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Abstract

Evi-1 shows a temporally and spatially restricted pattern of expression in murine
embryonic development and is expressed predominantly in the kidney, lung and
developing oocytes of adult mice. The positions of DNAsel hypersensitive sites (DHS)
within an 18kb region of the 5' Evi-1 locus have been examined to identify putative Evi-
I gene regulatory regions, in murine kidney and spleen tissues. This analysis identified
two DHS sites designated DHS I and DHS II. DHS I is located approximately 2kb
upstream of the transcription initiation sites whereas DHS II maps over exon L

The transcriptional activity of the Evi-I promoter has been investigated by
inserting the 5' region of the gene into a luciferase construct and the activity examined
by transient transfection of cells which express low levels of Evi-1. A substantial
induction of luciferase activity is observed with a 5kb fragment of the 5' Evi-1 locus
containing exon I, intron I and exon II which includes DHS I and DHS II.

Subsequent deletion mutagenesis has identfied two regions within DHS II,
located between -338 to -284 and -284 to -254, which upon removal result in a
substantial reduction of promoter activity. One of these, located between -338 to -284,
binds several proteins when examined by footprinting and electrophoretic mobility shift
assays. Interestingly, the most abundant factor, designated EvBP1, has been shown to
bind a 14bp imperfect palindromic sequence, tttccctggggaaa, which is absolutely
conserved in the human Evi-1 promoter sequence. This sequence contains homology
with putative binding sites for, AP3, AP2 and C/EBP. However, competition studies in
EMSA with consensus binding site oligonucleotides failed to identify the components of
EvBP1. EvBP1 might be a novel ubiquitous transcription factor which is required for
regulation of the Evi-I promoter. Furthermore, EMSA analysis of the second deleted
region between -284 to -254 has identified a CCAAT binding protein, possibly CP1,

which may also be important in basal promoter activity.

iv



Functional assays have failed to identify either promoter or enhancer activity for
DHS I. Since there are no known appropriate high Evi-1 expressing cell lines we have
established Evi-I expressing kidney cultures as a system to examine tissue specific
expression. This allowed the identification of a 3kb region necessary for higher activity
in the cultures. This activity might correlate with a DHS site which is part of DHS II

complex.
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Part 1: Introduction



Chapter 1. Eukaryotic gene transcription

1.1 Transcription control sequences in eukaryotes

Transcription in eukaryotes is dependent on three different RNA polymerases;
RNA polymerase I which transcribes large ribosomal RNAs (rRNA); RNA polymerase
II; which transcribes messenger RNA (mRNA) and RNA polymerase III; which
transcribes transfer RNAs (tRNA) and small nuclear RNAs (snRNA). Although all the
polymerases are capable of transcribing RNA synthesis from a DNA template they
require accessory protein factors to initiate transcription from the appropriate start site
in specific promoters. Since the emphasis of this thesis is on transcriptional regulation
of a polymerase II gene, which is also responsible for transcribing the majority of genes,
it will be discussed below. However, many of the principles for RNA polymerase II are

the same for the other polymerases.

Promoters:TATA box and the basal transcription machinery

Basal transcription is dependent on the regulated assembly of multi-protein
complexes to cis-acting sites within the promoter regions of genes. The pivotal
component, and the DNA binding activity, of the transcription machinery was originally
identified as a general initiation factor for RNA polymerase II (pol II), designated
TFIID (Matsui et al., 1980). TFIID binds to a conserved cis-acting element containing a
TATAAAA or related sequence (TATA box) (Sowadogo & Roeder, 1985b; Nakajima
et al., 1988) which in higher eukaryotes is located about 25-30 nucleotides upstream of
the transcription start site in the majority of gene promoters transcribed by RNA
polymerase II (class II promoters) (Breathnach & Chambon, 1981). Interestingly, TFIID

is itself a multi-protein complex composed of a TATA binding protein (TBP) which is



responsible for binding to the TATA box and TBP associated factors (TAFs) which are
important for activator-responsive transcription (reviewed by Hernandez, 1993).
Although initiation complex formation and subsequent basal transcription by RNA
polymerase II may be mediated by TBP alone in a reconstituted system, TAFs are
necessary for response to activators and is probably more reflective of the in vivo
situation.

In the presence of activators, the initiation complex is formed by the binding of
TFIID to the TATA box. TBP binding to the TATA box results in the DNA being
severely bent to accommodate the convex undersurface of the TBP saddle. As a
consequence binding sites for two other general transcription factors, TFIIA and TFIIB,
are more accessible and therefore bind TFIID to stabilises DNA bending within the
promoter. This sub-complex is then further stabilised by the recruitment of pol II and
TFIIF to form a minimal initiation complex. Subsequently, two other general factors,
TFIIE and TFIIH, bind to form a complete initiation complex (reviewed by Zawel &
Reinberg, 1993; Buratowski, 1994). Transcription is then initiated in a final ATP-
dependent step mediated by the helicase activity of TFIIH, which allows conversion of
the initiation complex to an elongation complex thereby facilitating promoter clearance
(Goodrich & Tjian, 1994).

Despite no recognisable TATA box sequence the TFIID complex has also been
shown to be important for the transcription of TATA-less class II promoters (Pugh &
Tjian, 1990, 1991; Smale et al., 1990). In addition, TFIID is also an important
component for transcription of RNA polymerase I and III (class I and III respectively)
(reviewed by Gill, 1992). Interestingly, an initiator (Inr) element, distinct from the
TATA box, has also been described which directs initiation complex formation from
TATA-less promoters. The Inr element is also found in TATA containing promoters
where it may act in isolation or synergistically with the TATA box (Roeder, 1991). A

number of proteins have been shown to recognise the Inr element including TFII-I (Roy



et al., 1993), YY1 (Seto et al., 1991) and TAF150 (Verrijzer et al., 1994). The
mechanism of complex formation by the Inr element is not well understood as for the
TATA box. However, in vivo studies have suggested that the Inr element is dominant
over the TATA box in the adenovirus major-late promoter (ad-MLP) which contains
both elements (Carcamo et al., 1991). It will obviously require further analysis to assess
if this observation is a general phenomena.

Although TFIID has been shown to be rate limiting in transcription initiation
presumably other steps in initiation complex assembly may also have a regulatory role
depending on the local cellular environment, for example, the availability of ATP for
promoter clearance. Consistent with this, a number of transcriptional regulators bind
basal transcription factors suggesting that they are targets for activator/repressor
proteins. It is believed that activators increase the number of initiation complexes, rather
than their rate of formation (White et al., 1991; 1992; Choy & Green, 1993). Although
the precise mechanism of trans-activator mediated transcriptional induction is unknown,
activators have been shown to directly contact the basal initiation complex presumably
stabilising complex formation.

As previously mentioned the TAFs are vital for the response of the initiation
complex to activators. It is therefore significant that an increasing number of TAFs have
been identified which interact directly with frans-activators (reviewed by Gill & Tijan,
1992). Well studied examples include the 100kD TAF (TAF110) which interacts with
the Spl transcription factor (Weinzierl et al., 1993; Hoey et al., 1993) and TAF40
which binds to the herpes simplex virus frans-activator VP16 (Goodrich et al., 1993).
In addition, activators may directly interact with the basal transcription factors. For
example, the activators including the USF (Sowadoga & Roeder, 1985a) and ATF
(Horikoshi et al., 1988) interact with TFIID, while VP16 may interact with both TFIID
(Stringer et al., 1990) and TFIIB (Lin & Green, 1991; Lin et al., 1991; Goodrich et al.,

1993). Interestingly, in the absence of a discernible TATA box, upstream activators



such as Spl have been implicated in directing the TFIID complex to the appropriate
region of DNA (Dynan, 1986).

Recently inhibitors of initiation complex formation have been identified, Dr1 and
Dr2 (Inostrozola et al., 1992; Merino et al., 1993), which bind to TBP and hinder
access of the basal transcription factors. Interestingly, the TFIIA and GAL4-derived
activators have been shown to antagonise the action of the Dr2 (found to be
topoisomerase I) (Merino et al., 1993) by blocking their binding to the TFIID complex.

It is clear that the induction and maintenance of transcription is dependent on
both the assembly of the basal transcription machinery and co-operation with trans-
activator proteins. Consequently, cis-binding sites for trams-activator proteins are
consistently present within class II promoters (Guerente & Bermingham-McDonogh,
1992). A number of conserved trans-activator binding sites have been identified which
are frequently found in promoter regions (a few are discussed below). In addition, there
are a diversity of other less common sequences which play important roles in promoter

regulation which are not mentioned (Faisst & Meyer, 1992).

GC boxes

The GC boxes are GC rich regions of DNA which usually bind the ubiquitous
transcription factor Spl, although related sites may also be bound by other activators
including EGR-1 (Christy & Nathans, 1989) and WT1 (Rauscher III et al., 1990). GC
boxes are found upstream of a number of TATA-containing promoters and act as
upstream activator sequences to induce transcription. In some genes with TATA-less
promoters containing multiple GC boxes, Spl binding is crucial for transcription
initiation (Pugh and Tjian, 1990, 1990). Since TATA-less promoters generally have
multiple transcription initiation sites this might suggest that the fidelity of this interaction

may not be as great as for TATA promoters.



CAAT Boxes

The CAAT box motif is defined by the pentanucleotide sequence CCAAT and is
commonly found 50-100 nucleotides upstream of the transcriptional initiation site in
class II promoters. The first CCAAT binding proteins identified were C/EBP (Graves et
al., 1986) and CTF/NF1 (Jones et al., 1985). The two proteins have different
properties, C/EBP was found to be heat stabile and would bind a GCAAT mutant
whereas CTF/NF1 was heat labile and was unable to bind this mutant. C/EBP and
CTF/NF1 are not related in their DNA binding motifs but may bind the same CCAAT
binding site in the HSV tk promoter. C/EBP is a member of the basic leucine zipper
family whereas CTF/NF1 has no structural homology with previously identified
structural motifs. Subsequent analysis has identified other proteins which bind the
CCAAT motif, designated CP1 and CP2. CP1 is a ubiquitous transcription factor and
is not heat stabile, in contrast to the C/EBP family. Presumably the adjacent sequences
outside the core site, and their profile of expression, contributes to the specificity of

each of these proteins to particular CCAAT sites.

Octamer

The octamer sequence, defined by ATGCAAAT, was originally identified in the
immunoglobulin heavy chain (IgH) enhancer and promoter and kappa light chain (IgK)
promoter (Falkner & Zachau, 1984; Parslow et al., 1984) and was shown to be
important in lymphoid cell specific expression. The motif was also found in non-
lymphoid restricted promoters, such as the histone H2B promoter (Harvey et al., 1982).
Two binding activities were originally identified for the octamer motif designated Octl

and Oct2 (Singh et al., 1986; Staudt et al., 1986). The Octl binding activity was



observed to be ubiquitous whereas the Oct2 protein was restricted to lymphoid cells
(Staudt et al., 1986). Separate studies have identified multiple other binding activities
for the octamer motif suggesting that a range of transcription factors may bind to this

site {Rosales et al., 1987; Gerster et al., 1987).

1.2 Modularity of promoters

Although the sites described previously have been discussed as separate modules
the regulation of transcription of class II promoters is more complex being dependent on
multiple protein/DNA interactions which all contribute - to overall activity. This allows
greater control and flexibility of the promoter in different environments such as during
development, in cell specificity and in response to hormonal, heat or stress induction.

A number of well characterised promoters including SV40 and HSV tk possess
activator binding sequences, such as CCAAT and GC boxes, which have intrinsic
activity in isolation but are collectively essential for maximal activity (Jones et al.,
1985). Interestingly, the binding of multiple activators to a promoter region can lead to
a synergistic activation, which is characterised by an increase that is greater than the
activity expected from the sum of the individual binding sites alone. Synergy is
observed with a number of different transcription factors and probably reflects a
common theme in eukaryotic gene regulation. The chicken mim-1 gene has been
shown to be synergistically activated by v-myb and C/EBP transcription factors (Burk et
al., 1993). Furthermore, synergistic activation of transcription has been observed
between members of the hormone receptor family. For example, progesterone and
glucocorticoid may synergistically activate an artificial promoter containing upstream
GRE and PRE response elements (Tsai et al., 1989).

In addition to synergy, the context of a binding site within a promoter may also

be important, for example, the mouse major histocompatibility (MHC) class 1 genes are



responsive to TNFo induction. The promoters contain two binding sites for AP2 and
KBF1 which are occupied by an AP2-like factor and KBF1 during constitutive levels of
expression. However, upon induction these factors are displaced by the binding of two
NF-xB dimers (Israel et al., 1989). This illustrates that the contribution of any given
binding site to overall activity is dependent on (1) surrounding sites, which may be
overlapping and (2) the availability, concentration and specificity of different trans-
acting factors. An illustration of altered transcriptional regulatory properties in different
promoter contexts is given by the GATA-1 transcription factor. The GATA-1 protein
has been characterised as both a transcriptional activator and a positive regulator of
erythroid differentiation (Martin et al., 1990; Orkin et al., 1992). By contrast, the
protein may also act as a developmental repressor in the g-globin gene (Raich et al.,
1995). Transcription factors may therefore act as activators or repressors depending on

there immediate environment.

1.3 DNA is associated with chromatin

In higher organisms, DNA is generally tightly associated as a nucleoprotein
complex in chromatin. Chromatin associated DNA is organised into nucleosomes:
regular repeating structural units consisting of 166bp repeats of DNA wound around a
histone octamer approximately 1.8 times to form the 'beads-on-a- string' 10nm fibre.
This basic nucleosomal core is composed of the histones H2, H3, H4, H5 and undergoes
further condensation, which is mediated by histone H1 in the nucleosomal linker to form
the 30nm fibre. Further condensation then proceeds to form higher order condensed
structures such as is seen for heterochromatin. However, the molecular framework of
such structures is not well understood.

Gene transcription in vivo is dependent on the interaction of transcription factor

proteins with chromatin associated DNA, in contrast to in vitro naked DNA



transcription from linear templates, which are generally not chromatin associated. In
this state the DNA is less accessible to transcription factor protein interaction and, as a
consequence, unable to initiate transcription. In contrast to the bulk of chromatin,
transcriptionally active regions of DNA acquire a more relaxed, or unwound, structure
with the chromatin framework.

It has been shown that structural relaxation surrounding transcriptionally active
genes also correlates with a general increase in the sensitivity to nuclease digestion and
that small 15-200bp regions exhibit extreme nuclease sensitivity. The most commonly
used method of mapping nuclease hypersensitive sites (DHS) is DNAsel digestion of
nuclei followed by indirect labelling of the resulting purified double-stranded DNA.
These DHS sites (Wu et al., 1979a & b) are generally associated with active promoter
and enhancer elements (reviewed by Gross and Garrard, 1988). Consequently, mapping
DNAsel sensitivity is a useful method of identifying gaps in the nucleosomal array and
therefore the location of potentially transcriptionally active genes. However, the
resolution of the technique, particularly with fragments larger than 1kb, is less than
50bp. A more accurate method for mapping the fine structure of hypersensitivity sites is
offered by DNAsel footprinting. This technique involves running the footprinting
reactions alongside DNA sequencing tracts of the footprinted region which allows the
mapping of individual proteins or protein complexes to specific recognition sequences

(recently reviewed by Plumb and Goodwin, 1991).
1.4 Biology of Hypersensitivity Sites
DHS sites are ubiquitous among eukaryotes, being found in plants, fungi, viral

and episomal genomes and animals. DHS sites may be conveniently grouped into two

classes, constitutive or inducible.



Constitutive DHS sites

These sites are often associated with the promoter regions of low basal
expressing genes such as housekeeping genes. These DHS sites are also found in
promoter regions poised for transcriptional activation, such as the mouse
metallothionein gene (Senear & Palmitter, 1983) and the heat shock genes (Wu, 1980;
Elgin, 1988). The presence of the constitutive DHS sites are independent of gene

expression.

Inducible DHS sites

Inducible DHS sites precede gene expression and may persist long after the
initial stimulus. The nucleosomal displacement associated with induction of a particular
DHS site is usually concomitant with the activation of a linked gene. Inducible DHS
sites are classically associated with steroid inducible genes (Jantzen et al., 1987; Kaye et
al., 1986) but a variety of other examples exist including, lipopolysaccharide-inducible
DHS sites in K immunoglobulin gene enhancer of pre-B-cells (Parslow & Granner,
1983) and light and oxygen tension-inducible DHS sites in plant genes (Paul et al.,
1987; Kaufman et al., 1987).

In addition to inducible DHS sites within a given cell type, DHS sites may also
be induced in a tissue specific manner. An example of this is the chicken lysozyme gene
locus. Interestingly this gene locus contains 10 DHS sites, two of which are
macrophage specific and one is oviduct specific and hormone inducible (Theisen et al.,
1986). The functions of the other sites vary . but include constitutive and inducible
DHS associated sites (Theisen et al., 1986; Steiner et al., 1987; Baniahmad et al.,
1987). This illustrates that DHS sites may be induced in a temporal or spatial manner

within the same gene locus. In addition to the examples given above, tissue specific



DHS sites also appear transiently in promoters during differing stages of development as
in the globin genes (reviewed by Evans et al., 1990).

Presumably the reorganisation in nucleosomal positioning, as assessed by an
increase in DNA hypersensitivity is necessary, but not sufficient, for transcription
activation which may also be reliant on limiting transcription factors to achieve optimal
expression. The functional relevance of DHS sites to transcriptional regulation is
discussed below. In addition to there putative involvement in transcriptional regulation
they have been associated with other functions including chromosomal replication,

recombination and segregation (DePamphilis, 1988 & 1993; Wolffe & Pruss, 1996).

1.5 The inhibitory role of nucleosomes on transcriptional regulation

The 'Pre-emptive’ Model

A conceptually simple model for the repressing effect of histones on
transcription has been proposed which involves the direct blocking of access to cis-
acting sites within promoter and enhancer regions by histone octamers in resting cells.
This may be by nucleosomal positioning or a higher-order structure, masking sites which
would otherwise be exposed to trams-acting transcription factors. Chromatin
reassembly, or gene activation, would therefore occur during replication when the
promoter and enhancer regions are partially exposed by the replication fork, and
allowing direct competition of trans-acting factors and nucleosomes. In this way the
trans-acting factors must co-operate to create a sufficiently stable complex which
prevents nucleosome assembly.

The factors vital for stabilising an active transcriptional complex may be
differentiated from those required for transcription initiation itself. The maintenance of

nucleosomal free regions is not fully understood, although it has been proposed that
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specific cis-acting structures within DNA aid in this process. For example, AT-rich cis-
acting scaffold associated regions (SAR) have also been identified as important
determinants in the maintenance of chromatin structural loops and transcriptionally
active domains (Laer#lli et al., 1992). These sites may be important in the binding of
proteins which associate with histone H1 and maybe other histone proteins to control
nucleosome assembly or alternatively may represent sites for topoisomerase enzymes
which can alter torsion stress of the DNA over large distances, and therefore chromatin
structure. These mechanisms are not discussed in detail here but are reviewed in
Lagmmli et al., 1992.

Alternatively, the folding of DNA during nucleosomal assembly may bring
together two distant regulatory elements closer together in space (reviewed by van der
Vliet & Verrijzer, 1993). Such DNA looping(bending) may occur through homo- or
hetero- dimerisation of widelv spaced trans-acting factors, such as Sp1 (Su et al., 1991),

’ progesterone receptor (Theveny ef al., 1987) and GATA (Fong & Emerson, 1992)’. This may
restrict tﬁe formation of repressive histone/DNA contacts and potentiates the
transcription process, as with the Xenopus vitellogenin B1 gene promoter, where DNA
bending allows the interaction of the promoter with oestrogen receptor binding sites
(Schild et al., 1993) .

Support for this model has come from a number of chromatin assembly
experiments. Pre-initiation complex formation within the adenovirus type-2 major late
promoter (Ad2-MLP) only occurs before chromatin assembly (Knezetic et al., 1988).
Furthermore, pre-incubation of Ad2-MLP with TFIID, a component of the pre-
initiation complex, protects the promoter from nucleosomal assembly (Workman &
Roeder, 1987). Interestingly, if TFIID is added simultaneously with histone proteins in
the presence of the upstream activator factor (USF) protein a transcriptionally active
complex is formed (Workman et al., 1988; Workman et al., 1990). The mechanism of

this interaction is unknown but may reflect an increase in overall stability mediated by
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the presence of the USF protein. Similarly experiments have also shown that trans-
acting tissue specific transcription factors bound close to the promoter region of the 3-
globin gene are able to exclude nucleosomes so long as the nucleosomes were not added
prior to the transcription factors (Emerson & Felsenfeld., 1984). This suggests that the
primary role of trans-activators may be to stabilise the basal transcription machinery,
resulting in elevated levels of gene expression, which is mediated by the interaction of

trans-activators with both the transcription machinery and nucleosomes.

Dynamic Model

In the 'dynamic' model trans-acting factors can directly displace/alter
nucleosomal positioning and consequently is not dependent on DNA replication. An
example of the 'dynamic’ model is illustrated by nucleosomal reorganisation following
hormone induction of a glucocorticoid-response element (GRE) within the mouse
mammary tumour virus (MMTV) long terminal repeat (LTR). Prior to induction
nucleosomes are precisely located along the LTR. Upon induction, the GRE region (-50
to -250) is bound by its hormone activated receptor, glucocorticoid receptor (GR),
which displaces a single nucleosome (Richard-Foy & Hager, 1987). This in turn allows
access of another transcription factor, nuclear factor 1 (NF1) and possibly other factors,
to this region and subsequent activation of the promoter (Cordingley et al., 1987). This
response is very rapid with transcriptional activation taking place within a minute of
exposure to the hormone and the entire process is reversed upon removal of the
hormone (Zaret & Yamamoto, 1984). In view of this transient nature, presumably
displacement of the original inducing trans-acting factor (GR) is functionally important
in controlling reversion of the local chromatin structure. This displacement may be
mediated by the binding of other higher affinity trans-factors to the promoter, such as
NF1.

12



Similar mechanisms appear to be important in the induction of the
Saccharomyces cerevisaec PHOS gene promoter. The PHOS gene promoter is activated
in low phosphate conditions and contains functionally important upstream activator
sequences (UAS) adjacent to the promoter. The nucleosomal positioning over the
promoter and UAS regions have been determined (Almer & Horz, 1986). One of the
UAS sequences contain a DHS site in both inducing and non-inducing conditions. In
low phosphate conditions the product of the PHO4 gene and PHO2 gene bind to the
UAS and displace four nucleosomes exposing the TATA box and a PHO4 binding site
(Almer et al., 1986; Almer & Horz., 1986). Overexpression studies revealed that
displacement of the UAS is dependent on both PHO2 and PHO4 proteins, since the
presence of just one protein was insufficient (Fascher et al., 1990).

In contrast to the assumption that all DHS regions are free of nucleosomes, the
studies with the MMTYV LTR also suggest that increased transcription factor binding is
due to less stringent binding rather than total displacement of the nucleosomal structure.
This is supported by experiments cross-linking the DHS region induced by GRE/GR
complex formation in the MMTYV LTR and finding it still contains nucleosomal histones
(Bresnick et al., 1992). However in contradiction to these observation, no histone
proteins could be cross-linked from the 5' DHS sites of the Drosophila hsp70 genes
(Karpov et al., 1984) or the 5' DHS site of the chicken 3-globin gene (McGhee et al.,
1981). Consequently, there may be more than one mechanism controlling the access of
transcription factors to DHS regions. In this respect it seems probable that the
mechanisms of repression mediated by chromatin structure may involve aspects of both
the pre-emptive and dynamic models, depending on the promoter and the local
environment.

Genetic analysis carried out in yeast has illustrated the importance of chromatin
structure as a general repressor of transcription. A single copy of the yeast H4 gene was

placed under the control of a galactose-inducible promoter and the cells grown on
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glucose media. The subsequent depletion of H4 led to an activation of repressed genes
including PHOS, CYCI and GALI (Han et al., 1988; Han & Grunstein., 1988). The
induction was independent of upstream activator sequences. However, the level of
induction was significantly lower then following normal glucose mediated induction of
the gene. Consequently, the data show that nucleosomes can block transcription from
inducible promoters, however, full promoter activation requires other factors in addition
to nucleosomal de-repression. Promoters not affected by nucleosomal loss may
represent promoter regions constitutively free of nucleosomes, possibly because of the
presence of activators.

Furthermore genetic analysis, again in yeast, has identified non-histone proteins
which appear to influence transcription by altering chromatin structure. Mutations in the
negative regulators SIN1 (a member of the high mobility group (HMG) 1 family) and
SIN2 (histone H3) were shown to alleviate transcriptional constraints previously
mediated by mutations in the positive regulating SWI proteins (SWI1, SWI2 and SWI3).
It has been suggested that the SWI proteins may act to relieve inhibitory effects of
chromatin structure (Peterson & Hershkowizt, 1992; Hirschhomn et al.,, 1992)).
Interestingly, a recent study has shown that a SWI/SNF complex may bind DNA and
introduce positive supercoils, consistent with a role in chromatin structure remodelling
and transcriptional activation (Quinn et al., 1996). The HMG family are non-histone
chromosomal associated proteins, which bind to DNA via a HMG-box domain, and
appear to be important in transcriptional control, although there functions are not well

understood (reviewed by Landsman and Bustin, 1993).
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1.6 General properties of active chromatin

Active chromatin is characterised by a general depletion of histone HI,
hypomethylation and histone acetylation. The importance of these three characteristics

are discussed below;

Histone H1

The linker histone H1 can repress transcription by all three RNA polymerases.
Crosslinking experiments have demonstrated that H1 is depleted in active as opposed to
inactive genes (Nacheva et al., 1989; Bresnick et al., 1992). HI has been implicated in
the reorganisation of nucleosomal positioning and/or the formation of higher-order
chromatin structures (Felsenfeld & McGhee, 1986), although the mechanism of action

is unclear.

Methylation

In vertebrates there is an uneven distribution of the dinucleotide CpG. The bulk
of DNA is depleted of CpGs with the cytosines within this dinucleotide being methylated
(Bird, 1987). By contrast, CpG rich stretches of DNA or "CpG islands" are often
associated with the 5' region of housekeeping and tissue specific genes which are
generally hypomethylated (Bird, 1986; Gardiner-Garden & Frommer, 1987) although
this general rule is not true for the genes on the inactivated X-chromosome (Wolf &
Migeon, 1985).

DNA methylation is generally associated with inactive chromatin, and as a
consequence has been implicated as a epigenetic element in the repression of gene

activity. Pre-established and de novo DNA methylation patterns are maintained by the

15



DNA methyltransferase (MTase) enzyme. In contrast to in vivo some autosomal genes
are methylated and consequently inactivated in cell culture including the thymidine
kinase (Wise & Harris, 1988) and metallothionein genes (Compere & Palmitter, 1981).
The importance of DNA methylation in transcriptional repression has been questioned
due to the lack of appreciable methylation in either the Drosophila or Caenorhabditis
elegans genome. However, homozygous MTase null mice do not survive past mid-
gestation (Li et al., 1992) suggesting an importance of methylation in higher
eukaryotes.

The mechanism by which DNA methylation results in transcriptional repression
is poorly understood. It has been shown that some transcription factors are unable to
bind to methylated DNA, and it has therefore been proposed that direct methylation of
their appropriate binding sites would be a mechanism of repressing transcription
(reviewed by Tate & Bird, 1993). However, transcriptional repression mediated through
methylation, of some promoters do not appear to rely on methylation of particular
binding sites, an example being the y-globin promoter (Murray & Grosveld, 1987). A
number of proteins have been identified which specifically bind to methylated DNA,
including MeCP1, MeCP2, MDBP1, MDBP2, which presumably may compete with
trans-activators and thereby offer another mechanism of transcriptional repression
(reviewed by Tate & Bird, 1993). The function of these proteins is unclear although
MeCP1 has been shown to repress methylated promoters in vitro (Boyes & Bird, 1991).

Since greater than 80% of methylated CpG residues are packaged into HI1-
containing nucleosomes (Ball et al., 1983)’ Methylation of DNA might increase the
binding affinity of histone H1 for this region possibly resulting in reorganised
nucleosomal positioning and/or the formation of higher-order chromatin structures
mediated by H1 (Felsenfeld & McGhee, 1986). It has been observed that methylated
plasmid DNA is less sensitive to nucleases than its hypomethylated counterpart if pre-

incubated with histone H1 (Higurashi & Cole, 1992). Furthermore, in vitro
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transcription experiments have identified a methylated CpG binding protein, believed to

be histone H1, responsible for repression of the vitallogenin promoter (Jost et al., 1991).

Acetylation

The core histone proteins (H2, H3, H4 and HS) contain long extended N-
terminal hydrophilic tails which are not thought to be important in histone core particle
assembly (Whitlock & Simpson, 1977; Ausio et al., 1989) but rather in histone/protein
(Johnson et al., 1990) or histone/DNA (Hill & Thomas, 1990) interactions. The
positive charges present in the N-terminal tails may be neutralised by the addition of
acetyl groups to the €-amino group of specific N-terminal lysine residues (hyper-
acetylation). It has been proposed that histone acetylation weakens N-terminal
interaction with the negatively charged DNA backbone thereby mediating unfolding of
chromatin fibers (McGhee & Felsenfeld, 1980) and there is also evidence suggesting
that higher order chromatin folding is also affected (Annunziato et al., 1988).
Furthermore, histone hyper-acetylation has been shown to allow greater transcription
factor access to nucleosomal DNA (Lee et al., 1993). All these studies are consistent
with acetylation being a positive regulator of transcription.

Hyper-acetylation of H3 and H4 (Cahal et al., 1980; Waterborg & Matthews,
1984) has been associated with induced levels of transcriptional activity (Johnson et al.,
1987; Chan et al., 1988; Hebbes et al., 1988). On the strength of these studies, is has
been postulated that transcriptionally active genes are located in hyperacetylated
chromatin regions and that the acetylation sites are likely to be used in non-random
fashion (Cahal et al., 1980; Waterborg & Matthews, 1984; Chambers & Shaw, 1984;
Chicoine et al, 1987). Interestingly, deletion of residues 4-28 in H4 results in

repressing transcription from inducible promoters while deletion of 4-30 in H3 has the
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opposite effect and increases expression (Durrin et al, 1991). This is consistent with

histone acetylation being important in the control of specific gene expression.

1.7 Enhancers

In addition to cis-binding sequences within the promoter of genes transcription
factor binding sites may also be found up- or downstream to the promoter region.
These distal regions are often termed enhancer or silencer (repressor) elements
depending on their effect on transcription. In a similar manner to DHS sites enhancers
may be constitutive, tissue specific or inducible in nature. Classically, enhancers are
characterised by ther ability to activate transcription in an orientation independent
manner, and may be found considerable distances upstream of the transcriptional
initiation site, as illustrated by the locus control region (LCR) in controlling globin
expression (reviewed by Evans et al., 1990). In addition, enhancers may also be found
downstream of genes (O'Prey et al., 1993), within introns (Haung et al., 1993) and
within coding exons (Tognoni et al., 1985).

There hakbeen two proposed mechanisms for how enhancers may function; the
first more classical model results in increasing the rate of transcription of a linked gene,
and has been termed the graded model (Lewin, 1990, 1994). This might be achieved by
the interaction of the enhancer directly with the initiation complex, the intervening
DNA looping out to allow the interaction. In support of this model the Sp1 transcription
factor has been demonstrated to form multimers and stabilise DNA loops (Su et al.,
1991).

The second model, designated the binary model (Walters et al., 1995),
increases the probability that a promoter will achieve and maintain an active state and
consequently an observed increase in transcription is due to an increase in the proportion

of cells expressing as opposed to an increase within cells. The model proposes that
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enhancers act to suppress position effect variegation (PEV) (Walters et al., 1996) which
is the suppression of genes due to the surrounding heterochromatin and correlates with
an loss in DNAsel hypersensitivity and an increase in methylation (PEV is reviewed by
Karpen, 1994). DNA looping may also be important in this function to bring active
genes under the control of heterochromatin regions. Enhancers may also act as origins
of DNA replication (DePamphilis, 1988), where the activity is mediated by interaction of
transcription and replication factors (DePamphilis, 1993). Enhancers elements are also
thought to be important during murine development after the 2-cell embryo stage

(reviewed by Majumder & DePamphilis, 1995).

1.8 Positional effects and higher order chromatin structure

Interestingly, enhancers may act over great distances yet function on specific
promoters, in view of their orientation and position independent manner it might be
expected that they would act promiscuously on surrounding promoters. Since this is not
usually observed, except with chromosomal translocations involved in oncogenesis,
there are presumably mechanisms which usually repress distant enhancers. A possible
mechanism for this might be the nature of the surrounding chromatin structure. In
higher eukaryotes, chromatin is organised into discrete active (euchromatin) and inactive
(heterochromatin) regions which are believed to exist as DNA loops anchored to the
nuclear scaffold (reviewed by Gasser and Laemmli, 1986). It has been suggested that
genes brought into heterochromatin regions may be transcriptionally suppressed, by
PEV (reviewed by Karpen, 1994), although the precise mechanism of this repression is
unknown.

Analyses of viral gene expression following Moloney leukaemia proviral
insertions in the mouse identified positional effects in expression mediated by silencer

and enhancer activities at the site of integration (Jaenish et al., 1981), although the
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silencing effects may also be due to the induction of de novo methylation. By contrast,
subsequent studies have been used to identify and investigate the sequences important in
locus control regions (LCRs) which show position independent expression (PIE), a well
studied example being the human B-globin gene locus (Grosveld et al., 1987; Talbot et
al., 1989).

The DNA loop regions are believed to be flanked with nuclear targeting
sequences known as scaffold associated regions (SARs) or matrix associated regions
(MARs), which were identified as regions of DNA which preferentially associated with
detergent-extracted nuclear remnants (termed nuclear matrices or scaffolds) (Mirkovitch
et al., 1984). SARs are believed to protect defined regulatory domains from
repressive/enhancing effects mediated by neighbouring chromatin and are found in a
number of gene loci. The human B-globin cluster has been shown to contain eight SARs
(Jarman & Higgs, 1988) while the chicken lysozyme gene is flanked 5' and 3' by SARs
which correspond to the DNAsel hypersensitive region (Phi-Van & Stratling, 1988).
SARs flanking both homologous and heterologous promoters have been shown to
stimulate transcription by 10-20 fold (Klehr et al., 1991). In addition, the 5' SAR of the
chicken lysozyme gene has been shown to impose limited PIE in stably transformed cells
(Stief et al., 1989). SAR regions have been shown to have no effect in transient
transfecting assays, consequently it is possible that the increase in transcription observed
in stable transfection is mediated by some association with the chromatin framework.
Consistent with this is that SAR regions are typically targets for topoisomerase I and II
enzymes which are associated with controlling DNA torsion stress and chromosome
condensation (review by Laemmli et al., 1993). Similar SAR like structures, designated
Scs elements, have also been identified in the Drosophilia hsp70 promoter (Udvardy et

al., 1985) which may confer PIE to integrated constructs (Kellum & Schedl, 1991).
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1.9 Transcription factor families

Transcription factors are modular proteins containing domains for DNA binding,
dimerisation and transcriptional activation or repression. Transcription factors have
been characterised into 'families' by similarities in there structural domains. This is a
convenient way of grouping proteins allowing a framework of transcription factors to be
built which are related through their DNA recognition motif. This at least helps to
rationalise what is an immensely complex interplay of multiple transcription factors

directing the proliferation and differentiation of diverse cell types.

(I) Structural domains important in DNA recognition

Prokaryotic Helix-turn-helix (HTH) proteins

The first helix-turn-helix (HTH) structural motifs described were from the crystal
structures of the bacteriophage A Cro protein (Anderson et al., 1981), A repressor
protein (McKay & Steitz, 1981) and the Escherischia coli CAP protein (Pabo & Lewis,
1982). These studies demonstrated a conserved recognition sequence consisting of an
o-helix followed by a turn and then a second o-helix. Subsequent studies identified a
large family of HTH DNA recognition motif prokaryotic transcription factors including
Lac repressor, Trp repressor. A similar structural motif is observed in the bacterial
LexA protein except that the turn region is larger than that seen in other HTH proteins.

In contrast to other structural motifs (Zinc-fingers, leucine zipper, etc) the HTH
motifs are unable to function as an independent domain and require a larger DNA
binding domain to function. The A repressor-operator has been used extensively to
characterise the specific contacts of the HTH domain made with the DNA recognition

sequence. It should also be noted that contacts outside the HTH region are important in
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specificity of DNA recognition (Jordan & Pabo, 1988). The HTH proteins bind as

dimers with each monomer recognising a half-site.

Homeodomain

The homeodomain was identified as a structural motif present in proteins
important in Drosophila development and shows similarities with the HTH family
(McGinnis et al., 1984; Scott & Weiner, 1984). Subsequently, homeodomains were
found to be more widespread in eukaryotic gene regulation. The 60 residue
homeodomain forms a folded structure which may bind DNA independently. The
crystal structures of the Drosophila engrailed and yeast MAT o2 homeodomain-DNA
complex have been determined. The engrailed homeodomain contains three o-helices,
helix 1 and 2 are packed antiparallel to each other with helix 3 perpendicular to the first
two helices (Kissinger et al., 1990), a similar structure is also seen for MAT o2
(Wolberger et al., 1991). Helix 2 and helix 3 represent the HTH unit, originally
identified in prokaryotic proteins, although the helices are significantly longer. This
difference is believed to alter the way the prokaryotic HTH and eukaryotic
homeodomains line up and contact the DNA. The evolutionary significance of the
differences in DNA recognition between prokaryotic HTH and eukaryotic homeodomain
proteins is unclear.

The homeodomain may act as a separate domain, binding DNA in the absence of
the rest of the protein. However, residues outside the homeodomain are also important
in DNA recognition. A sub-family of homeodomain proteins which include pit-1 and
Oct-1, contain a conserved 65-75 residue region, termed the POU-specific domain,
located on the N-terminal side of the homeodomain (Herr et al., 1988). The POU

domain makes DNA contacts adjacent to those made by the homeodomain domain.
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Winged Helix-turn-Helix

This motif is based on the structure of the hepatocyte nuclear factor
(HNF)3/fork head DNA binding domain, where two loops stick out from either side of
the HTH motif and make DNA contacts, primarily with the phosphate backbone (Clark
et al., 1993). Subsequent studies have identified similar motifs in the heat shock
transcription factor family, although only one loop is observed (Harrison et al., 1994).
Similarly, the previously unclassified ETS domain DNA-binding motif has recently been
shown to contain a winged HTH muotif, in the Ets family members Fli-1 (Liang et al.,

1994) and Ets-1 (Donaldson et al, 1994).

Paired Box motif

The paired box Pax motif was originally identified in three Drosophila
segmentation genes (Bopp et al., 1986) but has subsequently been found in human,
mouse, chicken and zebrafish (reviewed in Deutsch & Gruss, 1991). Sub-groups of the
Pax motifs have been identified which contain a conserved octapeptide or
homeodomain motifs outside the paired-box domain. There are an ever increasing
family of Pax genes (designated Pax 1 to Pax 8 in mouse) which are important in

development (reviewed in Gruss & Walther, 1992).

Zinc binding domains

Members of the zinc-finger family of transcription factors have been implicated
in many roles of eukaryotic gene regulation including development, differentiation and
proliferation signals, basal transcription regulation and oncogenesis. The family was

originally formed by the identification of a 30 residue zinc-finger motif Cys-X,, ,-Cys-
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X,,-His-X; -His (Cys,-His,) from the Xenopus transcription factor IIl A (TFIIIA)
protein (Miller et al., 1985) which binds to the internal promoter of the 5S rRNA genes.
Subsequent studies have identified other cyteine-rich domains which co-ordinate Zn
atoms facilitating DNA recognition, which may divided into four structural classes.
The first class is the TFIIIA like zinc-finger family. The structure of the TFIIIA zinc-
finger domain has been determined by 2D NMR (Parraga et al., 1988) showing that the
motif contains an anti-parallel -sheet and an o-helix. The two cysteines present within
the P-sheet and the two histidines in the a-helix co-ordinate a central zinc ion holding
the secondary structures together forming a compact globular domain.

The second class of zinc-fingers is the, Cys,-Cys,, structural motif originally
identified in members of the GATA family of transcription factors. The proteins have a
central core of two irregular antiparallel [ sheets and a o-helix (Omichinski et al.,
1993) stabilised by four cysteines co-ordinated around a central zinc-ion .

A third class contains six cysteines and two Zn ions per binding element which
has been termed a, binuclear cluster, identified in the yeast GAL4 protein (Marmorstein
et al, 1992) and PPR1 (Marmorstein & Harrison, 1994).

The fourth class includes the steroid receptor proteins which act as second
messengers for transducing hormonal signals including steroid, vitamin D, retinoids and
thyroid hormones. The proteins have distinct DNA-binding, trans-activation and ligand
binding domains. The DNA-binding domain possesses eight conserved cysteine residues
which may co-ordinate with zinc to form a distinct structural motif from the (Cys,-
His,) zinc-fingers described previously for TFIIIA (Frankel and Pabo., 1988). The
crystal structure of a glucocorticoid receptor complex suggests that the protein binds as
a dimer to the recognition sequence (Luisi et al., 1991).

In addition, there are two other relatively recently identified Zn binding motifs
which have not been demonstrated to bind specifically to DNA. Although the domains

may be important in protein/protein interactions they are mentioned since the precise
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function of the motifs still remains unclear. The LIM family of proteins are an interesting
new family of proteins identified which possess novel cysteine rich zinc-binding domains
(reviewed by Sanchez-Garcia & Rabbitts., 1994). The LIM domain was originally
identified in the protein products of three genes: the lin-11 (Freyd et al., 1990) and mec-
3 (Way & Chalfie, 1988) genes from C. elegans and ISLI gene (Karlsson et al, 1990)
from rat. Subsequently LIM proteins have been sub-divided into three groups; the first
group, which include Mec3, Lin-11 and ISL3 possess LIM domains associated with a
homeodomain (LIM-HD), the second, LIM-PK, contains LIM domains linked to a
protein kinase domain, and the third possess just LIM domains and have therefore been
designated LIM-only proteins (reviewed by Sanchez-Garcia & Rabbitts, 1994). LIM
proteins have been identified in a range of eukaryotic organisms including rat, chicken,
quail, Xenopus, Drosophila, mouse and human and have been implicated in
developmental regulation.. Interestingly, LIM proteins have also been associated with
human leukaemias. The human RBTN1 and RBTN2 LIM domain proteins have been
implicated in the progression of some childhood human T-cell acute leukaemias
involving chromosomal translocation within 11p15 and 11p13 receptively, which is
where the human genes are located (Sanchez-Garcia & Rabbitts, 1993). Although the
LIM domain motifs appears to be important in protein/protein interaction analysis of the
primary sequence suggests that it might form two folds that are similar to GATA zinc-
fingers, consequently it is possible that be important in DNA recognition under the
appropriate conditions.

The second motif has been designated the ring-finger motif (Freemont, 1993).
The NMR structure of the ring-finger has been identified (Barlow et al., 1993).
Interestingly, the breast and ovarian cancer susceptibility gene, BRCA-1 contains a zinc
ring-finger motif (Miki et al., 1994) although the function of this domain remains

unclear.
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The members of zinc-finger family of transcription factors are summarised in

table 1.1 below;

Table 1.1: Selected families of zinc-finger domains

Zinc-domain type Approximate consensus sequence Function
Cys,-His, (TFIIA) C-Xy 4-C-X17-H-X3_5-H Nucleic acid
binding
Cys,-Cysy (GATA-1) C-X5-C-X;7-C-X,C DNA binding
Cysx C-Xz-C—X] 3-C-X2C-X] 5C-X5-C- DNA blndmg,
(Steroid thyroid receptor) X;,-C-X4-C oligomerisation
Cysg (GALA4) C-X-C-X-C-X6-C-Xp-C-X4-C DNA binding
Cys,HisCyss C-X»-C-X17.19-H-X5-H-X,C-X5-C-  Protein/Protein
(LIM domain) X16-200C-X5.3-C interaction,
DNA binding ?
Cys,HisCysy C-X-C-Xg.97-C-X.3-H-X, 3C-X,»-  Protein/Protein
(Ring-finger) C-X4.48-C-X,-C interaction ?
DNA binding ?

Adapted from Berg & Shi, 1996

Abbreviations: C; Cys, H; Hys, X; other amino acids.

Leucine zipper and helix-loop-helix

The leucine zipper motif was first identified as a dimerisation motif in the
CCAAT/enhancer binding protein (C/EBP) (Landschulz et al., 1988). Dimerisation
forms two parallel o-helices in a coiled-coil arrangement (O'Shea et al., 1991). Leucine
zippers are characterised by a heptad repeat of leucines over a 30-40 residue segment
with a positively charged basic region’, of 30 residues, located at its N-terminus
important in DNA binding (Landschulz et al., 1988), the structural motif has therefore
been termed as basic leucine zippers, or bZIP (Shuman et al., 1990). Although the basic
region is rich in arginine and lysines it also contains other residues which appear to

influence the specificity of binding to the DNA-recognition sites (Agre et al., 1989).
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Members of the bZip family include the C/EBP family, AP-1 family members, Fos, Jun,
ATF/CREB family and the yeast factor GCN4 (Harrison, 1991).

A related structural motif to the leucine zipper is the helix-loop-helix motif
(HLH) which forms a a-helix followed by a loop and then another o-helix. Similarly
to the bZip proteins the HLH sub-family have a basic region adjacent to the dimerisation
motif which contacts DNA. Members of this sub-family include the Myc and Max

proteins (Blackwood and Eisenman., 1991).

High Mobility Group (HMG) proteins

The chromatin associated HMG non-histone proteins are divided into three
unrelated subclasses HMG1/2, HMG14/17 and HMG-I'Y. The HMG1/2 proteins
contain a HMG1 box motif important in DNA recognition which have been found in a
number of proteins. Although the biological functions of the HMG proteins are largely
unknown it has been suggested that the HMG1/2 proteins are important in transcription,
DNA replication and recombination. The properties of the HMG protein are reviewed

by Landsman & Bustin, 1993 and Lilley, 1992.

Other DNA-binding structural motifs

There are a number of other proteins which bind to DNA in a sequence specific
manner but do not fit into one of the families mentioned above, these include the myb,
CTF/NF1, AP2. This suggests that there may be other structural motifs which have yet
to be identified. Nevertheless, the vast majority of transcription factors identified may be
grouped into the above families suggesting that evolutionary selection has resulted in a

limited number of structural DNA-recognition motifs.
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(IT) Trans-activation domains

Gene-specific regulation is controlled by a diversity of transcriptional activator
and repressors which have separable domains for directing the protein to its appropriate
binding site, by contrast the structures of transcriptional activator and repressor
domains are poorly understood.

Many DNA binding factors act as transcriptional activators containing domains
of approximately 30-100 amino acids important in mediating this function. The first
activation domains to be characterised were from the yeast DNA binding proteins GAL4
(Ma & Ptsashne, 1987) and GCN4 (Hope & Struhl, 1986). These studies showed the
regions to be similar in their general negative charge (acidic) and ability to form
amphipathic o-helical structures. Acidic domains or "acid blobs" have been identified in
other trans-acting DNA binding proteins including c-Jun (Bohmann et al., 1987), RelA
(Blair et al., 1994), glucocorticoid hormone receptor (Hollenberg & Evans, 1988) and
Spl1 (Courey & Tjian, 1991). Similarly, other structural motifs have been isolated which
may act as activator domains, these include proline rich domains, CTF/NF1 (Kim &
Roeder, 1993), Oct-2 (Tanaka et al., 1994a, 1994b) and glutamine-rich domains, Spl
(Gill et al., 1994) and Oct-2 (Tanaka et al., 1994a, 1994b). Trans-activator proteins
may possess more than one trans-activation domain which may be 1) of the same type,
the yeast GALA4 protein has two acidic domains or 2) of different structure, Oct-2 has a
proline and glutamine domain. In some cases activation domains may be masked
requiring an induction event, such as hormone binding or phosphorylation, to alter the
conformation of the protein (Tasset et al., 1990).

Consistent with the modular nature of proteins chimeric proteins may be
constructed containing heterologous DNA binding or trans-activation domains which
maintain the appropriate function, an example is the fusion of the activation domain of

VP16 to the DNA binding domain of GALA to create a GALA-VP16 fusion protein.
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The GALA is still able bind to its upstream activation sequence (UAS) binding site and
activate transcription due to the VPI6 activation domain (Cousens et al., 1989).

Trans-activators are believed to mediate their effects by binding to the basal
transcription machinery, resulting in either an increase in rate of initiation or stabilising
the pre-initiation complex once formed. Activators may bind directly to basal
transcription factors including TBP, (Xu et al., 1993) (Emili et al., 1994), TFIIB (Choy
& Green, 1994), TFIIA (Ozer et al., 1994) and TFIIH (Xiao et al, 1994). Despite these
direct interactions transcriptional activation also requires co-activators (mediators or
adapters) which include some of the TAFs of the TFIID complex (reviewed by Gill and
Tjian, 1992).

(III) Repression domains

In addition to the negative effects of the chromatin framework transcription
repression may also be mediated by frans-acting transcription factors. The mechanism
of repression by trans-acting factors may be active, where the repressors directly
downregulates transcription. Examples of these type of proteins include WT1 (Madden
et al., 1991), Drosophila even-skipped (Ham et al., 1992), Kruppel (Licht et al., 1993)
and the human Kruppel related protein, YY1 (Shi et al., 1991). Although there are
clear amino acid similarities between the repression domains of active repressors, they
are generally rich in alanine, glutamine and/or proline and depleted of charged amino
acids. Since these properties are reminiscent of the modular nature of activation domains
observed within frans-activator proteins, it is perhaps not surprising that active
repressors are believed to function by directly contacting the basal transcription
machinery. For example, the even-skipped repressor prevents TFIID binding to the

pfomoter (Austin & Biggin, 1995). Presumably, in addition to the general transcription

29



factors such as TFIID, TFIIB, TFIIA etc, the TAFs and other co-activators may be
targets for active trans-acting repressors.

Alternatively, repression may occur by a passive mechanism, where negative
regulators either block binding of frans-activator or basal factors or form inactive
heterodimers. An example of direct competition is the repression of retinoic acid
induced transcription of the human ostoecalcin gene by activator protein 1 (AP1)
through direct competition with the retinoic acid receptor for an overlapping DNA
binding sites.  Altered dimerisation may also result in repression, an example is the
dimerisation of the bZip proteins, C/EBP and the C/EBP homologous protein (CHOP).
CHOP has proline substitutions in its basic domain which prevent it binding DNA. As a
consequence overexpression of CHOP during adipocyte maturation inhibits C/EBP
activity (Ron & Habener, 1992).

Interestingly, a recent study has shown that the negative regulator adipocyte
lipid-binding proteinl, ALBP1 contains a domain which contains carboxypeptidase (CP)
activity, vital for the repression function of the protein (He et al., 1995). The authors
suggests a novel mechanism of repression exists where the CP activity enzymatically
cleaves the proteins involved in transcription. Consequently, there appears to exist a
plethora of positive and negative acting transcription factors which act co-ordinately to

modulate the level of transcriptional regulation.

1.10 Mechanisms for modulation of transcription factor activity

Dimerisation

Dimerisation or higher complex formation is a common theme between

transcription factors and gives another level of complexity to transcriptional control. A

number of transcription factor families have been defined by their characteristic
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dimerisation interfaces. These include helix-loop-helix, (myc, max, MyoD) (Amati &
Land, 1994), leucine zipper, (C/EBP, Fos, Jun) (Lamb & McKnight, 1991) and Rel
(NF-kB and dorsal) (Blank et al., 1992). A consequence of heterodimerisation is that
the protein components may have altered DNA binding and activation properties which,
depending on the dimerisation partner, may also target the protein complex to a different
set of promoters.

In addition to dimerisation between families proteins may also form complexes
with unrelated proteins. For example the c-Myc protein may also bind to the zinc-finger
protein YY1. However, dimerisation between proteins is not promiscuous since the
bZip protein c-Fos can form heterodimers with the AP1 family member c-Jun protein
but not form homodimers or dimers with the C/EBP bZip containing family.

The simplest scenario resulting from different heterodimers is altered DNA
binding specificity. The nuclear hormone receptors contain a central DNA-binding
domain which targets the receptor to hormone response elements (reviewed by
Yamamoto, 1985). The 9-cis retinoic acid X receptor (RXR) may bind a variety of
other monomers including the all-trans retinoic acid receptor (RAR), the thyroid
hormone receptor (T3R), the vitamin D3 receptor (VDR) and fatty acid/peroxisome
proliferator-activated receptor (PPAR) (Bugge et al., 1992; Leid et al., 1992;
Issemanm et al., 1993). The resulting heterodimers target different hormone response
elements (HREs) which may possess altered ligand responses altering their specificity

for the HRE and trans-activation potential (Forman et al., 1995).

The dimerisation observed between the Max, Myc, and Mad proteins, which are
members of the basic helix-loop-helix/leucine zipper family, results in different trans-
activation potentials. Myc frans-activation is dependent on its heterodimerisation to the
Max protein in order to bind to the recognition site CACGTG (E box) (Blackwood &

Eisenman, 1991). In addition to binding to Myc, the Max protein can also form
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homodimers or heterodimers with Mad related proteins such as Mxil, which compete
with Max/Myc heterodimers for the E box sequence (Ayer et al., 1993). The Myc/Max
target gene, human ornithine decarboxylase (ODC) gene, is induced due to the presence
of an E Box sequence within its promoter (Pena et al., 1993, 1995). Recent data
indicates that the Myc/Max complex may be inhibited by overexpression of the Mxil
protein, forming Max/Mxil heterodimers which bind to the E box and prevents Myc

trans-activation (Wu et al., 1996).

Phosphorylation

Another important mode of control of transcription factor activity is
phosphorylation. This is underlined by the observation that the majority of transcription
factor proteins identified exist as phosphoproteins. Phosphorylation of transcription
factors may affect the protein's, sub-cellular localisation, trams-activation activity or
DNA binding activity resulting ultimately in altered promoter regulation.

The control of transcription factor subcellular localisation has the obvious
consequence of preventing transcription factors from entering the nucleus and thereby
binding there cis-acting sites. Nuclear proteins are synthesised in the cytoplasm and are
transported to the nucleus by the presence of a nuclear localisation signal (NLS)
sequence in the protein. Regulation by direct phosphorylation of the NLS was first
observed in the SV40 T antigen and is believed to be mediated by a phosphorylation
site for Caesin kinase IT (CKII) within the NLS and a p34<2 site adjacent to the NLS
(Jans et al., 1991). Other nuclear proteins such as mouse c-Myc, c-Abl and human p53
also contain potential CKII or p34<2 phosphorylation sites within the NLS (Jans et
al., 1991). It has been suggested that both CKII and p34<2 might have a general role
in protein import into the nucleus. Phosphorylation may also aid in the nuclear

localisation of some members of the Rel family of transcription factor, by a different
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mechanism. In this case NF-xB is held in an inactive complex with IxB, which is
released by the phosphorylation of the IxB. Both protein kinase A and C (PKA & PKC)
may phosphorylate IkB in vitro (Shirakawa & Mizel, 1989; Ghosh & Baltimore, 1990).

The control of transcription factor trans-activation mediated by phosphorylation
has been extensively studied in the cAMP response element binding/activating
transcription factor protein (CREB/ATF) family. The glutamine-rich activation domain
of CREB contains a phosphorylation box (P-box) which contains consensus
phosphorylation sites for a number of kinases (de Groot et al., 1993). Upon induction
by cAMP CREB is phosphorylated on serine 133 within the P-Box by PKA and as a
consequence is converted to a potent transcriptional activator (Gonzalez & Montminy,
1989). Other members of the family may be phosphorylated by different kinases at
alternative sites (de Groot et al., 1993). In vitro, the repression of CREB following
stimulation is dependent on dephosphorylation by protein phosphatase-1 (PP-1)
(Hagiwara et al., 1992) and CREB may also be dephosphorylated by PP-2A (Nichols et
al., 1992).

Phosphorylation may also affect DNA binding, an interesting example is the c-
Jun protein which shows altered binding activity or trans-activation function depending
on the sites phosphorylated. For example, phosphorylation at one set of sites towards
the C-terminal end close to the basic domain (Ser226, Ser232 and Thr214) decreases
DNA binding activity (Boyle et al., 1991). Alternatively phosphorylation at other sites
close to the activation domain, (Ser63 and Ser73) results in an increase in
transcriptional activity (Binetruy et al., 1991; Pulverer et al, 1991). A single stimulus,
for example TPA, can induce dephophorylation at inhibitory sites while increasing
phosphorylation at positive regulating sites (Pulverer et al., 1992).

The examples here are just a fraction of the phosphorylation events that occur in
transcription regulation. It is likely that phosphorylation plays a central role in

controlling protein conformation and activity in a number of cellular events, as appears
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to be the case in the signalling pathways, and these events are regulated by kinases and

the phosphatases.

The points discussed previously have illustrated the immense complexity of
eukaryotic gene regulation to create a multitude of different regulatory options for
achieving appropriate tissue specific and developmental gene regulation. Consequently
some of these aspects of gene regulation are discussed below with regard to tissue

specific and developmental gene regulation.

1.11 Globin gene expression: a model for tissue specific and developmental gene

regulation

An intriguing question in eukaryotic gene regulation is how transcriptional
cascades mediate developmental and tissue specific pathways. A variety of
developmental pathways (haemopoiesis, liver, kidney) have been used to assess how a
set of transcription factors specify a particular cell lineage. A particularly good example
is globin gene expression which has been used as an important paradigm for studying
tissue specific and developmental transcription regulation. Erythroid cells undergo a
series of morphological and biosynthetic alterations during erythropoiesis. The human
B-globin locus contains five genes (€,Gy, Ay, & and P) successively expressed as
erythropoieses progresses during development. The € gene is transcriptionally active in
the yolk sac, the two y genes are expressed in the foetal liver followed by expression of
d and B in adult bone marrow. The promoters of all five B-globin genes are also
dependant on distant enhancer elements, termed the B-locus control region (LCR), 11-

60kb upstream.
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Regulatory elements within the 3-globin promoter

The B-globin promoter contains three conserved positive cis-acting sites a
TATA box, a CCAAT and a CACCC motif which are necessary for full activity in the
mouse [B-globin gene. The TATA box is important for the binding of the basal
transcription factor TFIID which recruits other factors