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ABSTRACT

The intranuclear DNA of all eukaryotic cells is packed into chromatin, generating a
repressive environment for the genome. Remodelling of the local chromatin structure is a
vital process that allows access to the obscured DNA sequence and may induce the
expression of specific genes. To be able to find the appropriate gene in the vast amount of
DNA the cell relies on sequence specific transcription factors, which then trigger gene
induction. Correct control of gene expression is of fundamental importance for cell
function. In this thesis the effect of transcription factor DNA binding on chromatin
organisation and transcription was examined in vivo. The MMTV LTR (mouse mammary
tumour virus long terminal repeat) was used as a model promoter, and oocytes from
Xenopus laevis as cellular system.

The ubiquitous transcription factors NF1 (Nuclear Factor 1) and Oct1 (octamer binding
factor 1) were found to cooperate in binding and enhanced basal transcription at the non-
hormone induced MMTV LTR, which thus is accessible to these factors. Oct1, but not
NF1, was found to increase both the basal and the hormone induced transcription.
Together NF1 and Oct1 greatly enhanced the MMTV transcription in a synergistic
manner. The basis for this cooperativity was an NF1 and Oct1 presetting of the MMTV
LTR specific nucleosomal array. This preset state was functionally relevant, as it enabled
a more rapid and stronger hormone response. This indicates a fundamental role of the
ubiquitous factors NF1 and Oct1 in setting up a chromatin structure poised for
transcription.

Cooperative binding of GR (glucocorticoid receptor), NF1 and Oct1 upon hormone
activation was also revealed. This was explained by a common binding platform at the
enhanceosome. A direct effect of NF1 binding on enhanceosome stability was detected.

Novel transcription factor sites for FoxA (Forkhead box A1) was found in the MMTV
LTR. An upstream FoxA site was found to inhibit hormone dependent MMTV
transcription. This was likely due to a structural/sterical effect mediated through FoxA1
DNA bending. In the promoter proximal area, a double FoxA site was found to activate
basal transcription through FoxA1 activation domains. Binding of FoxA1 occurred
independently at each site, and in the absence of hormone activated GR. At the chromatin
level, FoxA1 binding resulted in a perturbed chromatin organisation, containing an
accessible C-nucleosome. Thus, FoxA1 was able to bind the chromatinised MMTV LTR
and create an open structure, i.e. act as a pioneer transcription factor. In addition, the
FoxA1 activation domains stabilised an altered organisation of the MMTV
enhanceosome.

Co-expression of NF1, Oct1 and GR with FoxA1 resulted in a displacement of FoxA1
from the upstream inhibitory site. In concordance the FoxA1 mediated transcriptional
inhibition on the hormone activated MMTV LTR was nullified. This could possibly be
explained by secondary effects stemming from NF1 and Oct1 influence on the MMTV
LTR nucleosomal array. NF1 and Oct1 increased stability for the active MMTV
nucleosomal array might be incompatible with FoxA1 binding at the upstream site.
Similarly, in a recent report FoxA1 was found to be displaced from several promoters
upon ER (estrogen receptor) induction in MCF7 cells. Together this indicates an
important role of FoxA1 in nuclear receptor induced transcription.

We have been able to study both the cooperative and competitive nature of interactions
within an enhanceosome. The differences revealed here emphasise the importance of
context effects on transcription factors.
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INTRODUCTION

Ever since the revelation of DNA as the hereditary information carrying molecule
and the solution of the DNA structure, a hunt for “the code of life” has continued
(Avery et al., 1944; Watson and Crick, 1953). In the year 2001 the Human
Genome Project provided us with the DNA sequence of the human genome, and
its predicted 25 to 35 thousands genes (Lander et al., 2001; Larsson et al., 2005;
Venter et al., 2001). A milestone of scientific progress, and undoubtly an
important contribution to our understanding of human genetics. However, the
DNA sequence alone can not explain how a complex organism comes to be.
Surprisingly, very few gene sequences were found to separate the human from our
closest neighbours Chimpanzees (Chen et al., 2001). Instead the differences
mainly reside in the expression of the genes (Enard et al., 2002). Similarly,
different tissues of the same individual contains an identical genome, yet for
instance a muscle and a liver cell function quite differently. Also here the
differences are attributed to gene expression, including differential expression of
splice variants. Thus, a human being is more than the sum of his/her genes.
He/she is the sum of his/her gene expression!

To be able to specifically express a sub-set of the genes in the massive amount of
DNA, humans and other eukaryotes are dependent on effective control
mechanisms. One part of this control system is to limit the number of accessible
genes by packing DNA into a dense structure known as chromatin (Grunstein,
1990; Han et al., 1988; Perlmann and Wrange, 1991; Sekinger et al., 2005;
Wyrick et al., 1999). A key event in gene activation is to open these structures to
allow access to the genes. The well-controlled process of opening the correct
genes at the correct time and place is directed by transcription factors. Hence,
transcription factors may affect chromatin organisation and gene regulation. The
consequences in failing to control these processes may lead to malfunction in cell
differentiation, and genetic diseases such as cancer.

Chromatin

The nucleosome

DNA in chromosomes is packed into chromatin, where the smallest unit is one
nucleosome. The nucleosome core particle consists of two each of histones H2A,
H2B, H3 and H4, upon which 147 bp of the DNA is wrapped in 1.75 turns anti-
clockwise (Fig. 1) (Davey et al., 2002; Luger et al., 1997). The histones are small
proteins with a positive charge, and interact well with the negative backbone of
DNA. The interaction with DNA is in a non-sequence specific manner, however
some sequence preferences can occur. This is mainly due to that the DNA is
strongly curved around the nucleosome surface, and thus is influenced by the
stiffness or bendability of different DNA sequences (Sivolob and Khrapunov,
1995; Widlund et al., 1997). De novo nucleosome wrapping of DNA is initiated
by the formation of a stable H3/H4 tetramer, and its interaction with DNA during
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Figure 1. The nucleosome with two of each histone: H2A, H2B, H3 and H4. The N-
terminal histone tails are protruding from the core. DNA is wrapped anti-clockwise around
the core in 1.75 turns. For visibility, the uppermost turn of DNA is black, and the second
turn in grey. The dyad is indicated with an arrow.

replication (Hayes et al., 1991; Krude, 1999; Smith and Stillman, 1991). The
structure is then further stabilised by the binding of two H2A/H2B dimers. The
association of these dimers is dynamic, as the H2A/H2B dimers, but not H3/H4
tetramers, are rapidly being exchanged. This exchange is transcription dependent,
leading to the suggestion that the H2A/H2B dimers dissociate from the
nucleosome during transcriptional elongation (Kimura and Cook, 2001; Kireeva
et al., 2002; Thiriet and Hayes, 2005; Vicent et al., 2004).

Each of the eight histones has long N-terminal tails constituting about 1/4 of the
protein, which are protruding from the nucleosome core (Fig. 1). These tails are
the main targets for histone modifications, and the sites of interaction with
co-activators and co-repressors. They are also thought to create higher order
folding of the chromatin, by interacting with neighbouring nucleosomes (e.g.
Dorigo et al., 2004). The importance of the histone tail modifications will be
discussed further below.

The unwrapped DNA between nucleosomes is known as linker DNA. Binding of
a linker histone H1 may compact the DNA further by wrapping an additional 20
bp of the linker DNA into the nucleosome, a structure known as the
chromatosome (Noll and Kornberg, 1977; Simpson, 1978). Histone H1 has
generally been considered as a repressor as it compacts DNA. However, this view
has been challenged by discoveries that transcription responds differently to H1 at
different genes (Alami et al., 2003; Lin et al., 2004; Shen and Gorovsky, 1996).
The nucleosome core and linker correspond to one nucleosome repeat, containing
about 180 to 200 bp of DNA, and builds up nucleosomal arrays. These arrays are
further folded into higher order chromatin structures. Heterochromatin represents
highly compacted structures with transcriptionally silent DNA, while euchromatin
contains more accessible DNA and active or activation permissive genes.
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In addition to the major core histones, histone variants may integrate into the
nucleosome to replace the major isoforms (reviewed by Kamakaka and Biggins,
2005). Accumulation of histone variants in the chromosomes may be of a
significant degree. The histone variants appear specialised in function. For
instance H3.3 replace the major histone H3.1 at actively transcribed genes
(Ahmad and Henikoff, 2002). Other H3 variants are CenH3 (or CENP-A), which
is incorporated in centromeric nucleosomes and have important functions in
kinetochore attachment (Blower and Karpen, 2001; Howman et al., 2000), and
H3t, which is testis specific (reviewed by Govin et al., 2004). Also H2B have a
gametogenic specific variant, and in addition a developmental stage specific and
age specific H2B.2 variant, but this is yet not fully characterised (e.g. Bosch and
Suau, 1995; Urban and Zweidler, 1983).

H2A is the core histone with most variants, all of which have different functions.
H2A.X is involved in DNA repair by the phosphorylation of its extended
C-terminal tail (Rogakou et al., 1998). MacroH2A contains an additional large
C-terminal domain. It is found mainly at the inactive X chromosome and at
facultative heterochromatin and probably has an inhibitory effect on transcription
(Costanzi and Pehrson, 1998; Grigoryev et al., 2004). The role of H2A.Z is
ambiguous. It has been implied both in gene activation and repression. H2A.Z
co-localises with HP1 at heterochromatin, but is also found in euchromatin (Fan et
al., 2004; Leach et al., 2000; Rangasamy et al., 2003). H2A.Z has further been
found at heterochromatin boundaries, where it may function as a barrier to
heterochromatic spreading (Meneghini et al., 2003). Interactions with HP1 were
reported to be enhanced by an expanded acidic patch at H2A.Z (Fan et al., 2004).
In contrast H2A.Bbd (Barr body deficient) reduced the acidic patch. In
concordance, H2A.Bbd localise to active regions. It is further believed to form a
less stable nucleosome, something that would favour gene activation (Bao et al.,
2004).

Also linker histones exist in several variants, six somatic H1a to H1e and H10, and
gamete specific H1t and H1oo. H1 are partly redundant, as mice knockouts of any
one somatic isoform has no phenotypic effect and is compensated by increased
production of the others (Fan et al., 2003; Lin et al., 2000).

In summary, histone variants increase the structural repertoire of nucleosomes,
and may have important functions in chromatin identity and gene regulation.
However, our knowledge about histone variant functions is yet scarce, and
deserves further attention.

Chromatin remodelling

When DNA is wrapped into nucleosomes the positioning of the nucleosomes
along the DNA strand is more or less random (Lowary and Widom, 1997). In fact,
DNA sequences that binds histones with high affinity appears not to have been
favoured through evolution (Thastrom et al., 1999). Some DNA sequence
preferences may occur, but sequence driven positioning seems to be the exception
(e.g. (Linxweller and Horz, 1985; Simpson et al., 1985). Binding of proteins to
DNA significantly affects the preferred positioning of nucleosomes, and is a
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prerequisite for gene regulation as regulatory sequences become accessible. In
yeast almost all DNA bound sequence specific proteins are in linkers or
nucleosome free regions and consequently yeast have numerous positioned
nucleosomes in vivo (Yuan et al., 2005). However, the mobility of nucleosomes is
usually weak, and a transition into the new preferred position upon protein
binding takes time. To facilitate the mobility the cells are equipped with
chromatin remodelling complexes. Thus, chromatin is far from a static structure,
but is constantly being modified by these complexes.

The ATP driven chromatin remodelling complexes may be divided into three
groups, SWI/SNF, ISWI and Mi-2/CHD. They all work by introducing torsion
into the DNA strand generating negative supercoils (Havas et al., 2000). This
results in a weakening of the DNA-histone interactions thus facilitating
nucleosome sliding. However, their requirement for substrate differs. SWI/SNF
may be recruited by histone H4 tails acetylated at lysine 8 (Agalioti et al., 2002;
Hassan et al., 2001), but requires only the DNA for its action (Havas et al., 2000).
ISWI on the other hand needs the histone H4 N-terminal tail for its catalytic
function (Brehm et al., 2000; Clapier et al., 2001). Mi-2/CHD requires an intact
core nucleosome to function (Boyer et al., 2000; Brehm et al., 2000; Havas et al.,
2000), but is probably recruited by histone tail methylations (Pray-Grant et al.,
2005).

The ATP dependent chromatin remodelling complexes are involved in both gene
activation and repression (e.g. Metivier et al., 2003). It appears that these
complexes only mobilise the nucleosome and have no influence on their final
position. In gene activation, chromatin remodelling is important in removing
nucleosomes from at least some promoters (Agalioti et al., 2000; Gregory et al.,
1999). In yeast, genome wide analyses have found that nucleosomes are depleted
200 bp into promoter sequences, and the nucleosome free area is surrounded by
well-positioned nucleosomes (Lee et al., 2004; Yuan et al., 2005). Conversely,
also repression may require mobilisation of nucleosomes, in order to cover
regulatory DNA sequences (Metivier et al., 2003).

Histone modifications, epigenetics

The long N-terminal tail domains of core histones are protruding from the
nucleosome, making them potentially the most accessible part (Fig. 1). Not
surprisingly, the histone tails are targets for interactions with other proteins.
Chemical modifications at specific residues within the tails have long been known
(Allfrey et al., 1964; Langan, 1969). Functionally, histone acetylations were
thought to be involved in gene activation (Pogo et al., 1966), and eventually a
transcriptional activator able to acetylate histone tails was discovered (Brownell et
al., 1996). Since acetylations reduce the positive charges in the histone tails,
initial ideas proposed that their interaction with the negative backbone of DNA
would be weakened, thus allowing an accessible chromatin and gene activation.
As evidence accumulated that the chemical modifications are more specific, this
simplistic idea was abandoned in favour of the histone code model (Strahl and
Allis, 2000). The histone code model postulates that modifications at specific
amino acid residues constitute a signal, triggering different chromatin events, e.g.
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compaction or decompaction. Indeed, enzymes exist that introduce or remove
these specific modifications, while other proteins contain domains responsible for
reading the code. Since these modifications, and hence the code, may be
transmitted to daughter cells, they are considered as epigenetic marks (i.e.
heritable changes in gene function not attributed to DNA). As recent advances in
the field have seen the number of known histone modifications increase
explosively, including modifications in the globular or C-terminal domains of
histones, only a few specific changes will be dealt with here. For a comprehensive
overview, see Peterson and Laniel (2004).

Histone acetylation

Numerous histone acetyl transferases (HAT) and histone deacetylaces (HDAc)
have been found to acetylate or deacetylate lysines (Peterson and Laniel, 2004).
Histone acetylation is generally involved in gene activation, and deacetylation in
silencing, but some genes respond differently (Kurdistani et al., 2004). The
transcriptional activator Gcn5 is one of the best characterised HATs, and is found
in the SAGA complex (Brownell et al., 1996; Sterner and Berger, 2000). This
complex is in the centre of gene regulation through its subunits, which are able to
interact with co-activators, histones and RNA polymerase II (pol II) factors (see
below, and Fig. 3). Yeast genome wide analyses have shown that histone
acetylation at promoters and the 5' region of open reading fames (ORF) is
increased in the presence of Gcn5 (Roh et al., 2004).

Histone acetylation occurs at lysines (K). Chromatin Immunoprecipitation (ChIP)
experiments in human HeLa cell nuclear extract characterised the acetylation of
histone H4 lysine 8 (H4K8) as a tag marking the nucleosome for recruitment of
SWI/SNF, while acetylation of H3K9 and K14 helped to attract the general
transcription machinery (Agalioti et al., 2002). In addition acetylation of the
globular histone site H3K56 were recently reported as a prerequisite of SWI/SNF
recruitment (Xu et al., 2005). The recognition of acetylation marks is achieved by
bromodomains. Such domains are known from the SWI/SNF chromatin
remodelling complex, completing the link between histone acetylation and
chromatin remodelling.

Histone methylation

Several histone methyl transferases (HMT) acting at lysines or arginines (R) have
been found (Peterson and Laniel, 2004). For a long time histone demethylases
were not known, and histone methylations were thought to be highly stable or
even irreversible. The link between H3K9, H3K27 and H4K20 methylation with
gene silencing and heterochromatin fuelled the idea of histone methylations as
stable modifications. Sub-sequently, genome wide analysis linked the H3K4
methylation mark to euchromatin rather than the previously reported telomeric
heterochromatin (Bernstein et al., 2002). Nevertheless these changes were viewed
as stable marks, and H3K4 methylation was found to remain long after
transcription had ended, potentially constituting a memory of recent transcription
(Ng et al., 2003). However, some transient arginine methylation marks coupled to
transcription were eventually described (Metivier et al., 2003), and removal of the
mark by deimination, yielding a citrulline in place of the arginine, was recently
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found (Cuthbert et al., 2004; Wang et al., 2004). It is still unclear how, if at all,
the citrulline may be converted back to an arginine. Also a lysine demethylase
specific for H3K4 was described (Shi et al., 2004), providing possible dynamics
for the memory tag.

Adding further complexity, lysines may be mono-, di- or trimethylated and
arginines mono- or di. Dimethylation of arginines may also be symmetrical or
asymmetrical. The methylation state may have different biological consequences,
e.g. only trimethylation of H3K27 is recognised by the repressor Polycomb (Min
et al., 2003). Though these epigenetic marks may also have different
consequences depending on which other modifications that are simultaneously
present.

Domains that read methylations are called chromodomains. Chromodomains are
present in Mi-2/CHD chromatin remodelling complexes, and Chd1 was found as
an integral subunit of the HAT complex SAGA (Pray-Grant et al., 2005).
However, if Chd1 in this complex acts as a remodeller or as a methylation
recognition protein is to date unknown. Another chromatin remodelling
complexes, ISWI, binds to methylated H3K4, at least in yeast (Santos-Rosa et al.,
2003).

Histone ubiquitylation

Histone ubiquitylation is found at lysines in the C-terminal tail of H2A and H2B
(Peterson and Laniel, 2004). Unlike proteins marked for degradation, the histones
are mono-ubiquitylated, and serves as an epigenetic tag. Ubiquitylation of H2B
was initially implicated in telomeric silencing by recruiting Set1, which is
responsible for sub-sequent H3K4 di- and trimethylation (Dover et al., 2002;
Santos-Rosa et al., 2002). The discovery of H3K4 at active genes shifted the role
of H2B ubiquitylation to include transcriptional activation (Ng et al., 2003). The
H2B ubiquitylation at gene activation occurs as a wave, including ubiquitylation
by Rad6 followed by deubiquitylation by Ubp8, yet one member of the SAGA
complex (Henry et al., 2003).

Other modifications

Histone phosphorylations may occur at serines (S) and threonines (T), and are
involved in mitotic chromosome condensation, DNA repair and apoptosis (Nowak
and Corces, 2004; Peterson and Laniel, 2004). H3S10 is involved in transcription,
by providing a tag for subsequent H3K14 acetylation (Agalioti et al., 2002).

ADP-ribosylation of histones was reported already in 1968 (Nishizuka et al.,
1968). However, still little is known about this modification. It has been
implicated in DNA repair, where it may have a role to displace nucleosomes from
the DNA (Althaus et al., 1994), but there also seems to be a connection of ADP-
ribosylation to macroH2A, present at the inactive X chromosome (Karras et al.,
2005; Ladurner, 2003).

SUMOylation (small ubiquitin related modifier) of lysines is a modification
similar to, but distinct from ubiquitylation. This novel modification has been



Per-Henrik Holmqvist 2005

13

implicated in repression (Shiio and Eisenman, 2003), but its exact role remains to
be determined (reviewed by Gill, 2004).

Additional histone tail modifications are likely to be found in this rapidly
progressing field.

Heterochromatin

Early studies on interphase chromosomes identified regions that stained more
heavily, and contained more compact chromatin, heterochromatin, while other
regions were less compact, euchromatin (Heitz, 1928). Euchromatin contains
accessible DNA with active genes, or genes permissive for activation, while
heterochromatin contains silent DNA. Heterochromatin in mammals may be
divided into three groups. First females have heterochromatin at the inactive X
chromosome, in order to generate similar genomic activity as males carrying only
one X chromosome (Sado and Ferguson-Smith, 2005). Secondly, facultative
heterochromatin covers different genes in a tissue- and time specific manner, and
is set up during development and cell differentiation (Craig, 2005). Finally, the
constitutive heterochromatin, which is subdivided into three groups: telomeric
heterochromatin present at the chromosomal ends, where it protects the open end
of DNA, pericentric and centromeric heterochromatin present at the centromere, a
specific region of the chromosome, and has important functions in chromosome
segregation during mitosis and meiosis (Craig, 2005).

Targeting of the condensation to correct DNA sequences may be regulated by
different pathways. Telomeric and pericentric heterochromatin rely on nuclear
siRNA (small interfering RNA) guiding and DNA methylation in yeast and
mammals (Kanellopoulou et al., 2005; Maison et al., 2002; Volpe et al., 2002).
The mechanism is best known from yeast, where the siRNA direct the RITS
complex to homologous DNA sequences, leading to heterochromatin formation
(Verdel et al., 2004). This is a paradox, since packing of DNA into
heterochromatin creates silent genes, yet siRNA synthesis at some
heterochromatic sites is required for heterochromatin formation and maintenance.
The solution may be Rpb7, a specific RNA pol II subunit, which enhances
effective heterochromatic transcription and compaction in yeast (Djupedal et al.,
2005). Similarly the inactive X chromosome is subject to silencing through Xist
RNA (Clemson et al., 1996). Facultative heterochromatin is most likely targeted
by sequence specific proteins and co-repressors, allowing different sites to be
heterochromatic in different tissues. However, also here a siRNA component has
been implicated (Morris 2004, Kawasaki, Taira 2004). Alternative pathways may
exist in order to increase the flexibility of facultative heterochromatin.

The siRNA targets DNA for methylation at cytosines, creating an epigenetic mark
for heterochromatin directly at the DNA (Kawasaki and Taira, 2004; Mette et al.,
2000; Morris et al., 2004). Also the histones tails are methylated at their lysine
residues, one of the hallmarks of heterochromatin. Thus, while histone tails in
euchromatin is enriched in acetylations of lysines, heterochromatin is enriched in
histone lysine methylations. H3K9 appears an especially decisive site, which in
acetylated form may recruit TBP (Agalioti et al., 2002), but when methylated
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mediates incorporation into heterochromatin (Lachner et al., 2001). Each type of
heterochromatin has its own specific combination of methyl marks, and the
pattern differs between organisms. In mammalians, trimethylation at H3K9 is
induced at constitutive heterochromatin by the HMT Suv39h and at H4K20 by
Suv4-20h or PR-Set7, whereas H3K27 is monomethylated (Maison et al., 2002;
Nishioka et al., 2002; Peters et al., 2003; Schotta et al., 2004). At the inactive X
chromosome the HMT Ezh2 induce dimethylation at H3K9 and trimethylation at
H3K27 (Silva et al., 2003). Facultative heterochromatin is being trimethylated at
H3K27 by Ezh2 (Kirmizis et al., 2004), and trimethylated at H3K9 (Cowell et al.,
2002).

Compaction of heterochromatin is achieved by accessory factors, like
heterochromatin protein 1 (HP1) and proteins of the Polycomb group (PcG).
These factors directly bind the methylated histone tails. HP1 contains a
chromodomain that recognises H3K9 trimethylation or dimethylation (Jacobs and
Khorasanizadeh, 2002; Nielsen et al., 2002) and is found at constitutive or
facultative heterochromatin. PcG specifically recognise H3K27 trimethylation
(Min et al., 2003) and is localised to facultative heterochromatin or inactive X.
PcG in the complex PRC1 (Polycomb repressive complex) was shown to compact
chromatin by clumping nucleosomes together (Francis et al., 2004). PcG and HP1
are both dynamic, moving rapidly on and off the heterochromatin (Cheutin et al.,
2003; Ficz et al., 2005). Thus other factors, probably within the PRC1 complex,
must be involved in the structural build up of the condensed chromatin. In
addition to these factors heterochromatin is also enriched in some histone
variants. Their exact function is unclear, but they are likely to increase the
structural stability of heterochromatin (see above).

Once the heterochromatin has been initiated, spreading will occur through a chain
of histone methylation and recruitment of HMTs. After HP1 binding to
trimethylated H3K9, Suv39h is recruited and trimethylates the histone tails of the
neighbouring nucleosomes (Hall et al., 2002; Schotta et al., 2002; Verschure et
al., 2005). In addition, the spreading effect will also transfer methylation marks to
de novo assembled histones after replication and may have a role in
heterochromatin maintenance. Spreading will continue until a heterochromatic
barrier is encountered. This barrier may constitute activation domains that inhibit
heterochromatin formation by recruitment of activators (West et al., 2004).
Alternatively, special chromosomal structures may form, across which spreading
of epigenetic marks is inhibited (Blanton et al., 2003; Ishii et al., 2002). In yeast
H2A.Z has been found at heterochromatin boundaries, where it may function as a
component of a spreading barrier (Meneghini et al., 2003).

Furthermore, the spatial nuclear localisation is correlated to epigenetic marks and
gene activity. Genes located at the nuclear periphery, nuclear pore complexes
(NPC) excluded, are generally silent while genes in the nuclear interior are active
(Comings, 1980; Ishii et al., 2002). Also the location within so-called
chromosome territories, areas where large portions of chromatin are joined, may
be important. Here the idea is that internal territorial sites are inaccessible and
silent, and the exterior is accessible and active (Kurz et al., 1996). However, it is
likely that the localisation is a consequence rather than a determinant of
epigenetic marking and transcription (Mahy et al., 2002; Zink et al., 2004). It
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should be pointed out that even highly condensed chromatin territories are
reported to be accessible for large molecules (Mahy et al., 2002; Verschure et al.,
2003). Even accessibility to heterochromatic DNA is not completely excluded,
since RNA pol. II may bind to this silenced DNA (Dellino et al., 2004; Djupedal
et al., 2005).

Transcription

Transcription is the process by which the genetic code in DNA is being copied
into an RNA molecule i.e. the first step of gene expression. Transcription starts at
the 5' end of the gene, just downstream of the promoter, and continues to the 3'
end. Subsequently, the RNA may take different routes to exert its effect and is
divided into different functional groups. The code of messenger RNA (mRNA) is
translated into an amino acid sequence, thus producing a protein. Transcription of
mRNA genes and siRNA (discussed above) are carried out by RNA polymerase II
(pol II). These transcripts are not the most abundant RNA in the cell, but since
they constitute the majority of gene sequences and display the most strictly
regulated genes, they will be focused on here. The process of transcription may be
sub-divided into three parts: initiation, elongation and termination. However,
these processes are not completely independent. Elongation creates epigenetic
marks that are thought to influence sub-sequent initiation (Ng et al., 2003), and
loop formation between the 5' and 3' ends of genes may create a cross talk
between initiation and termination (O'Sullivan et al., 2004). Also
posttranscriptional processing, and mRNA export may influence transcription
(Rodriguez-Navarro et al., 2004). However, since we are interested in the switch
between inactive and active chromatin, initiation is the main objective of this
work.

The holoenzyme: PIC and mediator

The central catalytic protein of mRNA transcription is RNA pol II, in itself a
multiprotein complex. The polymerase associates with general transcription
factors (TFII) in order to create a functional complex, the preinitiation complex
(PIC). However, DNA templates assembled into chromatin require additional
factors, called the mediator (Kim et al., 1994). Together the PIC and mediator
constitutes the holoenzyme (Fig. 2). The resulting particle responsible for
transcription has been compared to a ribosome in size (Halle and Meisterernst,
1996).

The PIC proteins TFIID (including subunits TATA binding protein (TBP) and 12
TBP associated factors (TAFs)) and TFIIB are responsible for recruitment of the
full PIC to the promoter of activated genes. Binding of TBP creates a strong bend
of the DNA (Kim et al., 1993). TFIIA may act to stabilise the binding of TBP.
TFIIH is a helicase, which unwinds the double stranded DNA to make the
sequence readable for the RNA pol II. Finally, the C-terminal domain (CTD) of
the largest subunit of RNA pol II is being phosphorylated by TFIIH, whereby the
polymerase leaves the promoter and starts transcription elongation through the
gene.
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Figure 2. RNA polymerase II (red) with TBP (white), other general transcription factors
(purple) and mediator (light grey) makes up the holoenzyme. Site-specific transcription
factors (blue) and co-activators (cyan, and indicated complexes) build up an enhanceosome
that interacts with the mediator.

Exactly how the different subunits of the PIC are recruited to promoters is
unknown. One idea is that the full RNA pol II transcription and processing
machinery is co-recruited to the DNA from a pre-assembled particle, the
transcriptosome (Gall et al., 1999). Nevertheless, recruitment of at least TFIIA
and TFIID seems to be independent of and prior to PIC assembly at the promoter
(e.g. Metivier et al., 2003). Other ideas include several transcribed genes being
assembled to the same nuclear particle, a transcription factory (Jackson et al.,
1993; Osborne et al., 2004). Such factories might be specialised in function by
containing different transcription factors. For instance the transcription factor
Oct1 (octamer transcription factor 1) have been reported to be included in only a
sub-set of the transcription factories (Pombo et al., 1998). However, given the
high accessibility to various nuclear sites (Dellino et al., 2004; Mahy et al., 2002;
Verschure et al., 2003) and the great mobility of transcription factors (Agresti et
al., 2005; McNally et al., 2000; Misteli, 2001; Phair et al., 2004) it is likely that
the presence or absence of DNA binding sites in combination with chromatin
structure are the determinants of which transcription factors that are to be
included in such particles. Further, photo-bleaching experiments have shown that
even the RNA pol II moves rapidly (Kimura and Cook, 2001), thus questioning
the presence of specialised transcription factories.

The mediator consists of 24-30 conserved subunits (reviewed by Blazek et al.,
2005). They form a distinctly three-parted structure containing head, middle and
tail domains (Asturias et al., 1999). Contact with the RNA pol II is made by the
head and partly the middle domain (Fig. 2). Contact with activators or
co-activators take place through various domains (Blazek et al., 2005). The
specific combination of transcription factors at a specific promoter and the



Per-Henrik Holmqvist 2005

17

corresponding enhancer creates the cues for transcription. The signal from these
factors is mediated to the PIC through the mediator. Thus, the role of the mediator
is to convert the input signals from multiple DNA bound transcription factors and
their co-activators into a gene activity status. This gene activity status may be
further manifested through chromatin. Factors such as nucleosome positioning
and histone tail modifications are part of the signalling.

Gene activation

In a given cell at a given time, the majority of genes are silent. In fact
chromatinised DNA is repressive by nature (Grunstein, 1990; Han et al., 1988;
Perlmann and Wrange, 1991; Sekinger et al., 2005; Wyrick et al., 1999). A critical
step in gene activation is the targeting of chromatin changes to the correct site,
making the DNA accessible. Binding of so called pioneer transcription factor(s),
i.e. proteins capable of binding to its sites with high affinity and render a more
accessible DNA, even when packed into chromatin (Cirillo et al., 2002), are
considered to trigger chromatin opening and the switching from inactive to active
chromatin.

A common theme of how the sub-sequent steps lead to gene activation is yet to be
found, if it at all exists. However, some generalisations may be made. First the
bound transcription factors recruit co-activators. Those may be either modulator
proteins, which bridge interaction with chromatin remodelling complexes and
histone tail modifiers, alternatively these latter complexes are directly recruited.
Mediator and PIC recruitment may also occur directly or through co-activators.
However, the binding of PIC may not take place until chromatin remodelling
complexes has cleared the area proximal to the TATA-box, creating a chromatin
structure compatible with transcription (Agalioti et al., 2000; Gregory et al., 1999;
Yuan et al., 2005). Chromatin remodelling may also allow DNA binding of
additional transcription factors, and increase binding of pioneer transcription
factors (Papers I, II and III). Factor recruitment should probably be viewed as a
dynamic network whereby interactions of different activators and co-activators
work synergistically or competitive to increase or decrease the chances of
binding, i.e. they stabilise or destabilise each other (Paper II and IV). Activation
through such a network would gradually build up an active promoter, including
remodelling, histone modifications and holoenzyme recruitment, and finally
initiate transcription. Recruitment of various factors would thus be interdependent
and allow activators to enter at different time points, thereby increasing the
dynamics of gene activation. Such dynamics may be essential to allow different
genes, or even the same gene under different conditions, to respond specifically to
multiple inputs from e.g. cell-, age- or environmental specific signals. Further,
both cooperativity and competition between signals must be taken into account.
The interaction network of factors might cause problems of catching one general
gene induction chain of events. Other problems may arise by some histone
modifications that are transient and may easily escape notice, e.g. H2B
ubiquitylation and H4K12 acetylation (Agalioti et al., 2002; Henry et al., 2003).

The multiple functions of SAGA provide a good example of how an interaction
network may be organised (Fig. 3). After binding of activator(s) SAGA may be
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Figure 3. Transcription factors and co-activators interact in a complex network, and
together builds up an active promoter. From binding of site-specific factors several routs
may be taken that eventually leads to PIC assembly and transcription. The SAGA complex
is a factor that may participate through many different interactions.

directly recruited (Sterner and Berger, 2000). Alternatively, a cascade of histone
tail modifications including H2B ubiquitylation and H3K4 methylation probably
also leads to SAGA recruitment through the Chd1 subunit (Pray-Grant et al.,
2005). SAGA then deubiqutylates H2B and acetylates various lysine residues (e.g.
Hassan et al., 2001; Henry et al., 2003). SAGA induced acetylation may recruit
SWI/SNF or TFIID (Agalioti et al., 2002; Hassan et al., 2001). SWI/SNF then
remodels the promoter structure, to allow stronger transcription factor binding and
PIC assembly (Agalioti et al., 2000; Gregory et al., 1999). In addition SAGA
contains TAF subunits, creating a direct mutual interaction platform between
SAGA and PIC (Sterner and Berger, 2000).

In conclusion, SAGA may be recruited by different pathways, all of which
enhance transcription. Multiple feed-back loops create a synergism between
different activation processes (Fig. 3). The methylated H3K4 recruitment pathway
is intriguing, since it provides a direct entry point of gene activation from the
postulated H3K4 memory tag of recently transcribed genes (Ng et al., 2003), and
allows gene re-initiation to bypass the first steps. Finally, the role of the
ubiquitylation wave is puzzling (Henry et al., 2003). It is possible that
deubiquitylation by SAGA is a way to reset the mark upon its arrival, quite
similar to how a flight steward reset the attention button triggered by a passenger.
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Another example of networks is the interactions between steroid receptors and
their co-activators (discussed below). Synergism between factors is likely to be
more important under limited conditions. The estrogen receptor (ER) and
androgen receptor (AR) both have reduced requirements for co-activators at high
hormone levels (Lee et al., 2002). Similarly, the yeast Pho5 promoter, induced by
phosphate starvation, requires neither Gcn5 nor SWI/SNF under highly induced
conditions (i.e. complete absence of phosphate), while intermediate transcription
factor binding does (i.e. at reduced phosphate levels) (Dhasarathy and Kladde,
2005), indicating the synergistic behaviour at this promoter under weak induction.

Also, the IFNβ promoter bears resemblance of a network. Here binding of
multiple transcription factors and co-activators interact synergistically to create a
particle known as the enhanceosome (Falvo et al., 1995; Thanos and Maniatis,
1995). However, the sub-sequent steps have been determined in a sequential
manner (Agalioti et al., 2000), and is highly similar to the situation at the yeast
Pho8 promoter (Gregory et al., 1999; Reinke et al., 2001). After transcription
factor binding, Gcn5 is recruited. The Gcn5 mediated histone acetylation then
recruits SWI/SNF, which leads to chromatin remodelling and PIC assembly.

Another example is the precisely outlined ordered recruitment of activators,
co-activators and histone tail modifications in the ER induced pS2 promoter in
human MCF-7 cells. Metivier et al. (2003) found a cyclic behaviour including
recruitment and displacement of all factors examined within ca 40 minutes,
leading to a transient binding of different factors. ER was first recruited followed
by Brg1, a subunit of SWI/SNF. Then the HMTs CARM1 and PRMT1 followed
together with H3R17 and H4R3 methylation respectively. Shortly after, the
co-activator SRC1 came just before various HATs, all accompanied by their
corresponding modification, and TFIIA and TBP. Gcn5 and TAFs preceded PIC
and mediator complexes. Cyclic behaviour of recruitment has been reported at a
few genes controlled by nuclear receptors (Kang et al., 2002; Nagaich et al., 2004;
Shang et al., 2000). Each cycle is likely to represent several association and
dissociation events, since transcription factors have been shown to oscillate
rapidly in photo-bleaching experiments (Agresti et al., 2005; McNally et al., 2000;
Misteli, 2001; Phair et al., 2004).

DNA sequence specific transcription factors

The site specific transcription factors recognise and bind to a specific DNA
sequence, a regulatory element. The same elements are present in the sub-set of
promoters regulated by the corresponding transcription factor, and each promoter
has its own specific combination of regulatory elements. Site specific
transcription factors are the determinants of regulated transcription as they
convert the regulatory information encoded in the DNA sequence into a positive
or negative gene activity.

To be able to bind its site on chromatinised DNA, the transcription factors need to
compete with histones for binding. Here the binding properties of the factor itself
are highly significant. Certain transcription factors have a high affinity for its
DNA sites even when packed into chromatin, and may render a more accessible
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DNA. Such proteins are known as pioneer transcription factors and includes both,
Forkhead box A1 (FoxA1) and glucocorticoid receptor (GR) (Belikov et al., 2000;
Cirillo et al., 2002; Zaret and Yamamoto, 1984). Other factors may need the
cooperative binding of additional transcription factors or co-factors to stabilise its
own binding, e.g. octamer binding factor 1 (Oct1) and Nuclear Factor 1 (NF1) at
the mouse mammary tumour virus (MMTV) long terminal repeat (LTR) (Paper
II). However, cooperative binding is not restricted to this latter group of
transcription factors, as also pioneer transcription factors binding may be
enhanced by the simultaneous binding of additional factors (Paper I, II, III and
IV).

Furthermore, the rotational phasing of a DNA binding sites may play a role in site
accessibility and transcription factor binding on a chromatinised template. GR
was found to bind its site better when the DNA major groove was accessible, i.e.
facing out from the histone octamer (Li and Wrange, 1995). Conversely, if
binding sites are obscured by the nucleosome, cooperativity between factors may
be of greater importance.

Nuclear receptors

Nuclear receptors constitute a large family of transcription factors (Nuclear
Receptors Nomenclature Committee, 1999). Many of the nuclear receptors act by
binding of steroid hormones or other ligands, while other receptors have no
defined ligand. The latter are known as orphan receptors.

Steroid receptors are key factors of cellular signalling, having important
regulatory functions in metabolism, reproduction and development. They have
pleiotropic and tissue specific effects, thereby controlling the homeostasis of the
organism. Steroid hormones bind to its corresponding receptor through the ligand
binding domain (LBD). This result in a conformational change, allowing
co-activator recruitment through LBD binding to a LXXLL motif (L denotes
leucine, and X is any amino acid) (Heery et al., 1997). The LBD contains an
activating domain called AF2 (activation function 2), while AF1 is situated in the
N-terminal domain (Fig. 4). AF1 interaction with co-activators is independent of
the LXXLL motif, and independent of hormone (Bevan et al., 1999). In estrogen
receptor (ER) AF1 and AF2 act synergistically to elevate gene activation
(Benecke et al., 2000). However, genome wide analysis of glucocorticoid receptor
(GR) activation revealed gene context specific requirements for AF1 and AF2
(Rogatsky et al., 2003). Steroid receptors may through these domains interact
directly with a number of co-activators, including steroid receptor co-activators
(SRC), HATs and SWI/SNF.

Glucocorticoid signalling is involved in stress response, having decisive roles in
energy metabolism, wound and inflammatory response. GR is localised in the
cytoplasm in the absence of hormone. Nuclear translocation, dimerisation,
binding to DNA and transcriptional activation is induced by hormone
administration (Picard and Yamamoto, 1987; Wrange et al., 1989). Hormone
antagonist also supports nuclear localisation, and weak DNA binding, but not
transcriptional activation (Belikov et al., 2001 and Paper I).  Each GR molecule
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Figure 4. The glucocorticoid receptor (top) contains two activation functions (AF1 and
AF2), DNA binding (DBD), and ligand binding (LBD) domains. Forkhead box A1
(bottom) contains a DBD and conserved regions (CR) II to IV.

of the dimer recognises a 6 bp sequence through the DNA major groove, and
together the dimer binds two such sequences spaced by 3 nucleotides, the GR
element (GRE) (Luisi et al., 1991; Payvar et al., 1981). While DNA binding to
GRE activates transcription, the negative GRE (nGRE) may repress genes (Sakai
et al., 1988).

GR is highly mobile, with a constant flow of association and dissociation, as
shown by photo-beaching experiments (McNally et al., 2000). At the same time,
GR may interact with various activator proteins. Together this has led to the hit-
and-run hypothesis by which GR would act as a guide to bring in activator factors
to the promoter, only to release them and bring in new factors. Such a cyclic GR
mediated recruitment of factors would increase their concentration locally, and
mediate gene activation (McNally et al., 2000).

Fox proteins

The Forkhead box (Fox) proteins comprise a family of transcription factors united
by a similar structure in the DNA binding domain (DBD) (Kaestner et al., 2000).
They arose early in evolution, and are present in both fungi and metazoans. The
family name is derived from the Drosophila gene fork head which, when deleted,
gives disturbed terminal structures i.e. head formation, thus implying importance
in development (Weigel et al., 1989). Indeed Fox proteins are involved in several
aspects of metazoan development, but also in tissue specific gene expression
(reviewed by Carlsson and Mahlapuu, 2002; Granadino et al., 2000; Lehmann et
al., 2003).

The characteristic Fox DBD constitutes a winged helix structure with three or four
α-helices connected by loop structures, the wings (Clark et al., 1993; Marsden et
al., 1998; van Dongen et al., 2000). When DNA bound, helix 3 is situated in the
major groove of DNA, but DNA contacts are also being made by the other parts
of the DBD. Outside the DBD there are more specialised activation domains,
which differs between Fox protein sub-groups (e.g. Liu et al., 1999; Mahlapuu et
al., 1998; Pani et al., 1992; Schuddekopf et al., 1996).

In concordance with the similar DBD of Fox proteins, the DNA recognition
sequence is quite similar. Most Fox proteins recognise the same core DNA
sequence, but nucleotides outside this sequence may vary (Pierrou et al., 1994 and
reviewed by Kaufmann and Knochel, 1996). At the same time, the core DNA
sequence is in best contact with the Fox DBD (Clark et al., 1993), and it is thus
likely that other nucleotides would contribute less to the binding specificity
(Pierrou et al., 1994). In conclusion, different family members probably have
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overlapping DNA site recognition, but may have differences in binding
preferences, such that the affinity for different sites varies.

Fox protein binding to DNA results in a sharp bend of the DNA double helix. The
crystal structure of FoxA3 reveals a 13° bend around the DBD helix 3 present in
the DNA major groove (Clark et al., 1993). However, this bending angle is likely
to be an underestimation, since flanking DNA sequences were lacking, and since
a 80-90° bending was revealed in gel-shift assays of FoxC1 (Pierrou et al., 1994).
That the binding is dramatic, and centred around the major groove interacting
with helix 3 is evident by the induced strong DNase I cleavage sites at each side
of the triple A/T basepairs (Pierrou et al., 1994; Roux et al., 1995, Paper III).

Regulation of Fox proteins may occur by affecting its sub-cellular localisation. At
least some Fox family members may be phosphorylated in a manner that inhibits
nuclear translocation (Biggs et al., 1999; Brunet et al., 1999; Wolfrum et al.,
2003). Furthermore, post-translational modification of FoxO1 through acetylation
by p300 has been reported to increase its trans-activation capacity (Perrot and
Rechler, 2005).

FoxA1, 2 and 3, previously Hepatocyte Nuclear Factor 3 (HNF3) α, β and γ, is a
group of proteins that was first purified from adult liver, but that also is present in
lung and the small intestine, albeit at low level (Costa et al., 1989; Lai et al., 1990;
Lai et al., 1991). FoxA proteins are expressed from gastrulation and during the
early development of neural tube, brain, lung, pancreas, intestine and liver (Ang et
al., 1993; Lee et al., 2005b; Monaghan et al., 1993; Sasaki and Hogan, 1993).
FoxA2 is the first to be expressed in the anterior node of the primitive streak,
followed by FoxA1 and last FoxA3 expression. Due to the high similarity, FoxA
proteins plays partial redundant role in development. However, despite this
FoxA1 and FoxA2 have opposite effect on HNF4 expression. It was proposed that
FoxA1 inhibits HNF4 expression by competing with the activating FoxA2 for
binding to the FoxA site (Duncan et al., 1998).

There are four conserved regions (CRs) within the FoxA proteins (Fig. 4), though
FoxA3 is lacking the fourth. The most conserved is the DBD (CR I), while the
C-terminal CR II and III and the N-terminal CR IV all have been found to have
trans-activation activity (Lai et al., 1991; Pani et al., 1992, Paper IV). The
C-terminal CR II and III may interact directly with core histones (Cirillo et al.,
2002).

FoxA proteins are structurally similar to linker histones (Clark et al., 1993;
Ramakrishnan et al., 1993), and may similarly interact with nucleosomes (Cirillo
et al., 2002). However, in contrast to linker histones, DNA binding of FoxA is
sequence specific (reviewed by Kaufmann and Knochel, 1996). It has been
speculated that FoxA, and probably also other Fox proteins, replace linker
histones in order to open chromatin and anchor nucleosomes to specific sites,
leading to stabilisation of specific nucleosomal arrays and translational
positioning. It has indeed been found that FoxA1 position nucleosomes in the
mouse serum albumin enhancer in vivo (McPherson et al., 1993) and that it
invades and remodels compacted chromatin in vitro (Cirillo et al., 2002).
Similarly, FoxA1 was found to bind and to create an accessible chromatin
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structure both in the inactive and the hormone activated MMTV LTR in Xenopus
laevis oocytes (Paper III).

A genome wide role for FoxA1 in nuclear receptor was recently implicated. It was
found that FoxA1 potentates chromatin for sub-sequent ER binding (Carroll et al.,
2005). It is possible that FoxA1 counteracts silencing to keep the chromatin in a
permissive state (see discussion below). Further, upon ER binding FoxA1 was
displaced from many of the genes examined (Carroll et al., 2005). However the
mechanism for displacement is unclear (cf. Paper IV).

NF1 and Oct

NF1 is ubiquitously expressed in most tissues and posses a constitutive DNA-
binding capacity. It is involved in the expression of many cellular and viral genes
(reviewed by Gronostajski, 2000). The NF1 family in vertebrates contains four
different but highly related proteins, NF1-A, NF1-B, NF1-C and NF1-X. In
addition, the number is increased by the existence of several different tissue
specific splice variant from each NF1 gene. NF1 binds to its DNA site as a dimer,
with high affinity to naked DNA. The DNA-binding/dimerisation domain is
strongly conserved in all four NF1 members. The NF1-C protein contains a
proline rich domain that was shown to stimulate transcription (Mermod et al.,
1989). Protein domains that mediate transcriptional repression have been
identified in both NF1-A and NF1-X. It is likely that repression and activation by
NF1 proteins is both cell- and context-specific (Gronostajski, 2000). Little is
known about the mechanistic role of NF1 in gene regulation. However, the
protein may interact with histone H3, proposed to position nucleosomes
(Alevizopoulos et al., 1995), and with TFIID (Chiang and Roeder, 1995; Xiao et
al., 1994), and TFIIB (Kim and Roeder, 1994).

The Oct proteins belong to the POU-domain (Pit-Oct-Unc) family. These proteins
contain a special two-parted DNA binding domain the POU homeodomain and
the POU specific domain, connected by a flexible region, the leach (Klemm et al.,
1994). The POU homeodomain is closely related to the homeodomain of Hox
genes. The two DBDs may bind in a variety of ways, depending on the DNA site.
Oct1 binding to its site in the H2B promoter promotes binding on both sides of the
DNA strand, in two opposing major grooves (Klemm et al., 1994). This site is
highly similar to the site in the MMTV LTR. Another type of binding is through
two consecutive major grooves on the same side of the DNA double helix
(Phillips and Luisi, 2000).

Many Oct proteins are present in embryos, thus implying importance in
development (Scholer et al., 1989). Oct4 stands out as an important transcription
factor defining embryonic stem cells, and regulates together with Sox2 other stem
cell genes, such as Nanog (Kuroda et al., 2005; Rodda et al., 2005). In mouse
oocytes Oct5 is present (Scholer et al., 1989). Oct1 is constitutively expressed in
adult tissues (Scholer et al., 1989).

Enhanced Oct1 binding to DNA is mediated by cooperative binding with various
other transcription factors (Lins et al., 2003; Zwilling et al., 1995), and Oct1 also
cooperates with these factors in gene regulation (Phillips and Luisi, 2000). Oct1
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interaction with GR was shown to potentate transcription (Prefontaine et al.,
1998). In addition, Oct1 may have a positive effect on transcription by interacting
with PIC through TBP and TFIIB (Nakshatri et al., 1995; Zwilling et al., 1994).

Co-activators

Co-activators are proteins that may help a site specific transcription factor to
mediate its activity. To this group belongs anything that activates transcription,
but lacks a DNA recognition motif. There are three principal types of
co-activators. The chromatin remodelling complexes and the histone tail
modifiers, which have already been discussed, and the modulator type of
co-activators that mediate interactions between various activators, co-activators
and the RNA pol II holoenzyme.

Well known nuclear receptor associated HATs include the SAGA subunit Gcn5
and the closely related p/CAF, and the Tip60, CBP and p300 proteins (Ito et al.,
2000; Li et al., 2003; Metivier et al., 2003). Most of them may acetylate several
different lysine residues within the histone tails, and displays partial overlap
(Peterson and Laniel, 2004). Other histone tail modifiers involved in nuclear
receptor activation are the HMTs CARM1 and PRMT1, methylating H3 and H4
arginines respectively (Chen et al., 1999).

Nuclear receptors interact with three steroid receptor co-activators (SRC): SRC1,
SRC2 and SRC3 (reviewed by Belandia and Parker, 2003; Xu and Li, 2003).
They have a LXXLL motif for interaction with steroid receptors, and other motifs
for interaction with various other co-activators: SWI/SNF, HATs, mediator, and
CARM1 and PRMT1. The SRCs may thus act as bridging factors, a property
intensively studied in SRC2 (also called GRIP1) (e.g. Lee et al., 2002; Ma et al.,
1999). SRC1 and SRC3 have HAT activity, and it is unclear whether their main
function is in histone acetylation or as bridging factors.

The enhanceosome

Once bound, the site specific factors may consolidate an active or inactive state,
or an activity competence, by the recruitment of co-activators or co-repressors,
e.g. histone tail modifiers and chromatin remodelling complexes. Multi-subunit
complexes may form over the promoter through an interaction network between
the constituent factors, and build up an enhaceosome (Bazett-Jones et al., 1994;
Falvo et al., 1995; Giese et al., 1995; Thanos and Maniatis, 1995) or repressosome
(Adhya et al., 1998; Geanacopoulos et al., 1999; Sridhar et al., 1999) respectively.

Enhanceosomes constitute interaction platforms for activators and PIC assembly
(Kim et al., 1998; Yie et al., 1999), whereby synergistic binding of different
factors are facilitated. Thus small contributions by different ubiquitous, tissue-
and signal specific factors may combine to create a distinct signal. From this
follows that even though a specific DNA binding factor may have several
genomic targets, only a sub-set mediate gene activation. This enables tissue- and
context-specific expression. However, multiple sites of the same type could also
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combine to support enhanceosome formation and expression independently of
context, e.g. the MMTV LTR contains several GREs that activate transcription
upon GR binding.

Which components other than DNA bound transcription factors that are
incorporated into the enhanceosome is unclear. Some co-activators have been
reported at enhanceosomes (Ellwood et al., 1999; Masternak et al., 2000; Merika
et al., 1998). Histones may be present but ChIP data suggests that nucleosomes
often are depleted from promoters. Thus if histones are present they are either
masked by other proteins, only loosely attached or present in a changed
conformation, e.g. with changed composition of histones (Vicent et al., 2004).
Mediator components may also be among the enhanceosome partners.

The exact mechanism of enhanceosome function is not known, however
architectural transcription factors seems to be important. These factors bend DNA
into a three-dimensional structure compatible with transcription (Falvo et al.,
1995; Kim and Shapiro, 1996; Thanos and Maniatis, 1995). Changed spacing
between regulatory elements, disturbing the rotational phasing of these regions,
drastically reduces transcription (Kim and Shapiro, 1996; Thanos and Maniatis,
1995). Transcription factors reported to bend DNA include nuclear receptors (Petz
et al., 1997; Schultz et al., 2002), NF1 (Mysiak et al., 2004a), Oct proteins
(Verrijzer et al., 1991), and Forkhead box proteins (Clark et al., 1993; Pierrou et
al., 1994). Also E2F, GATA-1, IHF, LHX3, HMG, YY-1, and Jun/Jun and
Fos/Jun dimers bend DNA (reviewed by Alvarez et al., 2003).

Given the high mobility of transcription factors (Agresti et al., 2005; McNally et
al., 2000; Misteli, 2001; Phair et al., 2004), it is difficult to imagine the existence
of a stable particle like the enhanceosome. Recently a highly dynamic
enhanceosome was suggested (Agresti et al., 2005). It was found that cooperative
occupancy of HMGB1 (high mobility group B1) and GR at the MMTV LTR
increased the residence time of GR, but was still in the range of seconds.
Accordingly, a dynamic enhanceosome where sub-units are constantly fluctuating
seems likely. However, the possibility remains that certain sub-units of the
enhanceosome are stably attached, e.g. histones.

Parallel to enhanceosome formation during activation, a complex formed during
repression has been found, the repressosome (Adhya et al., 1998; Geanacopoulos
et al., 1999; Sridhar et al., 1999). Interactions between DNA binding proteins
could stabilise such a complex, similar to the case in enhanceosome formation. It
is thus not surprising that the same factors may be involved in both activation and
repression depending on which interaction partners that are present (Lee et al.,
2005a).

Chromatin in development

During development and cell differentiation, tissue specific expression patterns
are set up. Consequently, gene regulation is of major importance during these
processes, which is illustrated by the high number of human genes encoding DNA
bound proteins as compared to the unicellular yeast. To facilitate the genetic
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control in multicellular organisms, epigenetic marks are used to mediate the stable
inheritance of genetic states.

Embryonic stem cells (ESC) are pluripotent, i.e. they may form all types of
somatic cells. During cell differentiation a hierarchy of more and more specialised
cells are formed, until finally a fully differentiated adult cell arise. Once an
epigenetic mark is introduced, it is stably inherited, and follows the entire cell-
lineage. Those marks include histone tail and DNA methylation. These two
modifications often go hand in hand and are linked to heterochromatin. Genes not
to be expressed in a specialised cell-line are packed into heterochromatin, thereby
reducing the differentiation potential. At the same time, other genes must be
maintained in an active or activation competent state. Most genes are not
expressed in ESC, and then becomes permissive with weak basal transcription in
specialised stem-cells, or precursor cells (Bottardi et al., 2003; Hu et al., 1997;
Miyamoto et al., 2002; Tagoh et al., 2004; Ye et al., 2003), indicating that the
chromatin of certain genes is poised for transcription in those cells. This is
probably achieved by partial binding of transcription factors that may influence
chromatin structure (de la Serna et al., 2005; Lefevre et al., 2003; Tagoh et al.,
2004, Paper II). Finally, in fully differentiated cells most genes become
permanently silenced, while some genes are active or remain permissive. Recently
local epigenetic tags, marking the mouse λ5-VpreB1 gene locus for induction,
were found already in the silent ESC stage (Szutorisz et al., 2005). Such tags
could prevent an early silencing to keep the gene in a permissive state. However,
it remains to see if this is a common feature of genes in ESCs.

The prime example of chromatin regulated early gene expression patterning is that
of the Homeobox (Hox) genes. This group of genes are regulated by two opposing
groups of proteins with great implications on the chromatin. The Polycomb group
(PcG) proteins are negative regulators of transcription and Trithorax group (TrxG)
proteins are the positively acting counterparts. Together they can maintain
heritable Hox gene transcription patterns through development and differentiation
(Ringrose and Paro, 2004). In principle, these stable patterns are set up by DNA
and histone methylations and heterochromatin formation mediated by PcG. The
war between PcG and TrxG is placed to the histone tails. PcG promotes H3K27
methylation (Cao et al., 2002), while TrxG directly methylates H3K4 (Milne et
al., 2002). The latter epigenetic tag is coupled to gene activation, and may also
actively inhibit heterochromatin formation (Fingerman et al., 2005; Santos-Rosa
et al., 2004; West et al., 2004).

MMTV transcription

The mouse mammary tumour virus (MMTV) long terminal repeat (LTR) is a
widely used model system for studying gene activation. It is easy to control
through its activation by glucocorticoids. Activation is coupled to chromatin
remodelling, thus the MMTV LTR offer a useful model for studies on the
relationship between chromatin structure and transcription.

The MMTV LTR is silent, but posses a weak basal transcription, in the absence of
hormone, and is rapidly induced  to a high transcription  level  by glucocorticoid
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Figure 5. The MMTV LTR with indicated transcription factor binding sites. A, B and C
denotes the three most promoter proximal nucleosomes.

hormone bound GR in most mouse tissues (Gunzburg and Salmons, 1992). There
are four GREs in the MMTV LTR. GRE I is a dimer site while GRE II, III and IV
contain half sites (Fig. 5). GR is bound as a dimer also at the half-sites, however
the contact with DNA is looser in the non-sequence specific half (Luisi et al.,
1991). In addition to the GREs, the MMTV LTR also contains several other
protein binding sites, which may play a role in transcription. These include Oct
and NF1 sites, and we also describe the presence of FoxA sites (Paper III) (Fig.
5).

Hormone activated chromatin remodelling results in disruption of the nucleosome
covering the GREs (Belikov et al., 2000; Richard-Foy and Hager, 1987; Truss et
al., 1995; Zaret and Yamamoto, 1984). There is probably an involvement of co-
activators in setting up this active state. In T47D cells the histone acetyl
transferases p300 and p/CAF, as well as the SWI/SNF subunit Brg1 have all been
shown to be present at a GR induced MMTV LTR (Li et al., 2003).

An MMTV LTR specific nucleosomal array of six positioned nucleosomes (A-F)
is present prior to hormone induction (Richard-Foy and Hager, 1987).
Nucleosome A is positioned at the transcription start site and the others in the
upstream direction of the promoter. The GRE containing nucleosome, being
changed into a more accessible state during the glucocorticoid hormone activation
is nucleosome B. It was assumed that the MMTV LTR array is of functional
importance for the induction event (Hager et al., 2000). According to the two-step
model the positioned nucleosomes would exclude binding of NF1, Oct1 and other
basal transcription factors. Instead GR first binds and induce chromatin
remodelling of the B-nucleosome. This increase in DNA accessibility would next
allow access of constitutively DNA binding transcription factors such as NF1 and
Oct1 (Cordingley et al., 1987; Prefontaine et al., 1998; Truss et al., 1995). In vitro
reconstitution of nucleosomes onto the MMTV LTR indicated that the NF1
protein is less prone to bind its cognate DNA site in a nucleosome (Archer et al.,
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1991; Blomquist et al., 1996; Pina et al., 1990). GR on the other hand, has a
remarkable capacity to invade a nucleosome and bind to its DNA site (Li and
Wrange, 1995; Perlmann and Wrange, 1988).

Our recent studies in Xenopus laevis oocytes gave a somewhat different picture
(Paper I and II). Here the MMTV LTR is incorporated in chromatin of randomly
distributed nucleosomes. The apparent lack of a constitutive nucleosomal array
was explained by the absence of NF1 and Oct1 to significant levels. Addition of
these two factors created a pre-positioned state, or poised chromatin, containing
nucleosomes A to F, and a weak basal transcription. Addition of GR and the
synthetic glucocorticoid hormone triamcinolone acetonide (TA) gave a fully
activated MMTV LTR containing the remodelled B-nucleosome. Thus, the state
seen in mammary epithelium derived tissue culture cells was recapitulated (cf.
Richard-Foy and Hager, 1987).
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AIMS

The aim was to study the mechanistic aspects of transcription factor induced
changes in chromatin organisation and transcription. To do so, we have utilised
the hormone inducible MMTV LTR as a model promoter, and Xenopus laevis
oocytes as cellular system. Specific questions addressed are:

1) Role of NF1 and Oct1 on chromatin organisation and transcription

2) Mechanism of presetting of nucleosomes over the MMTV LTR

3) Functional implications of nucleosome presetting

4) Role of FoxA1 in the MMTV LTR

5) Function of specific FoxA1 domains in chromatin organisation and
transcription

6) Interactions between FoxA1, NF1, Oct1 and GR
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MATERIAL AND METHODS

Material and methods are discussed under each article. However some
introduction of the model system will be made here.

Xenopus laevis oocytes as a model system

Early development of Xenopus laevis is initiated by a rapid cell division. Within
seven hours 12 divisions has occurred giving rise to 4096 cells (Hausen and
Riebesell, 1991). During this time there is no growth of the embryo, and little
transcription and translation is going on. All the factors required to control the
genetic material within these 4096 cells (ca 25ng of DNA) must be present in the
oocytes, including histones, chromatin remodelling complexes, RNA polymerases
and ribosomes. We take advantage of this pool of factors to study the gene
induction event.

The X. laevis oocytes has a high capacity of packing introduced DNA, transcribe
introduced genes and translate introduced mRNA. Translation of up to pmol
amounts of any protein is achieved by the injection of mRNA, e.g. coding for GR
or NF1 (Paper I). The gene target is conveniently introduced into the oocyte
nucleus, whose large size (ca 40nl) facilitates microinjection. Injection of single
stranded DNA (ssDNA) leads to rapid chromatin assembly into endogenous
histones during second strand DNA synthesis (Almouzni and Wolffe, 1993). Up
to a billion copies of any given gene (1-10 ng of circular ssDNA) are easily
injected and then constitutes more than 98 % of the total nuclear DNA in the
oocyte. This vast amount of DNA and mRNA injected, and reporter RNA
produced minimises background, enhancing the resolution of the structural
information.
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RESULTS AND DISCUSSION

Summary of findings

We have in a series of papers studied transcription factor binding to the MMTV
LTR. Further, effects by transcription factors on chromatin structure and
transcription in non-induced, and hormone induced MMTV LTR was examined.

We showed that the ubiquitous transcription factors NF1 and Oct1 cooperated in
binding and basal transcription at the non-hormone induced MMTV LTR (Paper
I and II). The mechanism of this cooperativity was elucidated. NF1 and Oct1 pre-
positioned the nucleosomal array of the MMTV LTR, creating a chromatin
structure poised for transcription. We demonstrated that this pre-positioned state
is functionally relevant, as it enabled a more rapid and stronger hormone
response. Such a fundamental role of two ubiquitous factors in chromatin
organisation is remarkable, and is likely to have general implications in gene
structural arrangement and expression.

We also revealed an interdependency between GR, NF1 and Oct1 binding upon
hormone activation. This was explained by a common binding platform at the
enhanceosome. The weak binding of NF1 and Oct1 at the MMTV LTR in the
absence of hormone was controversial, and contradicts the previously postulated
two-step model of MMTV LTR induction.

Novel FoxA binding sites in the MMTV LTR were found and characterised
(Paper III and I V). FoxA site mutations revealed an upstream hormone
dependent MMTV transcription inhibitory site, and a downstream site with
positive effects on basal transcription. The hormone dependent inhibition was
likely due to a structural/sterical effect mediated through FoxA1 DNA bending,
whereas the stimulatory effect was mediated through FoxA1 activation domains.
FoxA1 binding resulted in a perturbed chromatin organisation over the MMTV
LTR, including an induced accessibility over the otherwise protected
C-nucleosome. Further, the FoxA1 activation domains stabilised an altered
organisation of the MMTV enhanceosome.

Interestingly, NF1, Oct1 and GR together displaced FoxA1 from the upstream
inhibitory site, and nullified the FoxA1 mediated transcriptional inhibition on
hormone activated MMTV LTR. This could possibly be explained by secondary
effects stemming from NF1 and Oct1 influence on the MMTV LTR nucleosomal
array. We hypothesise that an increased stability for the active MMTV
nucleosomal array is incompatible with FoxA1 binding at the upstream site.
Similarly, FoxA1 was recently found to be displaced from several promoters upon
ER induction in MCF7 cells (Carroll et al., 2005). This indicates an important role
of FoxA1 in nuclear receptor induced transcription.
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NF1 binds to the non-induced MMTV LTR

Previously, the two-step model of MMTV induction postulated that an initially
unoccupied MMTV LTR, harbouring positioned nucleosomes, was first invaded
by hormone bound GR. GR binding would induce chromatin remodelling of the
GRE containing B-nucleosome yielding an accessible structure. In the second step
NF1 and Oct1 would bind to its now exposed sites (Blomquist et al., 1996;
Cordingley et al., 1987; Hager, 2001). We showed a significant and NF1
concentration-dependent constitutive binding of NF1, thus challenging the
simplistic two step model. Addition of hormone did increase the NF1 binding. If
this is an effect of enhanced site accessibility, increased residence time and/or
engagement of an increased number of templates is not known. It is likely though,
that most templates are involved in binding, since NF1 together with Oct1
induced nucleosomal positioning on a majority of the templates (see below).

A large fraction of the NF1 binding occurred in a hormone-dependent fashion.
This fraction was dissociated by addition of the GR antagonist RU43044, while
the antagonist RU486, which supports partial GR-DNA binding, also maintained
partial NF1 binding. Neither of the two antagonists supports chromatin
remodelling (Belikov et al., 2000). Hence, the here found antagonist driven partial
GR and NF1 cooperativity in DNA binding may act independently of chromatin
remodelling and increased site accessibility, indicating a direct protein-protein
interaction. The increased binding seen upon hormone induction is thus likely to
also be influenced by protein-protein interactions, however here also increased
site accessibility by chromatin remodelling comes into the picture, both for
cooperative binding of GR to its multiple sites and cooperative binding of GR and
NF1 (cf. Belikov et al., 2001; Truss et al., 1995). To this end, an NF1 and GR
synergistic increase in restriction enzyme accessibility at a SacI site located near
the centre of the B-nucleosome was detected.

NF1 has previously been shown to form a homodimer in the absence of DNA and
to bind its cognate DNA site in this homodimeric form (Kruse and Sippel, 1994).
Here, titration of the NF1 binding through an NF1 concentration gradient revealed
a dramatically increased binding at around 160 nM in the presence of hormone.
We thus hypothesise that this reflects formation of the NF1 homodimer. Below
this point, the availability of heterodimers would limit the DNA binding, and
conversely above it site accessibility and cooperative binding both contributes.
Through a rough estimation, we found that there is an approximately 50-fold
increase in NF1 binding by hormone activation of the MMTV promoter.

NF1 and Oct1 cooperate to preset the MMTV LTR
nucleosomal array

Oct1, but not NF1, was found to increase transcription at the MMTV LTR (Paper
I, II and IV). Together NF1 and Oct1 greatly enhanced the MMTV transcription
in a synergistic manner. These effects were seen both on basal and on hormone
induced transcription. Oct1 stimulation of the MMTV LTR was thus executed
through two different pathways, one NF1 independent and one NF1 dependent.
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We mainly examined the synergistic cooperation with NF1. Still, the NF1
independent pathway is interesting, and might be explained by the previously
shown interactions of Oct1 with PIC, i.e. TFIIB and TBP (Nakshatri et al., 1995;
Zwilling et al., 1994). In other cellular systems, both NF1 and Oct1 have been
reported to have a significant positive effect on MMTV transcription. This was
primarily done by the removal of either site in cell lines containing both NF1 and
Oct1 (Brüggemeier et al., 1991; Buetti, 1994; Di Croce et al., 1999; Hebbar and
Archer, 2003; Toohey et al., 1990). Hence, removing one of these synergistically
interacting factor sites would have dramatic effects on transcription.

There was a significant level of binding of NF1 and Oct1 when both proteins were
present, indicating that they collaborate in DNA binding in the absence of GR and
hormone. Strong Oct1 binding to DNA is often mediated by cooperative binding
with various other transcription factors (e.g. Lins et al., 2003; Zwilling et al.,
1995). It is unclear whether the NF1 and Oct1 cooperativity is due to a direct
interaction or through chromatin mediated changes in promoter architecture that
might serve as an interaction platform for NF1 and Oct1. Interestingly, there was
a small MPE hydroxyradical cleavage sensitive region in the downstream part of
the B-nucleosome when NF1 and Oct1 were bound. This could represent an
altered DNA-protein structure, and thus the formation of a mini-enhanceosome.

In the absence of GR and hormone, NF1 and Oct1 together set up the MMTV
specific nucleosomal array, albeit less stringently so than with hormone liganded
GR. The clear pattern developed by MPE indicates that the majority of templates
were in a pre-positioned state. Especially the protected C-nucleosome developed
nicely with NF1 and Oct1. However, in contrast to hormone induced MMTV LTR
also the B-nucleosome was protected, and thus the remodelling of this
nucleosome is strictly hormone dependent. There was a striking similarity
between the NF1 and Oct1 induced nucleosomal array, and that seen over the
MMTV LTR in tissue culture cells, where NF1 and Oct1 are constitutively
expressed (Richard-Foy and Hager, 1987). Secondly, the basal transcription
induced by NF1 and Oct1 also mimic the state in tissue culture cells (Buetti,
1994).

The NF1 and Oct1 induced chromatin presetting occurred also in the presence of
α-amanitin, which inhibits RNA polymerase II driven transcription. This shows
that the NF1 and Oct1 induced changes of the chromatin structure is not mediated
by ongoing transcription, but is rather a consequence of direct effects of NF1 and
Oct1 on the chromatin. Whether this also involves the recruitment of chromatin
remodelling complexes and/or histone tail modifications remains to be seen.
Surprisingly deletion of the NF1 C-terminal half that contains the proline-rich
activation domain did not have any different effect than the wild-type NF1.
However, the NF1 DBD has previously been shown to participate in protein-
protein interactions (Bachurski et al., 2003), and may be responsible for the
effects seen here.

We further demonstrated that the pre-positioned state is functionally relevant.
NF1 and Oct1 binding enabled a more rapid and stronger hormone response in
terms of GR binding, chromatin remodelling and transcription. This indicates a
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fundamental role of the ubiquitous factors NF1 and Oct1 in setting up a poised
chromatin.

The weak DMS methylation protection of the NF1 and Oct sites in the absence of
hormone indicates that there probably is a rather transient and dynamic occupancy
of both proteins at their sites (cf. Agresti et al., 2005; McNally et al., 2000;
Misteli, 2001; Phair et al., 2004). Chromatin remodelling is likely to be a slower
process than the binding dynamics. Thus even a transient binding could very well
maintain positioned nucleosomes at most templates (Fig. 6). These kinds of weak
promoter interactions may be of general importance in chromatin presetting
during the establishment of tissue- and developmental-specific gene expression.

The fact that the MMTV LTR harbours randomly positioned nucleosomes when
introduced into X. laevis oocytes (Belikov et al., 2000) is explained by the lack of
NF1 and Oct1. The MMTV LTR in X. laevis oocytes may thus represent a more
stringent off state, which is not achievable in tissue culture cells due to the
presence of NF1 and Oct1.

Previous work suggested that the nucleosome positioning is important for
restricting the access of NF1, Oct1 and other basal factors to their binding sites at
the MMTV LTR (Archer et al., 1991; Pina et al., 1990). Hormone induced
chromatin remodelling was assumed to allow binding of these factors (cf. the
above discussed two-step model). In contrast we showed that NF1 and Oct1
interacts, albeit at low level, with their binding sites without any support from GR
driven remodelling, and that NF1 and Oct1 mediated the MMTV specific
nucleosome positioning. Thus, the positioned nucleosomes in the MMTV LTR do
not restrict accessibility, but are instead a consequence of NF1 and Oct1 binding.

The interesting finding of a weak constitutive binding of NF1 and Oct1 and its
effect on chromatin structure may have general implications of how establishment
of gene structural arrangement during development should be viewed. In addition,
these results would hardly been achieved in other systems, where NF1 and Oct1
are constitutively expressed, and in some cases trace amounts of hormone present.
The use of X. laevis oocytes has provided a high copy number system for
quantitative analysis of specific DNA-protein interactions in vivo.

The MMTV LTR enhanceosome

The activated MMTV promoter digested with MNase was shown to contain a sub-
nucleosomal particle protecting about 120 bp (Belikov et al., 2000). With the
addition of NF1 we found that this particle was increased in size, to contain ca
130 bp DNA. A DNase I sensitive site was present at –66 relative to transcription
start site in the absence of NF1. When NF1 was expressed this site disappeared,
while a DNase I hypersensitive site at –55 was enhanced. This indicated that
binding of NF1 expanded the sub-nucleosomal particle to include the NF1 site.
Thus the NF1 containing sub-nucleosome would contain the –185 to –55 DNA
segment, whereas in the absence of NF1 the particle would cover the DNA
fragment from –185 to –66. The latter segment was almost identical to a cloned
DNA fragment  isolated from the sub-nucleosomal  particle covering the –187 to
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Figure 6. The unbound MMTV LTR is packed into chromatin of randomly distributed
nucleosomes and transcriptionally silent (top). Upon NF1 and Oct1 binding the chromatin
becomes preset with a basal transcription. Finally, hormone induction leads to a fully active
chromatin and a strong transcription (bottom).

–69 DNA segment (S. Belikov, unpublished data). We conclude that the sub-
nucleosome covers the MMTV clusters of four GREs. Since the particle is present
only in an active promoter, and DMS in vivo footprinting demonstrates that GR
occupies all four GREs within this segment, we refer to this particle as the
enhanceosome.

NF1 stimulated GR binding at all four GR sites in the MMTV GRE. Hence an
NF1 mediated positive cooperativity is detectable within the entire B-nucleosome.
Further, when NF1 was incorporated into the enhanceosome, this complex was
more MNase resistant than with GR alone. Thus, the GR and NF1 containing
enhanceosome were more stable. It is likely that the enhanceosome constitutes the
basis of the GR and NF1 interaction. This complex probably forms a tight
structural entity, and may serve as a platform for recruitment of other factors such
as Oct1. Such a stable particle over the DNA sites would argue for both an
increased recruitment and increased residence time of the involved factors.

When also Oct1 was added with NF1 and GR, binding of all three factors was
greatly increased. This interdependency in binding may be mediated through a
stabilised enhanceosome, as found with NF1 and GR. A stabilised enhanceosome
could offer a more stable platform for co-activator recruitment and PIC assembly.
Increased stabilisation could be due to a direct protein-protein contact within the
enhanceosome, e.g. between the GR DNA binding domain and Oct1 as has been
reported before (Prefontaine et al., 1998). The cooperative binding is in good
agreement with the co-operation of these factors concerning the transcriptional
response.

Enhanceosomes often contain architectural transcription factors, which bends
DNA into a three-dimensional structure compatible with transcription (Falvo et
al., 1995; Kim and Shapiro, 1996; Thanos and Maniatis, 1995). Nuclear receptors
(Petz et al., 1997; Schultz et al., 2002), NF1 (Mysiak et al., 2004a), Oct proteins
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(Verrijzer et al., 1991), and Forkhead box proteins (Clark et al., 1993; Pierrou et
al., 1994) are all reported to bend DNA. NF1 was shown to expand the DNA
major groove to which it is bound (Mysiak et al., 2004a; Mysiak et al., 2004b). If
these data may be extrapolated to the MMTV LTR, NF1 binding would bend out
the DNA from the nucleosome. Oct1 on the other hand contracts the major groove
at the POU specific domain (Verrijzer et al., 1991), bending the MMTV DNA in
the other direction. Together this would create a kink on the DNA. Such a
structure may very well be beneficial for both enhanceosome formation and pre-
positioning of nucleosomes (Fig. 7). Despite the close interaction between GR and
NF1, and the formation of a stable enhanceosome, no effect was seen in terms of
transcription unless Oct1 was co-expressed.

Finding and characterisation of novel FoxA sites in the
MMTV LTR

The in vitro binding of FoxA1 as revealed by DNase I footprinting, with a
hypersensitive site at –225 relative to transcription start site prompted us to
investigate binding of this protein to the MMTV LTR in vivo, and to examine its
effect on chromatin and transcription. Two strong FoxA sites were found in vivo.
The upstream FoxA-225 site and the downstream FoxA-51/-39 double site were
named by the position of the prominent FoxA1 induced DNase I cutting. Thus,
these sites were positioned within the regions flanking the GR induced B-
nucleosome. In addition, a weak hypersensitivity was seen at –90. This site may
also be of significance, however the weak binding in combination with a low fit to
the consensus binding sequence led us to focus on the stronger sites.

The distally located FoxA site in MMTV LTR generated a distinct DNase I
hypersensitive cut site at position –225 in the upper strand and –227 in the lower
strand, and in addition, a weak surrounding protection from DNase I cleavage.
This cleavage pattern is typical of Fox binding and reflects the bending of the
central triplet A/T basepairs around FoxA DBD helix 3 present in the major
groove (Clark et al., 1993; Pierrou et al., 1994; Roux et al., 1995).

At the proximal FoxA site two classical sites with a strong DNase I
hypersensitivity surrounded by protected areas were found at position –51 and
–39. In addition, other minor FoxA1 dependent changes in cleavage pattern were
found. The affected area was situated between –64 and at least –4, i.e. as far as
examined. When the double FoxA-51/-39 site was mutated to not support FoxA1
binding, all of these changes examined (at least to –20) disappeared. We suggest
that the interaction of FoxA1 at this DNA segment with the enhanceosome may
explain this spreading effect on the DNA structure.

FoxA1 contains four conserved regions (CRs). CR I, is the DNA binding domain
(DBD), while the C-terminal CR II and III and the N-terminal CR IV all have
been found to have trans-activation activity (Pani et al., 1992). The C-terminal CR
II and III may interact directly with core histones (Cirillo et al., 2002). In our
hands, sequential deletion of these domains revealed that the FoxA1 DBD is
sufficient for  invading, binding  to and bending  of chromatinised  DNA at the
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Figure 7. Two schematic models of the MMTV LTR enhanceosome as it may look wrapped
in a nucleosome (top), or with an unfolded nucleosome (bottom). Four GR dimers (green),
various co-activators and the holoenzyme (RNA pol II [red], TBP [white] and mediator
[light grey]) together make up an extensive structure at the promoter. Note that NF1 (dark
grey) and Oct1 (blue) are postulated to create a kink on the DNA that may have a function
during chromatin presetting and in basal transcription.

MMTV LTR, as seen by the appearance of FoxA1 induced DNase I
hypersensitivity. It was previously shown that FoxA1-DBDS bound well to naked
DNA, but could only weakly disrupt the DNA-histone interactions and bind to
chromatinised DNA at the Mouse Albumine Enhancer in a gel-shift assay (Cirillo
et al., 1998). This difference from our results suggests that additional factors that
may mobilise the nucleosome are present in vivo, and allow access to the MMTV
LTR FoxA binding sites. In GR and hormone activated MMTV LTR, when the
DNA is more accessible, both the wildtype FoxA1 and each deletion mutants
displayed increased binding.
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FoxA1 thus bound specifically to both of the MMTV LTR sites in the
chromatinised template in vivo. Hormone and GR mediated activation increased
FoxA1 binding at both sites, probably by increasing accessibility, while FoxA1
did not influence GR binding. Further, the two FoxA sites are bound
independently of each other, as shown by mutation of one site at a time.

FoxA1 binding at the upstream FoxA-225 site mediated inhibition of hormone
dependent MMTV transcription. Protein deletion mutants showed that FoxA1
DNA binding through the FoxA1 DBD mediated a strong inhibition, while both
the C- and the N-terminal domains partly rescued the transcription. We propose
that the binding of FoxA1 to DNA per se inhibits hormone-activated transcription
at the MMTV LTR. Since FoxA1 induces a sharp bend of the DNA at binding, the
inhibitory effect is likely to be a sterical effect. The strong bend might shift
relative positions of cis acting elements as well as bound activators and co-
activators. Since it is the upstream FoxA-225 site that harbours the inhibitory
effect, these topological DNA changes would affect co-activators in this area, e.g.
GR interaction partners at GRE I or other factors of the enhanceosome.

In addition to partly rescuing the hormone induced transcription, the C- and the
N-terminal domains also contributed to increased basal transcription. The
N-terminal CR IV seemed especially important in both basal and hormone
induced transcription. Co-activator recruitment might account for these effects.
Such interactions are also implicated by the effect of the CRs on the
enhanceosome structure. The increased basal MMTV transcription was mediated
by the FoxA-51/-39 site. Similarly, as previously discussed binding of exogenously
expressed Oct1 to its sites overlapping with the FoxA-51/-39 site also causes
changes in terms of increased basal transcription. It is be possible that binding of
either of these proteins disturbe the local DNA-histone structure, enabling partial
occupancy of TFIID at the nearby TATA-box, resulting in PIC assembly.
Alternatively, direct recruitment of co-activators, as discussed for Oct1, might
take place.

FoxA1 effects on MMTV LTR chromatin and
enhanceosome structure

There are distinct FoxA1 dependent changes in the chromatin organisation at the
MMTV LTR. First, the tightly wrapped C-nucleosome, one of the characteristics
of the hormone induced MMTV LTR nucleosome array, is being lost in the
presence of FoxA1, indicating an open structure with accessible DNA. The
FoxA1 induced open structure continues about halfway through the
D-nucleosome. In the absence of hormone the DNA segment corresponding to the
C-/D-nucleosome border is highly accessible. Thus, in conclusion FoxA1 binding
to the MMTV LTR causes a locally more open chromatin irrespective of hormone
activation. The ability of FoxA1 to bind to its sites and change the chromatin
structure at a chromatinised MMTV LTR template gives it the status of a pioneer
transcription factor also in this context (cf. Cirillo et al., 2002). In addition there is
a protection from MPE hydroxyradical cleavage around each of the two FoxA
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sites, which may represent protein binding. However it is also possible that the
protected areas represent changes in organisation of the proximal nucleosome
arrangement.

FoxA1 was found to create a large expansion to the enhanceosome arranged
DNA. Instead of the GR induced 120 bp enhanceosome spanning from, –185 to
–66, the FoxA1 and GR induced counterpart was extended in the 3´ direction, to
include 200 bp of the MMTV LTR DNA. This FoxA1 dependent enlarged
enhanceosome complex was destabilised by simultaneous deletion of both the C-
and N-terminal domains of FoxA1. Since inclusion of one of these domains was
enough to stabilise the enhanceosome, we conclude that the FoxA1 CRs directly
or indirectly interacts with enhanceosome components. The C- and N-terminal
domains interact through independent pathways, with as yet unknown partners at
the FoxA-51/-39 site, possibly the same co-activators that are involved in the
transcriptional response. It is also possible that the previously demonstrated
capacity of the FoxA1 C-terminus to interact with histones (Cirillo et al., 2002)
would be involved. However, it is unclear whether a core nucleosome at all
persists at hormone activation or is displaced in favour of the enhanceosome
complex. It has been demonstrated that a H2A/H2B depleted nucleosome is
present in a PR activated MMTV LTR B-nucleosome area (Vicent et al., 2004).

We have been able to study both the cooperative and competitive nature of
interactions within an enhanceosome. Cooperative binding of GR, NF1 and Oct1
was beneficial for the binding of all three parties. In contrast, FoxA1 competed
both with direct DNA binding to overlapping Oct sites, and through probable
chromatin or enhanceosome mediated effects at a more distal site. The differences
revealed here emphasise the importance of context effects on transcription factors.
Thus, dependent on which interaction partners that are present at a given time in a
given cell, the response to activation may be very different. It also exemplifies the
multifunctional role of a promoter where a variety of inputs (activators) should
combine to determine the amplitude of the output (transcription).

FoxA1, NF1 Oct1 and GR interactions

Our finding of a cooperativity between NF1 and Oct1 prompted us to investigate
the relationship between FoxA1 and other transcription factors. The placement of
the two Oct1 sites overlapping with the FoxA-51/-39 site made this interaction
particularly interesting (Fig. 5). In non-induced cells NF1 facilitated binding of
FoxA1 at the downstream site. Also addition of Oct1 together with FoxA1
increased the occupancy at their joint site. Since FoxA1 and Oct1 binding is
mutually exclusive (Lemaigre et al., 1993), the increased protection might be
explained by alternating binding of Oct1 and FoxA1, each keeping the site in an
accessible state for the other. Similarly, binding of NF1 may help FoxA1 binding
by making the adjacent DNA more accessible. NF1 had no effect on FoxA1
binding in GR and hormone induced oocytes at the FoxA-51/-39 site. However,
cooperative binding of transcription factors is likely to be of greater importance
when accessibility is limited, i.e. in non-hormone induced cells.
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Surprisingly, at the hormone activated MMTV LTR we found a decreased binding
of FoxA1 to the FoxA-225 site when NF1 or Oct1 or both were present. This could
possibly be explained by secondary effects stemming from NF1 and Oct1
influence on the MMTV LTR nucleosomal array. An NF1 and Oct1 mediated
increase in stability for the active MMTV nucleosomal array might be in conflict
with FoxA1 effects on the chromatin structure and its DNA binding at the
upstream site. Two opposing forces induced by NF1 and Oct1 on one hand and
FoxA1 on the other may try to drive the C-nucleosome area into a stable or an
open nucleosome structure respectively. In agreement with the displacement of
FoxA1 from the inhibitory FoxA-225 site, FoxA1 had no negative effect on
hormone induced transcription when NF1 or Oct1 or both were expressed.

The NF1 displacement effect was specific to the upstream site, as FoxA1
remained bound at the downstream site in the presence of NF1. FoxA1 was also
presumably partly bound at the downstream site in the presence of Oct1. FoxA1
DNA binding was seemingly less bound when both NF1 and Oct1 was expressed.
This is compatible with the view that NF1 increase the stability of Oct1 thus
making it a better competitor for the joint FoxA/ Oct site.

A role for FoxA, NF1 and Oct in MMTV propagation

Finally, NF1-C1 (Gronostajski, 2000), Oct1 (Phillips and Luisi, 2000) and FoxA1
(Carlsson and Mahlapuu, 2002; Kaestner et al., 2000; Kaufmann and Knochel,
1996) are members of distinct transcription factor families, each containing
several different members. Together, these family members are expressed in
many different cell types and may collaborate with many other DNA-binding
proteins in gene regulation. A retrovirus such as the MMTV needs to be inserted
into the host genome and then expressed in order to produce progeny. The
integrated provirus must cope with the repressive effects of the host chromatin
structure and its chromatin-mediated silencing mechanisms (Grewal and Moazed,
2003). Furthermore, the MMTV retrovirus may have to infect a variety of cell
types before it reaches the mammary gland. The MMTV is known to have broad
tissue specificity in vivo (Henrard and Ross, 1988). The NF1, Oct and FoxA DNA
sites in the MMTV LTR probably contributes to this by providing a multitude of
regulatory possibilities, and guarantees some low level of expression in most
tissues. Chromatin-mediated silencing seems to be counteracted by ongoing
transcription (Zink and Paro, 1995). This implies that the Oct1 and NF1 or FoxA1
mediated increase in basal MMTV transcription and/or the changes in chromatin
structure are of importance for counteracting chromatin silencing and thereby
maintaining the potential for hormone-mediated gene induction. A recent study
found that FoxA1 was displaced from several sites upon ER binding. At the same
time, the initial binding of FoxA1 was essential for ER binding (Carroll et al.,
2005). Such a response may indicate that FoxA1 could counteract silencing
effects. In conclusion FoxA, NF1 and Oct sites in the MMTV LTR, or genome
wide (cf. Carroll et al., 2005), might have a role in maintaining an active
chromatin state. The study emphasise the importance of FoxA1 in nuclear
receptor induced transcription, and raises questions about the mechanisms of
interaction between FoxA1 and nuclear receptor.



Per-Henrik Holmqvist 2005

41

FUTURE PERSPECTIVES

Some issues to include in future studies derived from this work follow:

• Analysis of co-factors and histone tail modifications that may participate in
developing the NF1 and Oct1 preset chromatin state of the MMTV.

• Genome wide distributions of NF1 and Oct1 binding correlated to
chromatin structure and gene activation.

• Purification of the MMTV LTR enhanceosome and identification of its
constituting factors

• Analysis of co-factors and histone tail modifications involved in FoxA1
mediated basal transcription and inhibition of hormone induced
transcription at the MMTV LTR.

• Studies on chromatin organisation under FoxA1, NF1 and Oct1
competitive conditions.

• Effects of FoxA1 on silenced chromatin after injection into Xenopus laevis
oocytes.
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