATd4
GGTCAGGAATCCTCCCTTTTCAGTAGCTTCCTGCCGTTCAGCAAATCATC -1541
CATdS
CAGAGTCTGAAMTGCCTTTACAAG TAAMAAGGAAGTCCAAMGCCATTIT -1491
CATdS2
CACTGGEATTTCCA -l441
CATAS1 CATAS3
GGACTG' TTTTAAGGTGTAAATTAGTA =139
GCTACCAAAAAACTTACCAATCGGCAAMATCTTAGTTTTAAAATTAGACA =134
GTGTITCATACATGTTCATGATTGCAACGATTTTITITTCATCTCTGAGA -1291
CATAE

mMﬂAfﬂAmﬁmlﬂmleCmmCACMmﬂA ~1241
CATGAGTTTAGACTCATACAATGTTAGTACAG TAAAGTTCACTGTTGTAC -1181
ATTAAMAGTCCTACGACTTATATCCCTAAGGC TTTTTCTCCAGTGCAGTG =1141
CAGATCCTCAGTATATATATATACATACATACACACAGTTIGTGGCTTTTT -1091

cATd?
TCGACTTCCATCCACTTCACCATAGCTCTGTATGATTTTCCAAAGAGGGG -1031

Figure 1. Genomic Sequence of the SCG10 Upstream Region
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ATACCT TR ANTALAT PACTE TAALA. "o A DAL DDA L A 2 )
SALSACAL L ALA L LCATTAANG GVi AR AT e s A LR

TTITEFATUAACATATATATTAATACATATALAILTATSAATTOACAAAAA -89:

ca
TOCLACA ™ FTGCTAAATUTITTTTAAS I SAATGAATAAATCAATAAGTAA -841
CATdS

ATGCOTTUT FTATAATTTCT T TCAAALE IVCTTCUATT TCATACTLCTTA =191
ATCTGACT(. FCAATGCAGIGAAACCATTICTAGTCCAGSTTITCITCLTC =761
TCTIOONTOATGTCC FTAGGTCCAAT TATATEEC TOTSEC SAGTAGEC -89:
AACAGTTCTUTCCTSTATCTTACAGACGAAAGUICACCICAZCICCCTLT ~64:
ACTACCAAAUTTTCCTCACATTATCOA TATCAALCCSAASTATGCAALA =992
AGGGAAAALGAGTASCCCTCGCCATATSTGAGS TACTACCACAATCAGAC -sax
TOGGCTAGTTTGGGA T CCATCACCTATTAGGARGE "CAGGATCTACE -49:
AAGOOCAAGGCCARAGSTOAMAGATAMACAAGAAACAGTANTARCATAR  —a41
CCTTTAAMCCACTTTTCCOACACTCCSCAACTGGGGTGASTTTTICAGGEC -391
CCTGGGCCTTCTCTTTGCCAATCTATGCAGTGACACATGTITGAAGCAAA -3
GTATAGCCTCCTGGGTACAGATAGCACAGCCCAGTECTTAGCTICTAGE -291
AGGCTTCCTCGCTAAGGCACTACTGCACTTCGACTGTACTATCGEGETCE -241
AAACTCCGGSGCAGC TT CLAGGLAAGAGETGATTTCCATTTCARACTGC A -191
ATl

TTCTGGTACTTTGTACTCCAGCACCATTGGICGATCAATATITAATGETT -141
GGAGATTCTGACTCTG AGGAGTCATG TCAGGGEACECTGAGAGEEARTC -91

TGCTTSAGCGTTCTGCGTCATARTTATTCATCSGCTCCTICCTCTCEETC -

TTTCTCTAGCACGGTCCCACGTCTGCAGACTCATGCSTTACICAGACTCC "0

ICTCTCGETCTCTSCGCGACTACAGLTGGACCITTCTSCTTOSCCTTIGE 60

CACCOCYCCGRCCOTGOACATCCCTATA AT GCT 232 ACA GCA ATS G +107
Met Ala Lys Thr Ala Me:

The data include the sequence of the promoter-proximal region (—=541) previously published (Mori et al., 1990). A sequence appearing
in an SCG10 cONA clone (10-8; Stein et al., 1988a) is underlined. A TATA box and 2 CCAAT box are indicated in bold letters. The names
of different deletion and addition constructs (see Figure 2) are indicated above the sequence, with a dot to specify the precise endpoint
of the construct. The silencer<containing region (—1493 to —1460) is shown in italics and is underlined. A sequence showing similarity
with other neuron-specific genes (not shown) is underlined in the proximal region.

region and further delineated the neural-restrictive
silencer element (NRSE) by deletion and addition
experiments. Furthermore, we identified a neural-
restrictive silencer-binding factor (NRSBF) that inter-
acts with this element in a sequence-specific manner.
The interaction of this NRSBF with the SCG10 silencer
is competed by a homologous element from the Nall
silencer region. NRSBF activity is present in extracts
from nonneuronal cells but not from neuronal cells,
consistent with the distribution of silencing activity as
determined by transfection assays. This suggests that
the SCG10 silencer and its associated binding factor
may be part of a general mechanism to repress the
expression of neuron-specific genes outside of the
nervous system.

Results

Delineation of the Silencer Element

Earlier, crude deletion experiments had indicated that
the silencer element lies between approximately
—2 kb and —0.5 kb, relative to the SCG10 transcription
start sites (Mori et al., 1990; Wuenschell et al., 1990).
To determine the number of silencer elements in this
region and to localize them more precisely, we first
sequenced the SCG10 upstream region, through —2.2
kb (Figure 1). This sequence extends approximately

1.6 kb upstream of the previously published sequence
of the SCG10 promoter-proximal region (Mori et al.,
1990). Next, a series of 5" deletions of the chloram-
phenicol acetyltransferase (CAT)-SCG10 promoter
fusion construct CAT16 were generated within the up-
stream region (Figure 2). The endpoints of these dele-
tions are mapped on the sequence shown in Figure 1.
Subsets of these constructs were then transfected into
Hela and PC12 cells to assay silencer activity, in a
series of three separate experiments. Both cell lines
were transfected to ensure that any silencer element
identified showed the correct cell type specificity, i.e.,
that it repressed transcription strongly in Hela cells
(a nonneuronal line) but weakly or not at all in PC12
cells (a neuroendocrine line).

Deletion of approximately 130 bp from the 5" end
of CAT16 (Mori etal., 1990) yielded a construct (CAT15;
Figure 2) that retained significant silencing activity
(Figure 3A). (The absolute extent of silencing in Hela
cells for a given construct varied from experiment to
experiment as the result of varying transfection effi-
ciencies; see Experimental Procedures.) A series of ten
deletions between approximately —1990 bp (CATd1;
Figure 2) and —740 bp (CATd10; Figure 2) revealed an
abrupt change in silencing activity between the con-
struct CATdS and CATd6 (Figure 3B), aregion between
—1510 bp and —1282 bp (Figure 1). Although the signal
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CAT16
CATIS

; CAT1
cATd2
caTd3
CATd4
CATdS
CATES2
CATaS!
CATAS3
CATd61
CATd6
CATd7
cATdS
CATd9
CATd10
CAT6
CAT4
CATS
CATANRS
CATANRZ
CATANR1
CAT1

CAT3-1754
CAT3-1758
CAT3-1454
CAT3-1458

in Hela cells in the experiment of Figure 3B was lower
than usual because of reduced transfection efficiency
(seefigure legend), the silencing activity of the various
deletion constructs is measured relative to the activity
of the nonsilenced construct in the same cell line (see
Experimental Procedures). Thus differences in trans-
fection efficiency between Hela and PC12 cells
did not affect our ability to localize the silencer in
such deletion experiments. Further deletions be-
tween —1510 and —1282 (Figure 3C) identified a si-
lencer within a 62 bp domain (—1510 to —1448) defined
by the endpoints between the constructs CATd5 and
CATd52 (Figure 1; Figure2). To determine whether this
region was sufficient for silencing, or only necessary,
addition constructs were made in which a 175 bp Alul
fragment spanning the silencer was fused in either
orientation to the promoter-proximal region con-
tained in CAT3 (CAT3-175A,B; Figure 2). These addition
constructs silenced efficiently in Hela cells, but not
in PC12 cells (CATa175A,B; Figure 3D). As a control,
similar addition constructs generated from the adja-
cent 145 bp Rsal-Alul fragment (CAT3-145A,B; Figure
2) showed little or no silencing activity (CATa145A,5;
Figure 3D).

Identification of a Homologous Silencer Element

in the Nall Promoter

While this work was in progress, several studies ap-
peared identifying silencer regions in other neuron-
specific genes. In particular, analysis of the Nall gene
indicated the presence of three separate regions con-
taining silencing activity (Maue et al., 1990). Although
the precise silencer elements were not identified in
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Figure 2. Schematic Diagram ({llustrating
SCG10-CAT Deletion and Addition Con-
structs

Thin lines indicate internal deletions. Con-
structs CATdNR1, 2, and 3 and CAT1 were
made and examined in Mori et al., 1990, or
in unpublished experiments and are in-
cluded here for completeness only.

that study, we visually compared the sequences in the
Nall silencer domains with those within the 62 bp
SCG10 silencer region identified in the preceding de-
letion analysis. We identified a shorter sequence in
which 17/21 bp were conserved between the two
genes (Figure 4). The observation of a region of se-
quence identity within a silencer-containing domain
of the Nall gene suggested that this region might de-
fine more precisely a silencer element, present not
only in SCG10, but in other neuron-specific genes as
well. We also noted that similar regions of homology
were present in the promoter regions of both the hu-
man and rat synapsin | genes, which encode another
neuron-specific protein (Sauerwald et al., 1990; Std-
hof, 1990) (Figure 4). Although neuronal cell type-spe-
cific expression is regulated by these synapsin | pro-
moter regions, it is not yet clear whether they contain
functional silencer elements (Sauerwald et al., 1990;
Thiel et al., 1991).

We next asked whether the homology-containing
region was necessary and sufficient for silencing activ-
ity. Deletion of a 25 bp fragment (—1487 to —1468) con-
taining this sequence from the addition construct
CAT3-175 (Figure 2; Figure 3) resulted in a virtual elimi-
nation of silencing activity (Table 1, CAT3-175425), in-
dicating that this shorter sequence was necessary for
silencing. Moreover, an addition construct in which
a 36 bp oligomer spanning the homologous region
(=1503 to —1467) was fused to the CAT3 promoter-
proximal construct showed silencing activity as well
(Table 1, CAT3-536(+)). Addition of a dimer of the 36
bp oligo (S36(++)) increased the extent of silencing by
3-to 5-fold (Table 1). Silencing was also observed when



46

Neuron
Constructs HeLa

(A) caars 11.4% 50.4%
CAT4 43.9% 67.2%

(B) CATdl <0.2% 14.7%
CATd2 <0.2% 19.7%
CATd3 <0.2% 9.6%
CATd4 <0.2% 13.2%
CATdS <0.2% 15.1%
CATd6 3.1% 18.4%
CATd?7 1.7% 13.7%
CATdS8 1.9% 11.5%
CATd9 1.4% 9.5%
CATd10 1.2% 10.2%

(C) cAaTds 2.5% 21:-1%
CATdS2 33.0% 34.9%
CATdS1 30.9% 24.8%
CATdS6 47.8% 32.2%
CAT11dMM 6.0% 50.3%
CAT6 84.0% 64.6%

(D) CATal75A 2.4% 46.5%
CATal75B 0.3% 71.1%
CATal45A 90.7% 69.2%
CATal45B 42,24 65.1%

Figure 3. Localization of the SCG10 Silencer

Shown are a series of three separate experiments (A, B, and CD) in which the constructs illustrated in Figure 2 were tested by parallel
transient transfection into Hela and PC12 cells. The percent conversions of chloramphenicol to acetylated chloramphenicol, indicated
to the right of the autoradiograms, are not normalized and should not be directly compared between Hela and PC12 cells. In the
experiment of (B), the transfection efficiency in Hela cells was lower than that in the other experiments because miniprep rather than
CsCl-banded DNA was used (see Experimental Procedures) and because only 5 ug rather than 16 ug of plasmid per plate was used.
However, since silencing activity is identified by comparing different constructs within the same cell line, an abrupt loss of silencing
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SCG10

47

R-1500 ACARAGTRAARARGGARGTGCARRGCCATITCAGCACCACGGAGAGTGCCTCTGCTTTTTCTTCCRCCACTG -1450

“Sodium Channel, type Il

R-1044 GACACTCCRGGAGAGCCTGTARTTGGGTITCAGAACCACGGACAGCACCAGAGTCTCTGARTTGGTTCCTG -974

Synapsin |

“H-255 CGAGGCGC------- TGCGCACTGCCAGCITCAGCACCGCGGACAGTGCCTTCGCCCCCGCCTGGCGGCGCE -190

R-259  CGCGGCGCGGCGCETGCGCACTGTCGGATTTAGTACCGCGGACAGAGCCTTCGCCCCCGC-~TGCCGGCGCG -190
Consensus: TTCAGCACCACGGACAGTGCC

T A
T

Probes:

G CA
R

S36 CARAGCCAT GC GCCTCTGC

S20

GAGAGTGCCTCTGCTTTTC

Nall TITCAGAACCACGGACAGCACCAGAGTCT

Figure 4. Alignment of NRSEs between SCG10 and Other Neuron-Specific Genes "

R, rat; H, human. The sequence of the Nall gene is taken from Maue et al. (1990). The sequence of the synapsin | gene is from Sauerwald
et al. (1990). This region of the synapsin | gene has not yet been demonstrated to contain a silencer. The region of maximum sequence
identity is boxed and indicated in boldface, although not all residues within the box are perfectly conserved (see Consensus) Asterisks
indicate the two guanines mutated to thymines in the Sm36 oligonucleotide. The probes and competitors used in the gel-shift experi-
ments of Figures 5 and 6 are indicated below the consensus sequence.

the region of the Nall gene homologous to the SCG10
silencer (Figure 4, Nall) was placed upstream of CAT3
(Table 1, CAT3-Nall(+)), although the extent of silenc-
ing was less than that observed with the SCG10 oligo-
mer. As in the case of the SCG10 silencer, a dimer of
the Nall element increased the extent of silencing
compared with monomer (Table 1, Nall(++)). Little or
no silencing by either the 36 bp SCG10 element or the
homologous Nall element was observed in PC12 cells
(data not shown). Taken together, these data suggest
that the region of sequence homology shared by the
SCG10 and Nall genes contains a silencer that is both
necessary and sufficient for the selective suppression
of neuron-specific gene expression in nonneuronal
cells. We have termed this silencer the neural-restric-
tive si[encer element, or NRSE.

Identification of a Silencer-Binding Protein

To identify a protein or proteins that interact with the
SCG10 silencer, we performed a series of electropho-
retic mobility shift (EMS) assays on nuclear extracts
from Hela cells using the 36 bp silencer-containing
oligonucleotide (S36; Figure 4) as a probe. Initial ex-
periments revealed no shift, or only a very weak one
(Figure 5, lane 1), with this probe. Because the affinity
of many DNA-binding proteins is increased by dimer-

ization of their sites, the EMS assays were repeated
using a probe containing a dimer of the S36 fragment.
Under these conditions, a much stronger shift was
detected in the Hela cell nuclear. extracts (Figure 5,
lane 4). The size of this complex was indistinguishable
from that obtained with the monomeric probe, sug-
gesting that the increased binding affinity was notdue
to cooperative binding of two of the silencer-binding
factors. The stronger shift obtained with the S36 dimer
in vitro is qualitatively consistent with the greater si-
lencing activity observed for the S36 dimer compared
with the S36 monomer in vivo (Table 1). However, it
is curious that the absolute amount of binding activity
obtained with the $36 monomer is so low given that
this element is an effective silencer in transfection
assays (Table 1). There are numerous possible expla-
nations for this observation, including qualitative dif-
ferences betweenin vitro and in vivo assay conditions.
Studies with purified and/or cloned binding factor will
be necessary to clarify this issue.

The specificity of the gel shift obtained with the S36
dimeric probe was established by a series of competi-
tion experiments. Specific competition for both mono-
mer and dimer shifts was obtained with a 1200-fold
molar excess of S36 monomeric DNA (Figure 5, lanes
2,5, and 6), but not with a similar excess of irrelevant

between the constructs CATdS and CATd6 in Hela cells can still be detected. Silencing efficiencies also vary from experiment to
experiment within Hela cells (see Experimental Procedures), accounting for the differences in extent of silencing between the indepen-
dent transfections of (A), (B), and (C/D). In (C) note the loss of silencing between the constructs CATd5 and CATd52. Note also that the
addition construct CATa175 (CAT3-175 of Figure 2) contains potent silencing activity in both orientations (D), while an addition construct
containing an adjacent fragmem (CATa145, the same as CAT3-145 in Figure 2) does not. Little or no silencing is observed with these

constructs in PC12 cells.
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Table 1. Silencing Activity of NRSE-Containing
DNA Fragments

% Conversion Fold
. + SEM* Suppression®

CAT3 100 + 11 1
CAT3-175 2.7 + 02 37
CAT3-175425 86 + 6 12
CAT3-S36(+) 58 + 0.7 17
CAT3-S36(+ +) 15 £ 0.1 67
CAT3-Nall(+) 13+2 7.7
CAT3-Nall(+ +) 3.7 £ 03 27
CAT3-Sm36(+) 107 + 16 0.9
CAT3-Sm36(+ +) 9 + 8 1.1

*The percent conversion of chloramphenicol to acetylated
chloramphenicol is shown for each construct, determined by
liquid scintillation counting of spots excised from TLC plates. In
these experiments, the Hela cells were not split after transfec-
tion and glycerol shock was omitted. CAT3 activity is normalized
to 100% for purposes of comparison to the other constructs. (+)
indicates a monomeric site, and (+ +) indicates a dimeric site, all
in the same orientation as the naturally occurring NRSE. The
numbers represent the mean + SEM of two independent experi-
ments, each of which was performed in duplicate. In both experi-
ments, the activity of the CAT constructs was normalized to that
of pRSV-lacZ, a cotransfected internal control plasmid (Johnson
et al., 1992),

® The fold suppression is calculated as described by Mori et al.
(1990) for each of the constructs relative to CAT3, a construct
containing the proximal promoter-enhancer.

octamer DNA (Figure 5, lanes 3 and 12) or with a20 bp
fragment (520) (Figure 5, lane 11) partially overlapping
the S36 region (Figure 4) that lacks silencer activity
(data not shown). As expected from its sequence ho-
mology and functional similarity (Table 1), the Nall
sequence (Figure 4, Nall) also competitively inhibited
the formation of the S36 dimeric complex (Figure 5,
lanes 7 and 8). However, the efficacy of competition
was 2-5 times less than that observed with homolo-
gous S36 DNA (Figure 5, compare lanes 5 and 8). Con-
sistent with this, the Nall silencer was 2-5 times less
effective than the SCG10 silencer in transfection
assays (Table 1). To provide further evidence for a
relationship between the formation of the S36 com-
plex and silencing activity, a mutation was introduced
near the center of the element converting two adja-
cent guanines to thymines (CACGGAGA—CACTT-
AGA; see Figure 4). Preliminary footprinting experi-
ments using methylation-interference indicate that
the guanine residues changed in this mutation are
in fact contacted by the NRSBF in vitro (C. Schoen-
herr, unpublished data). The mutant oligonucleotide
(Sm36) was 50- to 100-fold less effective in competition
than wild-type DNA (Figure 5, compare lanes 5 and 10).
Moreover, in transient transfection assays, the same
mutation abolished the silencing activity of both S36
monomer and dimer addition constructs (Table 1,
CAT3-Sm36(+) and Sm36(++)). These data therefore
suggest that the DNA-protein complexes revealed by
the gel-shift assay in vitro reflect the activity of the
factor involved in silencing SCG10 transcription in
VIVO.
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Probe S36-mon S36-dim
G S 1
Compettoc: $36 Oct $36  Mall  Sm36 S200ct
o
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Foldexcess(x1y © & & o « & o & & T & ¢

e

1 284 5§ 87 8 9 1011 12
Figure 5. Identification of a Silencer-Binding Factor in Heta Nu-
clear Extracts

EMS assays were performed using large scale nuclear extracts
prepared as described in Experimental Procedures. Probes used
were either the oligonucleotide $36 (Figure 4) containing the core
silencer homology element (S36-mon), or a restriction fragment
containing two tandem copies of $36 (S36-dim). Competitors
used were 536, unlabeled $36: Oct, octamer-binding sequence
(Muller et al., 1988); Nall, the Nall channel silencer homology
element (see Figure 4); Sm36, mutant S36 (see text); 520, a 20 bp
fragment of SCG10 overlapping but not containing the entire
NRSE (Figure 4). The arrow indicates the complex that is specifi-
cally competed; the higher mobility complexes did not show
specific competition.

The Silencer-Binding Factor Is Absent

from Neuronal Cell Lines

The identification of an NRSBF for neural-specific
genes such as SCG10 and Nall raises the question
of how the cell specificity of silencing is achieved.
A simple explanation for differential silencing is that
nonneuronal cells contain active NRSBF, whereas
neuronal cells do not. Alternatively, NRSBF could be
present-in both neuronal and nonneuronal cells, but
its action might be compensated in neurons by
positive-acting factors that bind elsewhere in the
gene. As a first step toward distinguishing between
these possibilities, we periormed gel-shift assays us-
ing the S36 dimer probe on extracts from several dif-
ferent neuronal and nonneuronal cell lines. $36 bind-
ing activity was detected in nuclear extracts derived
from three different nonneuronal cell lines able to
silence SCG10-CAT constructs in transient transfec-
tion experiments (C. Schoenherr, unpublished data):
human Hela, mouse 10T1/2, and BALB/c 3T3 cells (Fig-
ure 6, lanes 1, 4, and 6). This activity was competed by
an excess of S36 oligo (Figure, 6 lanes 2, 5, and 7), but
not by irrelevant octamer oligo (lanes 3, 6, and 9). By
contrast, little or no S36 dimer binding activity was
detected in three different neuronal cell lines express-
ing endogenous and/or transfected SCG10: rat PC12
and MAH cells and SY5Y human neuroblastoma cells
(Figure 6, lanes 10, 13, and 16). Control experiments
showed that the nuclear extracts from all three neu-
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Figure 6. The NRSBF Is Present in Nuclear

10T1/2 313 12 MAH SYSY
r s - s y . icd y . 8 Extracts from Nonneuronal Cells but Not
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Competitors:© @ O © w O © » Oo w O ©o »w O o v O EMS assays were performed using small
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scale nuclear extracts made from the cell
lines indicated above the lanes. Competi-
tors are indicated and were used at a 1200
fold molar excess in each case. As the result
of nonspecific nuclease activity in some of
thecelllines (e.g., PC12), the probe is some-
what degraded in the absence of added
cold competitor (lane 10); however, no spe-
cificcomplex is detected in the presence of
the nonspecific octamer-binding sequence
(Oct) competitor that eliminates the degra-
dation (lane 12). This protection from probe
degradation also accounts for the slightly
higher amount of specific complex formed
in Hela, 10T1/2, and BALB/c cells in the
presence of octamer competitor (lanes 3, 6,
and 9). Control experiments using an oc-

tamer probe indicated that the PC12, MAH, and SY5Y nuclear extracts contained substantial amounts of octamer factor (data not
shown). All three nonneuronal cell lines exhibited silencing of SCG10-CAT constructs in transient transfection assays (C. Schoenherr,

unpublished data).

ronal lines contained substantial amounts of octamer-
binding factor (data not shown), indicating that the
failure to detect the NRSBF did not reflect a general
inactivity of these extracts. These results therefore
suggest that NRSBF activity is present in nonneuronal
cell lines but absent from cell iines of neuronal or
neuroendocrine origin.

Discussion

The neuron-specific expression of the SCG10 gene
appears to be controlled by a silencer element that
selectively represses transcription in nonneuronal
cells and tissues (Mori et al., 1990; Wuenschell et al.,
1990). This stands in contrast to many other tissue-
specific genes from nonneuronal tissues, in which
case specificity is achieved in large part by specifically
expressed enhancer-binding factors (Maniatis et al.,
1987). A similar mechanism of differential silencing
has been observed for at least two other neuron-
specific genes: the Nall channel (Maue et al., 1990) and
choline acetyltransferase (Ibanez and Persson, 1991).
This selective repression of several neuron-specific
genes suggests that differential silencing could be a
general mechanism controlling gene expression in
the nervous system. As discussed previously (Mori et
al., 1990), this may reflect the fact that many neuron-
specific genes are members of multigene families
which contain other genes expressed more broadly.
All genes in such families might therefore contain
nonselective enhancers, and the neural-specific genes
may have evolved silencer elements to compensate
forsuch enhancers in nonneuronal tissues. Inthe case
of SCG10, for example, a closely related gene called
P19/stathmin is expressed not only in the nervous sys-
tem, but in many other cells and tissues as well (Doye
et al., 1989; Shubart et al., 1989). Likewise, the Nall
gene family contains channels expressed specifically

innonneuronal tissues such as muscle (Trimmeretal.,
1989). However, although many neural-specific genes
may use a common regulatory strategy, it is not yet
clearwhetherthe specific mechanism of silencing and
the factors that mediate repression are shared by
these genes.

We have narrowed the location of a silencer in the
SCG10 gene to a 36 bp region located approximately
1.5 kb upstream of the promoter, by a series of dele-
tion and addition experiments. This region contains
a sequence of 21 bp, which we have termed the
neural-restrictive silencer element (NRSE) that is highly
similar to a sequence in the upstream regions of both
the Nall and synapsin | genes. The present data sug-
gest that the NRSE in SCG10 is both necessary and
sufficient for silencing and that a similar sequence
in the Nall gene possesses comparable activity. An
independent deletion analysis of the Nall gene has
localized a silencer element in the same region (resi-
dues —1017 to —996) that we identified by homology
with SCG10 (Kraner et al., 1992).

Silencer elements have been identified ina number
of genes expressed outside of the nervous system (for
review, see Renkawitz, 1990). In some cases, these
silencers interact with positive-acting elements to
modulate quantitatively the extent of expression in
different cells or tissues (Fujita et al., 1988; Camper
and Tilghman, 1989; Baniahmad et al., 1990; Tada et
al., 1991; Weissman and Singer, 19917). In other cases,
the silencer elements contribute to lineage or tissue
specificity, as in the cases of the collagen Il (Savagner
etal., 1990), cardiac myosin light chain 2 (Shen et al.,
1991), immunoglobulin heavy chain (Weinberger et
al., 1988), and T cell receptor (Winoto and Baltimore,
1989) genes. Inall of these cases, however, the silencer
elements are not the major determinant of lineage
specificity, but rather achieve differential expression
in closely related cell types of genes that also use



Neuron
s2

"cell-specific enhancers. An exception is the Cyllla ac-

tin gene of the sea urchin embryo, in which a nega-
tive-acting element appears to be the predominant
determinant of the spatial specificity of expression
(Hough-Evans et al., 1990). Proteins that interact with
silencer elements have been cloned in only a small
number of cases (Shore and Nasmyth, 1987; Diffley
and Stillman, 1989; KagéYéma and Pastan, 1989; Cal-
zone et al., 1991; H66g et al., 1991). None of the si-
lencer elements defined in these studies shows any
substantial sequence similarity with the NRSE in
SCG10 and Nall (data not shown).

Using a gel-shift assay, we were able to identify
an apparent neural-restrictive silencer-binding factor
that interacts with oligonucleotides containing the
SCG10 and Nall NRSEs. There is a quantitative correla-
tion between the relative activities of the SCG10 and
Nall NRSE-containing sequences inin vitro and in vivo
assays. These data provide a strong correlation be-
tween the presence of an NRSE in a DNA sequence
and its ability to bind NRSBF and to silence transcrip-
tion invivo . This correlation suggests that the binding
of NRSBF to the NRSE may be necessary for silencing
in vivo, although this remains to be proven. Further-
more, the fact that a common factor (or family of re-
lated factors of similar size and sequence specificity)
interacts with both the SCG10 and the Nall silencers
suggests that the NRSBF could be a silencing protein
used to repress a number of neuron-specific genes in
nonneuronal cells and tissues.

NRSBF is present in nuclear extracts from several
different nonneuronal cell lines but not in extracts
from neuronal cell lines. Thereis thus a strong correla-
tion between the presence of NRSBF, the capacity to
silence transfected SCG10-CAT constructs, and the
absence of endogenous SCG10 expression. The fact
that silencercontaining SCG10-CAT constructs are
not expressed in nonneuronal tissues of transgenic
mice (Wuenschell et al., 1990), moreover, suggests
that silencing activity is present in a wider variety of
nonneuronal tissues than is represented by the cell
lines we have used in transfection experiments. These
data implicate NRSBF in silencing in vivo and suggest
that it functions by continuously maintaining SCG10
repression, rather than by initiating a repression that
is maintained, for example, by chromatin structure.
Our results further suggest that SCG10 expression in
neuronal tissues reflects the absence of NRSBF ex-
pression or activity. By extension, the initiation of
SCG10 expression during neuronal development may
involve a relief of repression maintained in precursors
by NRSBF, i.e., specific derepression. As discussed
previously (Mori et al., 1990), this derepression may
occur by aloss of NRSBF or by the gain of acompeting
or inactivating anti-silencer protein. The elucidation
of the mechanism of SCG10 derepression will require
the isolation and cloning of NRSBF, a goal now made
accessible by the identification of the NRSE. Such in-
formation should also clarify the issue of whether
SCG10, Nall, choline acetyltransferase, and other
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neuron-specific genes are repressed by the identical
silencer-binding proteins, or by a family of related
proteins. Whatever the case, the results suggest thata
mechanism for achieving cell-specific expression that
previously was thought to be uncommon may be
more the rule than the exception, at least in the ner-
vous system.

Experimental Procedures

Constructions and Transfections

DNA sequencing, site-directed mutagenesis, and construction
of addition and deletion constructs were carried out by standard
molecular biological procedures. Deletion constructs of SCG10-
CAT plasmids were generated according to Henikoff (1984).
CAT37 (Mori et al., 1990) was first linearized with Bglll, followed
by digestion with exonuclease 111 (USB, 7000 U/ml) for up to 25
min. Aliquots were taken at 1 min intervals, added into a solution
containing mung bean nuclease (NE Biolabs, 240 w/ml), and incu-
bated for 30 min at room temperature. The series of nuclease-
digested DNAs were cleaved with Xbal or Ndel in order to cut
out the far upstream region of the SCG10 genomic sequences,
and then 5 overhangs were filled in using the Klenow fragment
of DNA polymerase |. Following transformation of this reaction,
a series of plasmids with appropriately sized inserts were ran-
domly chosen (CATd1-CATd10), and the boundaries around the
deletion were sequenced. In a separate mutagenesis, deletion
constructs CATd51-CATd69 were made to define the region be-
tween CATdS and CATd6 more precisely. Constructs containing
536 wild-type and mutant and Nall oligonucieotides were made
by restricting pCAT3 with Hindlll and inserting their respective
oligonucleotides. The sequence and orientation were confirmed
by sequencing. The deletion in CAT3-175A25 was generated by
site-directed mutagenesis using the Stratagene Mutator kit. The
deletion removes the sequence from —1487 to —1468 and was
sequenced to confirm the deletion. Other internal deletion and
addition constructs were made by standard restriction and liga-
tion procedures; details are available on request.

Conditions for transfection of Hela and PC12 cells were as
described previously (Mori et al., 1930), except that in some ex-
periments, alkaline lysis miniprep rather than CsCl-banded plas-
mid DNA was used to facilitate the rapid analysis of multiple
constructs (see Figure 3B). Control experiments indicated that
the transfection efficiency using such miniprep DNA was 50%
of that obtained with CsCl-banded DNA. In addition, internal
controls using pRSV-lacZ (Johnson et al., 1992) indicated that the
transfection efficiency in Hela cells is lower than that in PC12
cells. However, within a given experiment the extent of silencing
is calculated by comparing the activity of various mutant con-
structs with that of CAT3 or CAT4, the nonsilenced constructs,
within the same cell line (Mori et al., 1990). In this way, differ-
ences in transfection efficiency between different cell lines do
not influence the measurement of silencing activity. However,
for a given construct, the extent of silencing relative to CAT3 or
CAT4 varied from experiment to experiment. Plasmid titration
experiments (N. Mori, unpublished data) have revealed that the
extent of silencing decreases strongly as the amount of trans-
fected plasmid is increased, probably reflecting saturation of the
silencer-binding factor. Thus variations in the extent of silencing
from experiment to experiment could reflect variations in trans-
fection efficiency that affects the amount of DNA incorporated
per cell.

Nuclear Extracts and Gel-Shift Assays

Large scale nuclear extracts (Figure 5) were prepared from 24
liters of Hela cell suspension cultures grown in Dulbecco’s mod-
ified Eagle’s medium containing 10% calf serum. Extracts were
made using 1 ml packed volume of Hela cells, essentially as
described by Harshman et al. (1988). Small scale nuclear extracts
(Figure 6) were prepared from 10%-10° cells according to
Schreiber et al. (1989), with the exception that the nuclear extrac-
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tion buffer contained 0.5 M NaCl instead of 0.4 M NaCl. EMS
assays using large scale nuclear extracts were performed in 16
ul final volume of reaction buffer containing 20 mM HEPES (pH
7.6), 0.1% NP-40, 10% glycerol, 1 mM dithiothreitol, 2.5 mM
MgClz, 250 mM KCl, and 125 pg/ml poly(di-dC). Approximately
7 ug of the large scale Hela extract was added to the reaction
buffer and preincubated for 10 min at 4°C. Labeled DNA probe
(1 x 10*to 2 x 10*cpm per reaction) and competitors were then
added, followed-by a 10 min incubation at room temperature.
Electrophoresis was performed on a 4% polyacrylamide gel in
0.25x TBE, for 1.5-2 hr at 150 V. EMS assays using small scale
extracts were similarly performed, except that 16 ug/ml Hindlll-
digested bacteriophage A DNA was added and the KCl was re-
placed by 95 mM NaCl, contributed by the addition of the ex-
tracts. Positive controls for the activity of nuclear extracts were
performed using an octamer factor-binding probe containing
the core sequence ATTTGCAT (Muller et al., 1988). Gel shifts
obtained using the NRSE probe were substantially weaker than
those obtained using the control octamer probe.
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Chapter 3

NRSF: A zinc finger protein that mediates coordinate repression of

multiple neuronal genes in non-neuronal cells

Christopher J. Schoenherr and David J. Anderson

(The main body of this chapter was published as a

report in Science which is included as Appendix I.)
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ABSTRACT

The expression of the SCG10 gene is restricted to neurons by selective repression:
the gene contains a neural restrictive silencer element (NRSE) that prevents transcription in
non-neuronal cells. We have isolated cDNA clones encoding a novel zinc finger protein
called the neural-restrictive silencer factor (NRSF) which can bind the SCG10 NRSE.
NRSF binds to consensus NRSEs in three other neuron-specific genes besides SCGI10,
suggesting that it coordinately represses multiple target genes. Recombinant NRSF can
also function to repress transcription in an NRSE-dependent manner in vivo. Expression
of NRSF mRNA is detected in most non-neuronal tissues at several developmental stages,
suggesting that it functions as a near-global, sequence-specific repressor of neuronal gene
expression. In the nervous system, NRSF mRNA is expressed in neuronal progenitors, as
well as in glial cells, but not in mature neurons. This suggests that relief from NRSF-
imposed repression may be a central event in the selection or execution of a neuronal

differentiation program.

INTRODUCTION

The molecular basis of neuronal determination and differentiation in vertebrates is
not well understood. To elucidate this process, it is necessary to identify the cell-intrinsic
and -extrinsic molecules involved. One systematic approach for identifying cell-intrinsic
molecules involved in neuronal cell fate determination is the identification of transcriptional
regulatory sequences in the promoters of neuron-specific genes, and the isolation of
proteins that interact with these sequences. This approach has already proven successful in
other mammalian lineages, yielding a number of cell-type specific transcriptional enhancer
factors (for reviews, see (He and Rosenfeld, 1991; Johnson and McKnight, 1989; Maniatis
et al., 1987; Mitchell and Tjian, 1989)). In several of these cases, moreover, inactivation
of the genes encoding these regulators in mice leads to defects in the development of the

specific cell types from which these genes were initially isolated (Corcoran et al., 1993; Li
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et al., 1990; Pevny et al., 1991). These examples indicate that systematic promoter
analysis of cell-type specific genes can lead to the identification of genetically essential
regulators of lineage determination or differentiation.

To apply this approach to the development of neurons, we have examined the
transcriptional regulation of a neuron-specific gene, SCG10 (Anderson and Axel, 1985).
SCG10 is a 22 Kd, membrane-associated protein that accumulates in growth cones and is
transiently expressed by all developing neurons (Stein et al., 1988). Upstream regulatory
sequences controlling SCG10 transcription have been analyzed using promoter fusion
constructs, both in transient cell transfection assays and in transgenic mice (Mori et al.,
1990; Wuenschell et al., 1990). The results of these studies indicated that the upstream
region could be divided into two regulatory domains: a promoter-proximal region that is
active in many cell lines and tissues, and a distal region (approximately 1.6 kb upstream)
that selectively represses this transcription in non-neuronal cells. Deletion of this upstream
region relieves the repression of SCG10 transgenes in non-neuronal tissues, such as liver,
in transgenic mice (Vandenbergh et al., 1989; Wuenschell et al., 1990). Thus, this
repressing region appears to be a major determinant of the lineage specific expression of
SCG10. Furthermore, in transient cell transfection assays, this distal region could repress
transcription from a heterologous promoter in an orientation and distance independent
manner (Mori et al., 1990), satisfying the criteria for a silencer: a sequence analogous to an
enhancer but with an opposite effect on transcription (Brand et al., 1985).

The finding that expression of a neuron-specific gene is controlled primarily by
selective repression stands in contrast to most cases of previously studied mammalian
tissue-specific genes, for which cell type specificity is achieved primarily by tissue- or
lineage-specific enhancers (Maniatis et al., 1987; Mitchell and Tjian, 1989). While silencer
elements have been detected in other cell type-specific genes, such as the T-cell receptor «,
CD4, and certain globin genes (Gutman et al., 1992; Sawada et al., 1994;

Stamatoyannopoulos et al., 1993; Winoto and Baltimore, 1989), these silencers are not
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responsible for repression in all non-expressing tissues. Rather, they appear to work in
conjunction with tissue-specific enhancers to extinguish expression in closely related but
inappropriate cell types. In contrast, the silencing region of SCG10 appears to be a major
determinant of neuronal specificity, acting to prevent the utilization of a broadly-active
promoter-proximal domain in non-neuronal tissues (Mori et al., 1992; Mori et al., 1990).

A detailed analysis of the SCG10 silencer region identified a ca. 25 bp element
necessary and sufficient for silencing (Mori et al., 1992). Interestingly, similar sequence
elements were identified in two other neuron-specific genes: the rat type II sodium (Nall)
channel and the human synapsin I genes (Kraner et al., 1992; Li et al., 1993; Maue et al.,
1990; Mori et al., 1992). These sequence elements were shown to possess silencing
activity in transfection assays as well. These data suggest not only that selective repression
may be a common theme in the transcriptional regulation of several neuron-specific genes,
but also that a common cis-acting silencer element may mediate repression of these genes.
We have therefore named this element the neural restrictive silencer element (NRSE)(Mori
et al., 1992); in the context of the Nall channel gene, it has also been called repressor
element 1 (RE1) (Kraner et al., 1992).

Using electrophoretic mobility shift assays, the NRSEs in the SCG10, Nall channel
and synapsin I genes were all shown to form complexes with a protein present in non-
neuronal cell extracts, but absent in neuronal cell extracts (Kraner et al., 1992; Li et al.,
1993; Mori et al., 1992). The cell type specificity of this binding activity detected in vitro
thus paralleled that of the functional silencing activity exhibited by the NRSE in vivo. Both
the SCG10 and the Nall channel NRSEs competed with similar efficacy for the SCG10
NRSE binding protein, suggesting that a common protein could bind both NRSEs (Mori et
al., 1992). This protein(s), termed the neural restrictive silencer factor (NRSF), thus
appears to be important for the lineage specific repression of at least two neuron-specific
genes. Taken together with the broad activity of the NRSE as demonstrated by cell

transfection and transgenic mouse assays, these data suggest that NRSF may be the first
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sequence-specific silencer protein identified in vertebrates that represses cell type-specific
gene expression in a near-global manner.

In this report we describe the isolation and characterization of cDNAs encoding
NRSF. Recombinant proteins encoded by these cDNAs can bind to the SCG10 and Nall
channel NRSE elements in vitro and can inhibit transcription in an NRSE-dependent
manner in vivo. Furthermore, the recombinant protein can also bind to NRSE-homologous
sequences in the synapsin I and brain-derived neurotrophic factor (BDNF) genes,
suggesting that the same protein is responsible for silencing four distinct neuronal genes.
Sequence analysis of NRSF cDNAs reveals that NRSF is a novel protein with eight zinc
fingers and a domain exhibiting similarity to other known transcriptional repression
domains. Examination of NRSF mRNA expression shows that it is widely transcribed in
non-neuronal cells and tissues, and absent from (or expressed at low levels in) neuronal
cells. In addition, NRSF is expressed in multipotent precursors of neurons and glia, and
this expression is maintained in glial cells. These data are consistent with the idea that
NRSF functions as a virtually universal repressor of neuron-specific gene expression, and
that relief from NRSF-imposed repression may constitute a central event in the commitment

to, or execution of, a neuronal program of differentiation.

MATERIALS AND METHODS

Isolation of NRSF ¢DNAs

A HeLa cell Agtl1 cDNA expression library (the generous gift <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>