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We can't solve problems by using the same kind of
thinking we used when we created them
-Albert Einstein-
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3C
4C
ALK
APP
bHLH
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HDAC
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I-Smad
ICR
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Igf2
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LCR
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Pol II
Q-PCR
R-Smad
siRNA
TGF-
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Chromosome conformation capture
Circular chromosome conformation capture
Activin receptor-like kinase
Amyloid precursor protein
Basic helix-loop-helix
Bone morphogenetic protein
Brother of the regulator of imprinted sites
Base pair
Bromodeoxyuridine
Chromatin immunoprecipitation
Common mediator Smad
CCCTC binding factor
Differentially methylated region
DNA methyltransferase
Epithelial-mesenchymal transition
Embryonic stem
Expressed sequence tag
Histone acetyl transferase
Histone deacetylases
Helix-loop-helix
Inhibitory Smad
Imprinting control region
Inhibitor of differentiation/DNA binding
Insulin-like growth factor 2
Kilobase
Locus control region
Loss of imprinting
Poly (ADPribosyl) polymerase
RNA polymerase II
Quantitative polymerase chain reaction
Receptor-activated Smad
Small interfering RNA
Transforming growth factor-E
X chromosome inactivation
X chromosome inactivation-specific transcript

Introduction

Fertilization: The fusion of a sperm cell and an ovum, the intermingling of
the paternal and maternal genomes. This is the beginning of a new life, a
new individual with its own unique genetic composition. The sole cell gives
rise to all the different cell types in a multicellular organism. It carries the
blueprint. The establishment of the diverse cell types depends ultimately on
different levels of gene activity during development, which is why differentiation may be defined as the consequence of establishment and maintenance
of specific patterns of gene expression. What are the ways of activating a set
of genes at specific times in one particular cell and inactivating the same
genes in another? How is the one blueprint, identical in essentially all cells,
used in a flexible, yet precisely controlled way, to obtain normal development, growth and repair? And what happens when this goes wrong? How
can a cell quickly respond to a stimulus from either an internal or external
source? Is all of this basically a result of ordered chaos? Which are the laws
behind the complexity of gene regulation?
Heredity is the transmission of genetic information. The delicately tuned
balance between accuracy and error of the genetic information creates optimal conditions for survival. Accuracy is necessary for survival on the short
time scale, while error is critical for adaptation due to changing conditions.
For a long time, it was widely believed that most of the heritable information
encoded by the cell was harbored in the genomic sequence and interpreted
by the binding of transcription factors to regulatory sequences. Today, it is
known that this is only part of the story. Obviously these interactions are of
major importance in the acquisition and maintenance of the pattern of gene
expression; however, transcription factors cannot alone define the large
spectrum of possibilities of gene expression within a given genome. Such a
conservative view would also fail to explain phenomena such as X chromosome inactivation, where two sequence-wise identical copies have to be discriminated in the same cellular environment in female mammals. And how
would one explain genomic imprinting, where the two alleles of a locus are
distinguished by their parental origin?
During the last decade, our view of gene regulation has witnessed a drastic
reorientation by the recognition of the importance of epigenetics; i.e. the
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inheritance of traits that are not encoded within the DNA sequence itself, but
rather in the physical structure of the chromatin. Epigenetic modifications
include DNA methylation and post-transcriptional modifications of histone
tails, such as acetylation, methylation and phosphorylation (Bjornsson et al.
2004). We cannot look at DNA in a two dimensional fashion and expect to
find all the answers regarding the regulation of genes. Rather, we have to
take into consideration that the folding of DNA, the timing of replication and
the location of the chromosomes in the nucleus and their relative position
with respect to each other, is just as important as which transcription factors
are expressed at any given time. In 2003 the Human Genome Organisation
(HUGO) gave us the key to the genome when the complete DNA code was
sequenced. This made us realize that the secret of life is not as simple as we
would have hoped for. We may have the key, but we also need a pin code,
and therefore we are now challenged to discover how the epigenome functions as an adaptable barrier. That is, how the information of the DNA code
is selectively used, and in particular, how the cross-talk between genome and
epigenome is essential for proper gene regulation. The aim of this thesis is to
investigate the concerted efforts of transcription factors and epigenetic regulation to insure accurate gene expression.

Regulation of Gene Expression in Eukaryotic Cells
The genomic information, or the “blueprint” by which organisms are constructed, is decoded by a multi-step process where it is determined which
genes ought to be active and whether the final product is to be RNA or protein, at a given time. Out of the tens of thousands of genes present in the
mouse and human genomes, approximately one thousand are required for the
basic maintenance functions of all cells at any given moment. These genes
are known as housekeeping genes (Velculescu et al. 1999). In addition, there
is a set of cell and tissue specific genes, taking care of specialized functions,
expressed in any particular cell. These functions can be of a developmental
nature, or cell type specific responses to various stimuli. It is crucial that the
correct genes, and only those, are activated in a precise manner and at the
appropriate time. Hence, the processes of gene activation and inactivation,
along with RNA splicing, translation, protein modification and protein degradation are carefully maintained at several levels.
The activity of a gene is governed via controlling elements, such as the promoter, a universal regulatory region shared by all genes. Promoters function
by directing the transcriptional machinery to the proper location within the
transcriptional unit. A majority of protein-coding genes are transcribed into
mRNA by the multi-subunit enzyme RNA polymerase II (polymerase I tran14

scribes ribosomal RNA, and polymerase III transcribes transfer RNAs) in
cooperation with a set of transcription factors that utilize specialized DNA
binding motifs. These combined efforts contribute to accurate gene regulation. Other regulatory sequences of gene expression are the cis- or transacting enhancers and silencers that in turn recruit additional transcription
factors and proteins in order to positively or negatively regulate gene expression (Butler and Kadonaga 2002).
In the late 1970s, it became clear that eukaryotic genes contain “extra”
pieces of DNA that, although they are located within the coding sequence,
do not appear in the mature mRNA encoded by the gene (Gilbert 1978).
These sequences are known as introns, a term derived from "intragenic regions". They open up for the possibility of alternative splicing of a gene,
such that one of several possible proteins, each sharing a quantity of exons
can be produced from a single gene. Following transcription, the intronderived sequences are spliced out from the precursor messenger RNA (premRNA). Left are the parts representing the exons that are joined together to
construct the final messenger RNA (mRNA) that may be translated into protein.
However, it is inadequate to think of DNA simply as a straight line, on
which there are frames to which regulatory proteins bind, like cars parked
along a street. Gene regulation is anything but two-dimensional. The diploid
human genome consists of 6.4x109 base pairs, organized into 22 autosomal
chromosomes and 1 pair of sex chromosomes. Altogether, roughly two meters of DNA has to be packed in a three-dimensional nucleoprotein structure,
the chromatin, into the nucleus with a diameter of approximately 10 m. All
of this has to be done in a way that transcription, replication and cell division
will occur correctly.

Transcription Factors and Gene Regulation
Transcription factors are able to activate, increase, decrease or silence the
basal level of transcription. This is done by binding to promoters and/or
other, sometimes distant, regulatory elements either directly to the DNA or
to DNA-bound proteins. The regulation of gene activation via transcription
factors is a complex process as it is dependent upon a number of events, such
as presence of other DNA binding proteins (including other transcription
factors), nuclear localization as well as local chromatin structure, modifications and folding. It is becoming increasingly clear that the events leading to
altered transcription involve a large number of actions that are intertwined
(Ogata et al. 2003; Carninci et al. 2005; Barrera and Ren 2006).
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General transcription factors (GTFs) facilitate transcription by recognizing
promoter DNA, facilitating positioning of the RNA polymerase at the transcription start site and supporting DNA strand separation during transcription initiation. Our data suggests that the chromatin remodeller protein
CTCF functions as a link between DNA and the large subunit of Pol II (Paper II). This interaction between Pol II and CTCF opens up for the possibility of cooperation between traditional transcription regulators and epigenetic
modulators during transcription. Together with 12 RNA polymerase II (Pol
II) proteins, the GTFs form a functional pre-initiation protein complex (PIC)
of 43 proteins in humans. Moreover, as is the case for the promoter DNA,
GTFs function as targets for negative and positive cofactors that modulate
mRNA production via reversible interactions that instantly affect the function of the transcription machinery (Burley and Kamada 2002). A major
group of regulatory factors that affect transcription of genes is the effectors
of signal transduction pathways. Such pathways provide input to the transcriptional machinery that is dictated by extracellular factors.
The Transforming Growth Factor  Superfamily
The transforming growth factor- (TGF-) signaling pathway is essential for
accurate gene expression during embryonic development and adult life. It is
a key regulator of various cellular processes including proliferation, differentiation, cellular homeostasis, tissue repair and apoptosis (Heldin et al. 1997;
ten Dijke et al. 2000; Moustakas et al. 2002).
TGF-1, which was discovered in the late 1970s/early 1980s, was the first
described member of the TGF- superfamily of cytokines. The name refers
to its ability to induce the growth and morphological transformation of normal rat kidney fibroblasts (DeLarco and Todaro 1976; Moses et al. 1981;
Roberts et al. 1981). Shortly after its discovery and name-giving, however, a
new finding made things more complicated; TGF-1 also acts as an inhibitor
of cell proliferation (Tucker et al. 1984; Roberts et al. 1985). The dual role
of TGF-1 in regard to cell growth regulation is cell-type dependent and
implemented during embryonic development and adult tissue homeostasis,
where TGF- can have different effects on neighboring cells in order to
regulate development (Sporn and Roberts 1990). Since the discovery of
TGF-1, an additional 30-some members of the superfamily have been described. Among these are two additional TGF- isoforms (TGF-2 and TGF3), activins, anti-müllerian hormone (AMH), bone morphogenic proteins
(BMPs) and nodal (Piek et al. 1999). The focus in this thesis is mainly on
TGF-1 (commonly written “TGF-”) and to some extent BMP-7.
Ligands of the TGF- family act by binding to two different types of transmembrane serine/threonine kinase receptors, named type I and II (Shi and
Massague 2003). Generally, binding of a TGF- ligand to a type II receptor
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dimer induces conformational changes and the formation of a heterotetrameric receptor complex, composed of two heterodimeric receptors (Xu
2006). The type II receptor recruits and phosphorylates the type I receptor,
whose kinase activity will be activated, and the signal will be propagated
further via signaling molecules in the cytoplasm (Attisano and Wrana 2002).
To date, there are seven type I receptors described, frequently called activin
receptor-like kinases (ALK) 1-7, and five variants of the type II receptor. It
is the specific combination of the two types of receptors that determines the
specificity of signaling by each ligand. Commonly, the type I receptor signals via proteins of the Smad family.
Transcriptional Regulation through Smads by TGF-E
There are three distinct classes of Smad proteins: the receptor activated RSmads (Smad1,2,3,5 and 8), the common mediator Co-Smad (Smad4), and
the inhibitory I-Smads, including Smad6 and 7 (Shi and Massague 2003)
that inhibit R-Smad phosphorylation (i.e. activation) (Itoh and ten Dijke
2007). In the quiescent state, R-Smads and the Co-Smad shuttle between the
cytoplasm and the nucleus, but their distribution is more abundant in the
cytoplasm (ten Dijke and Hill 2004). Upon receptor activation, Smad anchor
for receptor activation (SARA) or endofin, proteins that reside in endosomes, deliver the R-Smads to the receptor, which results in phosphorylation, i.e. activation, of the R-Smads (Tsukazaki et al. 1998; Shi et al. 2007).
Activated R-Smads form complexes with the Co-Smad, and the R-Smad/CoSmad-complexes accumulate into the nucleus where they bind to DNA
and/or transcription factors in order to regulate expression of their target
genes (Massague et al. 2005). The intrinsic DNA affinity of Smads is, however, relatively low, and Smads themselves are not sufficient to drive transcription. Therefore, Smads require other DNA-binding transcription factors
to efficiently bind promoters and recruit transcriptional coactivators/repressors. The R-Smads are continuously dephosphorylated at a
low rate, causing dissociation of the Smads and return of the R-Smad to the
cytoplasm where it once again can be activated if the receptor complex is
still intact (ten Dijke and Hill 2004).
The I-Smads constitute a negative feedback loop in TGF- signaling, which
is based on one or more of the following: (a) I-Smads compete with RSmads for receptor interaction (Moustakas et al. 2001); (b) I-Smads recruit
ubiquitin ligases to the receptors and cause degradation of the receptors (Shi
and Massague 2003); (c) I-Smads associate with phosphatases, resulting in
type I receptor dephosphorylation and inactivation (Shi et al. 2004a).
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TGF- 1 and BMP-7
Signaling by BMP-7 and TGF-1 differs by the choices of receptors and via
which Smad-proteins they signal (Figure 1). BMP-7 interacts with a type II
homo-dimeric receptor complex, of BMPR2 receptors, whereas TGF-1
binds to the receptor complex TGFRII. Further on, while BMP-7-BMPR2
module signals through the type I receptors ALK3 and 6, the TGF-1 ligandreceptor2 complex exclusively associates with ALK5. This use of spreading
the signal via different type 1 receptors specify the activation of the appropriate receptor-activated Smads (R-Smads); while BMP-7 signals via
Smad1, 5 and 8, TGF-1 functions through Smad2 and 3 (Shi and Massague
2003). Both ligands make use of the same common mediator Smad (coSmad), i.e. Smad4.

Figure 1. Overview of the TGF-E1 and BMP-7 signaling pathways.

BMPs define a group of growth factors known for their ability to induce
differentiation of mesenchymal stem cells into bone and cartilage. BMP-7,
also known as osteogenic protein 1 (OP1), was first described in 1990
(Ozkaynak et al. 1990). It is mapped to human chromosome 20 (Hahn et al.
1992), whereas mouse BMP-7 has been assigned to the distal arm of chromosome 2 (Marker et al. 1995). BMP-7 is expressed in the heart, proximal
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and distal forelimb, clavicle and scapula, among other tissues (Marker et al.
1995). Its activity is inhibited by noggin, a secreted protein that binds BMP7, thus generating a delicate gradient of BMP-7 during processes such as
bone and joint formation, tissue development and repair (Wrana 2002).
Deregulation and dysfunction of BMP-7 can have serious consequences.
BMP-7-deficient mice show abnormal development of the heart and the vascular system (Valdimarsdottir et al. 2002) while over-expression is reported
in several bone tumors such as osteosarcomas. In addition, BMP-7 upregulation has been correlated with de-differentiated cancer cells, resulting in a
poorer prognosis for patients (Yoshikawa et al. 2004). Moreover, BMP-7 is
manufactured under the name Osigraft, and used to treat tibial non-union in
cases where an osteograft has failed (Delloye et al. 2004).
TGF-1 is associated with control of cell proliferation and differentiation. It
is a potent growth inhibitor of most cell types, including embryonic fibroblasts, epithelial cells, lymphoid cells, neuronal cells, osteoblasts and hematopoietic cells. The TGF-E pathway is described as a tumor suppressor,
based on its inactivation by genetic mutations in the receptor and Smad
genes in human cancers. The mechanism behind this suppression of tumorigenesis is likely to be linked to its ability to activate cell cycle inhibitors
such as p15 and p21, and to down-regulate the expression of genes promoting proliferation, such as c-myc and Ids in epithelial cells (Pardali and
Moustakas 2007).
It is a common event that oncogenes interfere with TGF- signaling and
tumors frequently exhibit relative resistance to TGF- mediated growth suppression, as they lose important protective mechanisms such as cell cycle
inhibition and induction of apoptosis by TGF-1. Although described as a
tumor suppressor, TGF-1 is known to be frequently up-regulated in cancer
cells (Derynck et al. 1987). At first glance, this may seem peculiar. It does
not make sense from the point of view of the tumor to over-express a growth
inhibitor. However, by modifying their response to TGF-1 signaling, cancer
cells manage to escape the tumor suppressing action of TGF-1 and are able
to benefit from other effects of the protein. One example of the latter is
epithelial-mesenchymal transition (EMT).
In normal tissues, EMT is an essential step during embryo- and organogenesis as well as wound healing (Thiery 2002). Epithelial cells acquire fibroblastic characteristics, replacing expression of epithelial-specific proteins
with mesenchymal proteins and developing skills to migrate through the
extracellular matrix (ECM) (Grunert et al. 2003). TGF-1 induced EMT
correlates with an increased invasiveness of cancer cells. EMT is a critical
differentiation switch that allows epithelial cells to migrate and invade surrounding tissues or even to intravasate to the vasculature and migrate further
19

away from the mother tumor during metastasis. Hence, one can say that
TGF-1 has a double nature, supporting homeostasis in healthy cells, but
worsening the state of illness in late stage cancer cells.
TGF- signaling is very complex and, on top of that, a complicated process
like EMT, or metastasis, is not likely to be under the control of TGF- alone.
On the contrary, many signaling pathways cooperate to control tumor metastases (Wang and Hung 2005). The dual relationship between TGF-1 and
cancer development is not yet fully understood and will be discussed in further detail later.
Alternative TGF-E Signaling Pathways
In addition to the Smad mediated pathways, alternative pathways of TGF-
signaling, have been described (Rahimi and Leof 2007). For example, signaling proteins such as mitogen activated protein kinases (MAPK) can directly interact with the Smads or modulate their activity by phosphorylation
or other protein modifications. However, the TGF- receptors themselves are
also capable of interacting with, and phosphorylating, non-Smad proteins
that may intermingle with Smad functions. These non-Smad signal transducers not only provide additional means of regulating TGF- signaling, but
also open up the possibility of interactions with other signaling components,
such as tyrosine kinases, cytokine receptors and more (Derynck and Zhang
2003; Nohe et al. 2004).
Basic Helix-Loop-Helix Transcription Factors and Inhibitor of DNA
Binding Proteins
TGF- is able to alter the expression and/or activity of many genes, several
of which are transcription factors themselves. One example, which has been
studied in work included in this thesis (Paper I), is the family of basic helixloop-helix (bHLH) transcription factors.
bHLH proteins belong to a large family of HLH transcription factors, whose
functions involve cell growth and differentiation processes (Benezra et al.
2001; Rivera and Murre 2001; Zebedee and Hara 2001). By forming homoand heterodimers the bHLH transcription factors are able to bind DNA and
regulate transcription of various genes. Their function is under the control of
proteins known as inhibitors of DNA binding/inhibitors of differentiation
(Ids). The high affinity of Id-bHLH interactions results in dissociation of the
bHLH dimer and the formation of Id-bHLH heterodimers. These are unable
to bind to the DNA and regulate gene expression (Figure 2), simply due to
the fact that Id proteins lack a DNA-binding domain and two are needed for
binding to occur (Yokota 2001).
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Figure 2. bHLH transcription factors (green) regulate gene transcription by forming
homodimers that bind to specific DNA-sequences. Id proteins (yellow) lack the
DNA-binding domain, but are able to heterodimerise with bHLH transcription factors, and as a consequence inhibit transcriptional activation.

Besides the bHLH proteins, Ids target other transcription factors and cell
cycle regulators, such as Retinoblastoma (pRb) family members. Ids promote cell proliferation, which has led to speculation that these proteins are
potential oncogenes (Perk et al. 2005). On the other hand, the Id protein
expression level is under the control of several oncogene products, such as
Ras (Tournay and Benezra 1996), and no mutations within the Id genes
themselves have so far been identified in tumors (Arnold et al. 2001; Casula
et al. 2003). Nevertheless, even if Ids are not classical oncogenes it is well
documented that their expression levels are elevated in various tumors. Increased Id levels correlate with tumor proliferating indices and invasiveness
in epithelium-derived tumors (Fong et al. 2004).
It is reported that members of the BMP family, in particular BMP-2 and -7,
have the ability to increase the expression of Ids in embryonic stem cells
(Hollnagel et al. 1999), osteoblasts (Ogata et al. 1993) and breast cancer
cells (Clement et al. 2000) among other cell types. As is demonstrated in
Paper I and elsewhere (Kee et al. 2001; Ling et al. 2002; Kang et al. 2003;
Sugai et al. 2003), TGF-1 also has a part to play regarding the regulation of
Ids. TGF-1 mediated down-regulation of Id1, 2 and 3 is associated with
TGF-1 induced inhibition of proliferation in epithelial cells (Kang et al.
2003). It is yet to be determined if this effect is due to Id-mediated regulation
of pRb activity. Our own experiments (Paper I) strongly point to a critical
role of Id2 and 3 as negative regulators of TGF--dependent epithelialmesenchymal transition (EMT) , in addition to the control of cell proliferation (Kondo et al. 2004).
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Chromatin Structure and Epigenetic Control of Gene Expression
Chromatin is the structure into which eukaryotic DNA is packaged (Figure 3). The basic structural unit of chromatin is the nucleosome. In essence,
nucleosomes are comprised of 146 base pairs of DNA wrapped in a lefthanded superhelix 1.7 times around a basic core histone octamer that is built
up of two copies each of histones H2A, H2B, H3 and H4. Neighboring nucleosomes are connected by approximately 40 base pairs of linker DNA,
resulting in the 11 nm nucleosomal fiber commonly referred to as “beads on
a string”. Additional supercoiling condenses the chromatin into a solenoid, a
30 nm fiber, which is further supercoiled to progressively condense the
chromatin into chromosomes. By influencing the finest structure of the
chromatin, epigenetic factors can control the binding of transcription factors,
which are not able to access DNA wrapped around histones, but freely target
the intervening linker DNAs (Cairns 2005; Mellor 2006).

Figure 3. Overview of chromatin organization.
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Histones, which are common to all eukaryotes, belong to a group of exceptionally well conserved proteins that have sequence and functional homology
to histone-like proteins in Archaebacteria (Pereira and Reeve 1998). By
blocking much of the surface of the DNA that is wrapped around them, histones together with histone tail modifications, have important regulatory
potential by limiting the access of transcription factors and other regulatory
proteins, and by this, gene activity. There is still a lot to be discovered regarding the factors that determine nucleosome positioning. Nevertheless, it is
believed that mobilization of nucleosomes on the DNA requires the action of
ATP-dependent chromatin re-modelers that are able to relocate histone octamers (Eisen et al. 1995).
There are three functionally distinct varieties of chromatin: euchromatin,
constitutive heterochromatin and facultative heterochromatin. Euchromatic
regions have an “open” structure, loosely or irregularly packed, and tend to
contain transcriptionally active and gene dense regions of the genome. Constitutive heterochromatin is constituted by highly condensed regions of the
genome, such as centromeres and telomeres, often comprising repetitive
DNA and is generally thought of as gene poor and strongly repressed regarding transcriptional activity. The third variety of chromatin is the silenced
facultative heterochromatin, representing parts of the genome that have been
shut off through subsequent cell generations. Anyhow, these descriptions are
nothing but a rule of thumb, since the boundary between eu- and heterochromatin is imprecise, and has to be so in order to be as flexible as required
in order to obtain proper cell function. Large units of segmental duplications
and alternating blocks of repetitive sequences, for example, are to be found
in the transitional pericentromeric and subtelomeric regions (Bailey et al.
2001).
Variations in chromatin structure arise from the distribution of variant histone proteins, post-translational histone modifications and DNA methylation.
Every histone is capable of several post-translational modifications, mainly
in their amino terminal tail. These covalent modifications include acetylation, ADP-ribosylation, glycosylation, methylation, phosphorylation, sumoylation and ubiquitination (Fischle et al. 2003; Shiio and Eisenman 2003;
Osley 2004). Together, the histone modifications give rise to a “histone
code” that is recognized by proteins containing specific interacting bromoand chromodomains. These proteins, when activated, will initiate various
cellular responses such as transcriptional activation/repression, chromatin
condensation/decondensation and DNA repair (de la Cruz et al. 2005). The
phenomena of structural adaptation of chromosomal regions, rather than the
sequence of DNA, so as to register, signal or perpetuate altered activity
states is defined as epigenetics (Bird 2007).
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DNA Methylation
There is a constant interplay between epigenetic modifications. Together
with histone modifications, DNA methylation is one of the main determinants of chromatin structure. The methylated sequence in vertebrates is CG,
which is paired with the complementary sequence on the opposite DNA
strand. This symmetry means that sites are transiently methylated on only
one of the two DNA strands (i.e. hemimetylated) following DNA replication.
Methyl groups are covalently added to the cytosine of CpG dinucleotides. As
much as 70-80% of the CpG dinucleotides within the human genome are
methylated, with the exception of CpG islands (stretches of 0.5-2 kbp, high
in GC content and associated with promoters of many protein-coding genes),
which generally remain unmethylated in somatic cells. Methylation of CpG
islands is linked with repression of transcription, whereas abnormal methylation is a well known feature of many tumor suppressor genes.
The establishment and maintenance of CpG methylation is operated by a set
of enzymes represented by three families, known as DNA methyltransferases
(Dnmts). Dnmt1 is present at the replication foci throughout S phase. It is
known as the “maintenance methyltransferase”, and as the name implies it
makes sure that the CG methylation patterns are copied from mother to
daughter cell (Bestor et al. 1988). Dnmt3a and Dnmt3b are responsible for
the establishment of de novo methylation (Okano et al. 1999). Dnmt3a appears to be implicated in de novo methylation at single genetic loci, mainly
at heterochromatic regions in adult tissues, while its isoform Dnmt3a2,
which normally is to be found in euchromatic regions, is the major form
during embryogenesis (Chen et al. 2002). The third known member of this
family, Dnmt3L, appears to assist Dnmt3a and Dnmt3b during gametogenesis, rather than methylate on its own (Hata et al. 2002).
The third defined Dnmt family is Dnmt2 which, in contrast to the previous
families, only shows weak methylation activity in vivo, although it is ubiquitously expressed in most mouse and human tissues (Liu et al. 2003). Furthermore, mice homozygous for a null mutation in Dnmt2 are viable and
show normal levels of methylation (Okano et al. 1998).
From an evolutionary point of view, DNA methylation is thought to have
evolved in prokaryotes as a host defense system, a way of distinguishing self
from non-self (Jeltsch 2002). The methylated host DNA is protected against
restriction endonucleases from invading transposable elements and viruses.
In addition, methylation is used in order to silence selfish genetic elements in
eukaryotes, and has a general role of gene silencing in order to reduce background transcriptional noise in complex genomes (Bird 1995).
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Apart from the ability of methylated DNA to interfere directly with the binding of several transcription factors, it has turned out that methyltransferases
take part in histone deacetylase repressor complexes (Ng et al. 1999). During
the last years, several groups have reported observations in plants, fungi and
mammals, pointing out that methylation of lysine 9 of histone H3 constitutes
a signal for DNA methylation. This suggests that DNA methylation is a secondary step in gene silencing (Feng and Zhang 2001; Fuks et al. 2001;
Hendrich et al. 2001).
The importance of DNA methylation as a regulatory mechanism involved in
the establishment of proper gene expression patterns during differentiation
was emphasized in the 1970s (Holliday and Pugh 1975; Sager and Kitchin
1975). Tissue-specific methylation patterns are built up during embryogenesis by the use of de novo methylation and demethylation. While the processes of de novo methylation have been rather well characterized, the same
does not go for demethylation, which is assumed to occur by the passive
process of not maintaining existing methylation patterns. For example, in the
early embryo during the pre-implantation stage, the erasure of epigenetic
marks, such as DNA methylation, reinstates totipotency. The process initiates on the developing male pronucleus, which is highly demethylated within
a few hours (Mayer et al. 2000). The speed of this reaction indicates that
there is an as yet unknown active demethylation process occurring. Starting
at the two-cell stage, the remaining methylation (being mostly maternal)
gradually decreases, reaching its lowest levels at the blastula stage. This
time-consuming procedure is likely to be an example of passive demethylation, which also is supported by the progressive exclusion of Dnmt1 from the
nucleus (Santos et al. 2002). Nevertheless, some loci, including the differentially methylated regions (DMRs) of imprinted genes, manage to escape this
demethylation. Following implantation, there is a wave of de novo methylation taking place at both maternal and paternal chromosomes, giving rise to
new methylation patterns.
Furthermore, reprogramming of methylation marks occurs in primordial
germ cells, which initially have a high level of methylation, but will soon
undergo a drastic reduction in methylation of single copy sequences (Reik et
al. 2001). It is unclear if this occurs passively by non-maintenance of methylation, or actively by an unidentified demethylating enzyme. Nevertheless,
the process of reprogramming DNA methylation patterns is still in action
when the primordial germ cells colonize their final destination in the genital
ridge during gametogenesis. When the majority of the sequences are successively demethylated, both male and female gametes are arrested (Seki et al.
2005). The reactivation of DNA methylation in the male germline takes
place before birth (Davis et al. 1999), while de novo methylation of the female germ line occurs after birth in the growing oocytes (Bourc'his and Bestor 2004).
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The importance of DNA methylation in relation to proper gene function is
clearly reflected by the large number of diseases, including cancer, which
follows abnormal methylation patterns. For example, hypermethylation of
CpG islands and promoter regions often leads to silencing of tumor suppressor genes, but hypomethylation is just as harsh, giving rise to abnormal expression patterns of imprinted genes and activation of oncogenes. It has been
proposed that disruption of the epigenetic machinery and patterns constitutes
a major hallmark of human cancer (Kanduri et al. 2000b; Esteller et al.
2002; Kanduri et al. 2002).
Studies in monozygotic twin-pairs have revealed that their disease susceptibility differ more the older they get, raising the possibility that epigenetic
differences that arise during aging are at work (Wong et al. 2005). Accordingly, twins in their 20s have very similar methylation patterns, whereas this
similarity is lost between twins in their 60s. This increased difference in
methylation pattern is not detected comparing unrelated people in their 20s
and then again in their 60s (Eckhardt et al. 2006). Hence, epigenetic modifications, that arise with age are likely to be important factors concerning our
disease susceptibility.
Histone Modifications
There are several post-transcriptional modifications, such as poly(ADPribosyl)ation, acetylation, methylation and ubiquitylation, feasible for each
and every histone. On top of that, there are enormous possibilities regarding
the combination of modifications on neighboring histones. This formulates a
complex and precise regulatory function concerning chromatin remodeling
and genetic expression, not only by permitting the DNA to be accessible or
inaccessible for regulatory factors, but also by folding the DNA so that regions normally far from each other can come into close contact.
Post-translational modifications provide rapid, reversible and contextspecific ways of modulating protein function. One example is PARP1
(poly(ADP-ribose) polymerase 1) that plays major roles in diverse biological
processes such as maintenance of genomic stability, transcriptional regulation, energy metabolism and apoptosis (Hassa and Hottiger 2008). The main
focus on PARP1 has generally been concerning its association with DNA
repair and genotoxic stress, which is supported by the fact that PARP-1 is
commonly up-regulated upon DNA damage. However, the enzyme also
plays a role by altering transcription of various genes. This is accomplished
in different ways. For example, PARP1 can change the histone-DNA interactions through covalent addition of straight or branched chains of negatively charged poly-ADP-ribose polymers (a process known as PARylation)
to histone proteins (Kraus and Lis 2003). PARylated chromatin adopts a
more relaxed structure than its native counterpart, and is more transcription26

ally active (Althaus 1992). Furthermore, transcription factors can be direct
targets of PARylation. CTCF (Yu et al. 2004b), YY1 (Oei and Shi 2001) and
p53 (Kumari et al. 1998) are all such examples.
Another example of the epigenetic features of PARylation is the demonstrated link between the chromatin insulator protein CTCF and PARP (Yu et
al. 2004a). Not only is the majority of the functionally active CTCF heavily
PARylated. In addition, PARylation marks have been detected at roughly
140 mouse CTCF target sites, most of whose insulator abilities are sensitive
to the PARP inhibitor 3-aminobenzamide (Yu et al. 2004b). It has been
speculated that PARylation imparts chromatin insulator properties to CTCF
at imprinted as well as non-imprinted loci, which has implications for the
regulation of expression domains and their failure in pathological lesions
(Yu et al. 2004a). One example is the H19/Igf2 imprinting control region
(H19/Igf2 ICR) (Klenova and Ohlsson 2005). Similar to CTCF, PARylation
is exclusively associated with the maternally inherited allele of the H19/Igf2
ICR, and there have been speculations whether this association is crucial for
the manifestation of the imprinted state of the Igf2 gene. The possibility that
the turnover of PARylation marks at DNA-bound CTCF is a way of controlling expression domains, possibly by regulating the stability of higher order
chromatin conformation has been discussed (Klenova and Ohlsson 2005).
Acetylation of lysine residues, in particular of H3 and H4, is one of the best
described histone modifications. Histones are acetylated by histone acetyl
transferases (HATs) in the cytoplasm before being transported to the nucleus. The acetyl groups neutralize the positively charged histone tails which
interacting with the negatively charged phosphate backbone of the DNA,
causing the chromatin to open up and thereby making it easier for transcription factors and Pol II to access the DNA. Hence, acetylation is generally
associated with transcriptional activation. The removal of acetyl groups is
catalysed by histone deacetylases (HDACs), and is followed by reduction of
the space between the DNA and the histone octamer, diminishing the accessibility for transcription factors. It is relatively common that transcription
factors have (or are associated with) HAT activity, while various repressors
have HDAC activities (Alvelo-Ceron et al. 2000).
Another common and reversible histone modification is phosphorylation of
H3. This alteration is understood to promote chromosome condensation during cell division, i.e. during meiosis and mitosis (Nowak and Corces 2004).
Modifications of different residues can have different effects (Lo et al.
2001), but in general, phosphorylation is associated with increased gene
expression.
Histone methylation is a bit more complex than some of the other modifications. The effect of methylation depends on the nature of the modified amino
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acid and its location in the protein sequence. While methylation of H3 at
lysine 9 is associated with transcriptional repression, methylation of lysine 4
is coupled to activation (Fischle et al. 2003). Moreover, lysine residues can
be mono-, di-, or tri-methylated, and arginine residues exist in mono- or
dimethylated forms, making combinatorial modifications possible, and the
functional relevance even more complex. All the same, the methylation reaction of lysine residues is catalyzed by enzymes known as histone methyltransferases (HMTs). There are specific enzymes each residue, which differ
in their ability to perform full or partial modifications (Hughes et al. 2004).
Methylation of arginine, associated with transcriptional activation, is catalyzed by protein arginine methyltransferases (Stallcup et al. 2000). Histone
methylation was long considered a non-reversible modification, where the
only way of removing it was to remove the whole methylated histone. However, the discovery of demethylase activities specialized for specific methylated lysines has changed this belief (Shi et al. 2004b).
Enhancers, Silencers and Insulators
Chromatin states, such as the level of compaction, have the ability to spread
into neighboring sequences. This enables co-regulation of genes. Nevertheless, specific expression of individual genes (or between differently regulated clusters) requires the ability to block signals from the surroundings,
thus inhibiting undesirable gene co-regulation. This is achieved by the use of
regulatory elements such as insulators and boundaries. Insulators serve to
form domain boundaries (i.e. borders of chromatin defining regions of active
and inactive chromatin), simply by blocking signals from enhancers and
silencers.
The first vertebrate insulator element discovered is located at the 5’ end of
the chicken -globin locus. A 250 bp DNA fragment in this region harbors
the insulator activity upon binding of the zinc finger protein CTCF (Bell et
al. 1999). Another example of insulator function obtained by CTCF is in
between the imprinted genes H19 and IGF-2, at the H19/Igf2 ICR. These
genes maintain proper parent-of-origin expression by the use of CTCF
(Kanduri et al. 2000a).
Chromatin insulators have been divided into two distinct groups: enhancerblocking insulators, which function by preventing a distal enhancer from
activating a promoter when placed in between the two, and barrier insulators,
which restrain heterochromatinization and consequent silencing of a gene
(Wallace and Felsenfeld 2007).
Enhancers and silencers positively and negatively affect gene expression. In
general, enhancers are cis-acting elements with the ability to recruit activators and/or Pol II complexes which they through physical interactions deliver
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to promoters and initiate transcription (Munshi et al. 2001). The activity of
an enhancer is orientation independent, which is why it can be located upstream as well as downstream, or sometimes even within, a gene (Jack et al.
1991). Several models have been proposed to explain how enhancers can
activate promoters that possibly will be several kilobases away (Figure 4).

Figure 4. Schematic illustration describing different models of enhancer action.

According to the “looping model”, transcriptional activators bind to the enhancer, triggering a looping of the DNA. This conformational change of the
chromatin results in physical contact between the enhancer-activator complex and the promoter (Su et al. 1991). The “tracking model” on the other
hand, postulates that rather than causing the DNA to loop, activators use the
enhancer as a “landing mark” from which they start tracking the DNA in an
orientation independent manner, searching a promoter region (TinkerKulberg et al. 1996). Yet another model is based on a combination of the
two previously described, the so called “facilitated tracking” model (also
known as “looping-tracking”). It suggests that the enhancer-bound factors
loop (or track) out several times until reaching the promoter (Blackwood and
Kadonaga 1998). Finally, the “linking model” states that there is an establishment of modified chromatin domains in-between the enhancer and the
promoter. Roughly, it states that facilitator proteins generate a progressive
chain of higher order complexes along the chromatin fiber, and thereby establish enhancer-promoter communication without any direct physical interaction (Bulger and Groudine 1999). None of these models can fully explain
how enhancer-promoter communication functions, and there seems to be
diversity concerning enhancer-promoter regulation. A single gene can be
regulated by multiple enhancers located at various chromosomal loci, and
one enhancer can regulate multiple genes. This concerted regulation is a
powerful tool for fine tuned gene expression.
Silencers are regulatory elements sharing several features with enhancers,
but with the opposite mission. When activated, their aim is not to promote
gene expression, but to silence genes. It has been shown that silencers initi-
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ate chromatin remodeling, creating a repressive heterochromatic environment which results in gene inactivation (Baniahmad et al. 1990).
The Chromatin Insulator CTCF
With the development of improved molecular technologies, additional details regarding transcriptional regulation have been discovered. The focus of
transcriptional regulators has spread from the sole nearby regulatory elements to include the role of higher-order chromatin organization. The chromatin insulator CTCF has been pointed out as a top candidate for mediating
and maintaining long-range chromatin interactions, along with directing
DNA segments into transcription factories and/or facilitating interactions
with other DNA regions (Wallace and Felsenfeld 2007; Filippova 2008).
CTCF, or CCCTC-binding factor, is a ubiquitously expressed 11-zinc finger
(ZF) nuclear protein. It was originally identified as a transcription factor that
binds to the core repeat sequence CCCTC (from which it got its name) of the
avian and latter the mammalian MYC promoters (Lobanenkov et al. 1990;
Klenova et al. 1993; Filippova et al. 1996). However, by use of different
combinations of the 11 zinc fingers, CTCF has the ability to interact with
diverse targets. Rather than the originally postulated target sequence
“CCCTC” a more complex GC-rich consensus binding motif has been reported, which can be used to predict the majority of potential CTCF-binding
sites (Kim et al. 2007). Although, one has to bear in mind, that it is estimated
that about 18% of the more than 13,000 in vivo sites do not contain this consensus sequence (Kim et al. 2007).
CTCF binding to DNA and protein is largely invariant from cell to cell, with
the exception of a subset of cell-type-dependent interactions. CTCF targets
are ubiquitous throughout the genome (Wallace and Felsenfeld 2007) but
fluctuate to some extent during the cell cycle. During interphase they are
distributed throughout the nucleus, but for the period of mitosis CTCF specifically associates with the centromeres and midbody, which is why it has
been suggested that CTCF may play a role in chromosome segregation
(Zhang et al. 2004).
The DNA targets and the binding domain of CTCF itself, are all extraordinarily well conserved in vertebrates. There is a 100% sequence identity between chicken and human CTCF zinc finger (i.e. DNA binding) domain
(Filippova et al. 1996; Burke et al. 2002; Pugacheva et al. 2006). This domain is flanked by 267 amino acids on the N-terminal side and 150 amino
acids on the C-terminal side, and the overall homology between avian and
mammalian CTCF is 93% (Filippova et al. 1996; Vostrov et al. 2002).
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CTCF’s multiple functions in gene regulation are mediated by its multiple
sequence specificity of DNA binding (Gaszner and Felsenfeld 2006). Apart
from its indirect regulatory functions as a chromatin insulator, CTCF acts as
a classical transcription factor. It up-regulates transcription of genes such as
the amyloid precursor protein (APP) (Vostrov and Quitschke 1997) and a
number of factors involved in cell cycle progression, for instance Rb,
p14ARF and PIM-1 (Ohlsson et al. 2001b; Filippova et al. 2002; De La
Rosa-Velazquez et al. 2007). CTCF can also down-regulate expression, as is
the case with the chicken lysozyme silencer (Awad et al. 1999) and vertebrate MYC oncogenes (Lobanenkov et al. 1990; Klenova et al. 1993; Filippova et al. 1996). In addition, the zinc finger protein is pointed out to recruit
histone deacetylases, which commonly promote gene silencing (Lutz et al.
2000).
The immense number of CTCF target sites in the human genome (>13,000),
its diverse functions in epigenetic regulation as well as the protein’s decisive
role for cell survival (Filippova 2008), have resulted in a massive interest
during the last years (Krueger and Osborne 2006; Kim et al. 2007; Filippova
2008). CTCF nullizygous mice exhibit early embryonic lethality at the preimplantation stage (E3.5-4.5) of development (Filippova 2008), and conditional knockdown of CTCF expression in cultured fibroblasts leads to apoptosis (Docquier et al. 2005).
CTCF is unique in its function as the only insulator discovered in vertebrates
(Jeong and Pfeifer 2004), interacting with the chicken and human -globin
loci (Bell et al. 1999; Farrell et al. 2002) as well as with the H19/Igf2 ICR
(Bell and Felsenfeld 2000; Hark et al. 2000; Kanduri et al. 2000b) among
others. Loss of CTCF is followed by loss of insulator function, a phenomenon associated with malfunctioning gene regulation and cancer development
(Cui et al. 2001).
There are several epigenetic features connected to CTCF function. By interacting exclusively with one allele in a parent-of-origin specific manner,
CTCF is able to control genomic imprinting of the H19/Igf2 ICR (Pant et al.
2004). In addition, there has also been postulated that CTCF plays a role in
X chromosome inactivation (Chao et al. 2002). The mechanism behind this
is CTCF interaction with the antisense RNA transcript, Tsix, which is exclusively expressed from the active X-chromosome and prevents silencing by
Xist. It is therefore believed that CTCF may play a role in the selection process regarding which X allele that should remain active (Chao et al. 2002).
Another link between CTCF and X-chromosome selection is the possibility
that the choice of X chromosome inactivation reflects stabilization of a
higher order chromatin conformation acting on the CTCF-XIST promoter
complex (Pugacheva et al. 2005). The connection between CTCF and its
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regulation of higher order chromatin conformation (resulting in intra- and
interchromosomal interactions and chromatin hubs) has modified the understanding of several nuclear functions, such as DNA replication timing (Paper
III) and transcription (Ohlsson et al. 2001a; Ohlsson et al. 2001b; Zhao et al.
2006).
CTCF is encoded by a single-copy gene at human chromosome 16q22.1, a
region frequently injured in diverse types of cancers (Lasko et al. 1991), in
particular sporadic breast tumors (Driouch et al. 1997) and prostate cancers
(Latil et al. 1997). In conjunction with this, many CTCF-regulated genes are
frequently deregulated in human cancer, indicating that CTCF is a tumor
suppressor gene (Filippova et al. 1998; Ohlsson and Kanduri 2002). Complete loss of CTCF function is incompatible with cell survival, which is why
it was suggested that CTCF may represent a type of tumor suppressor gene,
exhibiting selective “change of function” rather than complete “loss of function” (Filippova et al. 2002; Filippova 2008).
Brother of regulator of imprinted states (BORIS), also known as CCCTCbinding factor-like protein (CTCFL), is a paralog of CTCF. It is located on
human chromosome 20q13.2 (Loukinov et al. 2002), a region frequently
amplified in cancer cells. Comparison of mouse, chicken and human CTCF
sequences suggests that BORIS is a result of gene duplication after the divergence of birds and mammals. Normally, CTCF and BORIS are expressed
in a mutually exclusive pattern that correlates with resetting of methylation
marks during male germ cell differentiation (Klenova et al. 2002).
The zinc finger domain of BORIS is nearly identical to that of CTCF, but the
C- and N-terminal domains differ. This implies that the two proteins have
the ability to bind to the same DNA target sites, yet the effect on higher order chromatin conformation as well as factors binding in the vicinity may
differ. For example, while CTCF over-expression blocks cell proliferation,
expression in normally BORIS-negative cells promotes cell growth which
can lead to transformation (Klenova et al. 2002). In addition, BORIS is abnormally activated in a wide range of human cancers, and has features of an
oncogene (Klenova et al. 2002). Aberrant expression of BORIS in cancer
may interfere with normal functions of CTCF including growth suppression,
and contribute to epigenetic dysregulation, which is a common feature in
human cancer.
Genomic Imprinting and Other Epigenetic Phenomena
In 1866, the Augustinian monk Gregor Mendel published a short monograph
Experiments with Plant Hybrids. His theories, mainly based on work with
pea plants, described how traits were inherited through generations. It has
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become one of the most enduring and influential publications in the history
of science, and it was in this book that Mendel derived the basic laws of
heredity: 1) Hereditary factors do not combine, but are passed intact. 2) Any
member of the parental generation transmits only half of its hereditary factors to each offspring (with certain factors being dominant). 3) Different
offspring of the same parents receive different sets of hereditary factors.
Mendel's work became the foundation of modern genetics, but it does not
explain all traits of inheritance. With more sensitive techniques in molecular
biology it has become clear that not all genes follow Mendel’s laws of inheritance and pairs of alleles will not always be coordinately expressed.
There are four processes associated with monoallelic gene expression in
mammals: genomic imprinting, allelic exclusion, random monoallelic expression and X chromosome inactivation (XCI) (Sano et al. 2001). Common
for all monoallelicly expressed genes is asynchronous DNA replication,
which is likely to be one of the mechanisms behind the difference in transcription.
Genomic imprinting
Genomic imprinting combines the features of monoallelic expression and
parental origin specificity. In essence, this is a phenomenon in which a subset of the genes is subject to transcriptional regulation in a parent of origin
specific manner (Figure 5). Imprinted genes have a memory of their origin,
established during germ line development by use of epigenetic marks. This
results in non-equivalence of alleles. To date, approximately 80 imprinted
genes are known, but more have been predicted (Nikaido et al. 2004)
Differently methylated regions (DMRs) frequently exert regulatory effects
on surrounding genes within an imprinted cluster. These are referred to as
imprinting control regions (ICRs). Commonly, the inactive allele is methylated, whereas the active allele is not. The methylation marks persist through
all cells in the organism, even though the manifestation of the imprint in
terms of expression may be limited to specific tissues and/or developmental
stages (Watanabe and Barlow 1996). In most cases, maternal alleles tend to
be repressed by methylation, while paternal alleles are repressed by RNAbased mechanisms. This pattern is believed to have evolved as a maternal
protective mechanism due to the demethylation of the paternal genome by
the oocyte, which would serve to remove paternal methylation imprints
(Reik and Walter 2001).
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Figure 5. Genomic imprinting is a biological phenomenon by which certain genes
are expressed in a parent-of-origin-specific manner.

Evolutionarily, genomic imprinting is estimated to have appeared some time
on the order of 150 million years ago, when monotremes, mammals that lay
eggs (such as platypus), and therian, which give birth to live young (including both placental mammals and marsupials) mammals diverged. The reasoning behind this being the fact that genomic imprinting is observed in
marsupials and placental mammals, but is lacking in monotremes and birds
(John and Surani 2000; O'Neill et al. 2000; Wilkins and Haig 2003). Interestingly, paternally expressed genes tend to promote growth, while maternally expressed genes have the opposite effect. This feature has given rise to
the so-called “Parental conflict theory” (Moore and Haig 1991). It states that
the evolution of imprinted genes is a result of a conflict between the paternal
and maternal genomes, concerning the amount of nutrients to be allocated to
the embryo. At the same time as it is in the interest of the father to promote
growth of the embryo (even at expenses of the mother and potential future
progenies), the mother’s ambition is to limit growth in order to save resources for other and future offspring. The paternally expressed growth promoting gene Igf2 is one example of this, and will be described in further
detail.
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The significance of imprinting is witnessed by the wide range of diseases
associated with loss of imprinting (LOI). The Beckwith-Wiedermann syndrome (BWS) arises from imprinting disturbances of human chromosome
11p, commonly causing over expression of the paternally expressed Igf2 and
loss of the maternally expressed Kcnq1 (Walter and Paulsen 2003). BWS is
known to cause pre- and post-natal overgrowth and predisposition to childhood cancers, in particular Wilm’s tumors. Other examples where LOI is
associated with different diseases are Prader-Willi syndrome (PWS) and
Angelman syndrome (AS), both of which result from LOI of human chromosome 15q (Cassidy et al. 2000).
In the 1980s, it was demonstrated how crucial imprinting is for normal development. Two female (biparental gynogenones) or two male (biparental
androgenones) pronuclei were used to construct diploid mouse embryos
(Barton et al. 1984; McGrath and Solter 1984). The ability of these embryos
to develop to term was compared with control nuclear-transplant embryos in
which the male or the female pronucleus was replaced with an isoparental
pronucleus from another embryo. The results revealed that diploid biparental
gynogenetic and androgenetic embryos do not complete normal embryogenesis, whereas control nuclear transplant embryos do. Gynogenetic embryos show relatively normal embryonic development, but poor placental
development. In contrast, androgenetic embryos show very poor embryonic
development but normal placental development. The difference in imprinting
of maternal and paternal genomes is essential for certain stages of embryogenesis, which is why no parthenogenesis exists in mammals.
Experimental manipulation of the paternally inherited and methylated
H19/Igf2 ICR has, however, recently allowed the creation of rare individual
mice with two maternal sets of chromosomes. Interestingly, several imprinting centers were affected due to the manipulation of the H19/Igf2 ICR in
these mice (Kono et al. 2004).
Regulation of the Imprinted H19/Igf2 Locus
The H19/Igf2 locus is one of the imprinting control regions studied into finest detail. There are a couple of reasons for that: not only was it one of the
first ICRs to be described, it is also a key component regarding the development of diverse cancers (Sakatani et al. 2005).
The discovery of CTCF binding sites within the H19/Igf2 ICR provided a
mechanistic explanation for the reciprocal imprinting of H19 and Igf2 (Bell
and Felsenfeld 2000; Hark et al. 2000; Kanduri et al. 2000b). Igf2 (also
known as Somatomedin A), which is expressed from the paternal allele,
encodes the fetal growth factor insulin-like growth factor 2. Igf2 is an impor35

tant modulator of muscle growth and differentiation. The gene is widely
expressed during prenatal development. LOI of the H19/Igf2 ICR is known
to cause biallelic expression of the gene, and is highly associated with different forms of cancer (Ohlsson 2004; Sakatani et al. 2005).
H19, on the other hand, is maternally expressed. It encodes a non-translated
RNA whose function is not yet clear (Svensson et al. 1998), but the gene is
expressed in a number of organs during a limited period of fetal development. It also shows a restricted pattern of expression in adult tissues where
expression is confined to skeletal and cardiac muscle (Han et al. 1996).
Igf2 and H19 are separated by approximately 100 kb and the ICR is found
roughly 2 kb upstream of the H19 promoter. The differently methylated domain (DMD) of the ICR includes short GC rich repeat elements, seven in
human and four in mouse. By use of a distinct subset of its different zinc
fingers, CTCF binds to these regions forming a chromatin insulator, which
blocks the upstream Igf2 promoter from downstream enhancers. The binding
of CTCF, however, has proved to be sensitive to methylation. CTCF specifically binds to the unmethylated maternal allele and not to the methylated
paternal allele, which remains without insulator function (Figure 6). This
allows the enhancers to up-regulate transcription of the paternal Igf2 allele,
while the methylation of the non-CTCF-binding ICR continues into the H19
promoter, silencing the paternal H19 gene. CTCF occupancy at the maternal
allele keeps the enhancers from activating Igf2, which stays inactive.

Figure 6. CTCF regulates H19/Igf2 imprinting by forming an insulator on the maternal, but not the paternal allele.  = maternally inherited allele,  = paternally
inherited allele, E = enhancer.
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CTCF-binding makes sure that the ICR stays unmethylated, resulting in a
scenario where no methylation will spread to the H19 promoter, which instead will be able to actively transcribe H19. On top of this, it has been
shown that positioned nucleosomes within the ICR are essential in order to
maintain the methylation free target sites within the linker DNA regions.
Disruption of this nucleosome spacing may result in loss of insulator function, followed by loss of imprinting of both H19 and Igf2 (Kanduri et al.
2002; Davey et al. 2003). This can also be the consequence of a deletion
within this region (Thorvaldsen et al. 1998) as well as point mutations of the
maternal CTCF target sites (Pant et al. 2003; Pant et al. 2004). Currently, the
explanation of CTCF binding to the maternal allele of the H19/Igf2 ICR does
not alone explain the imprinting status of the two genes.
The connection between higher order chromatin conformation and transcriptional activity has put a new dimension to the field of gene regulation. As
early as in 1995, Banerjee and Smallwood suggested that higher order looping could play a role in the imprinted regulation of the H19/Igf2 locus
(Banerjee and Smallwood 1995). Nine years later, this was confirmed by
Reik and co-workers (Reik et al. 2004). By use of chromosome conformation capture (3C) and a GAL4 knock-in approach, it was demonstrated that
the DMRs at the H19/Igf2 locus interact in a parent-of-origin specific manner in the mouse. These interactions give rise to two distinct loops for the
paternally inherited and maternally inherited alleles, generating an epigenetic
switch for Igf2 by which it can move between active and silenced chromatin
domains that are accessible to different regulatory elements. These first results demonstrating long-range chromatin interactions at an imprinted locus,
have later been somewhat updated and improved by the use of 3C and circular chromosome conformation capture (4C) methods (Kurukuti et al. 2006;
Zhao et al. 2006), which made a more detailed analysis of the higher order
chromatin conformation of the H19/Igf2 locus possible. On the paternally
inherited chromosome, enhancers interact with the Igf2 promoters, but this
interaction is prevented by the binding of CTCF to the H19/Igf2 ICR of the
maternal allele. CTCF binding to the maternal ICR regulates its interaction
with matrix attachment region (MAR)3 and DMR1 at Igf2, thus forming a
tight loop around the maternal Igf2 locus, which may contribute to its silencing. This study shows that CTCF plays a critical role in the regulation of
higher-order chromatin structure and gene silencing over considerable distances in the genome. Similar looping and interactions are indicated to occur
at the human H19/Igf2 locus (Reik et al. 2004), suggesting that control of
imprinting by higher order folding of chromatin may be a well conserved
trait.
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It is known that epigenetic marks of active and inactive genes survive mitosis, maintaining the status of activity from one cell generation to the next. In
contrast to other zinc finger proteins, CTCF does not lose its binding to mitotic chromosomes, ensuring that the chromatin loop organized by the
CTCF-bound, differentially methylated region at the H19/Igf2 locus can be
detected even during mitotis, providing an epigenetic memory during cell
division (Burke et al. 2005).
Allelic Exclusion, Random Monoallelic Expression and X Chromosome
Inactivation
Allelic exclusion is a process by which the protein from only one allele is
expressed while the other allele is silenced, but the mechanism behind this is
not fully understood. Allelic exclusion is observed in immunoglobin and
olfactory receptor genes, which are organized in clusters where a single receptor is synthesized, and expressed on the cell surface of each individual
cell. This transcriptional restriction provides antibody diversity (Chess
1998).
Random monoallelic expression is similar to allelic exclusion with the difference that selection is only between the two parental alleles. It is seen in
genes for T cell receptors, NK cell receptors, interleukin and t complex
(Sano et al. 2001).
XCI, which was first described by Mary Lyon in 1961, is a form of monoallelic expression at the chromosomal level (Lyon 1961). It is understood as a
dosage compensation mechanism found in female mammals required to
maintain equivalent gene expression levels for most X-linked genes between
the two X-chromosomes in females and the single X-chromosome in males.
In females, one X-chromosome is either randomly or selectively (depending
on tissue type) inactivated through heterochromatinisation. Epigenetic inheritance makes sure that the inactive X remains inactive, and the active X
remains active following mitosis. Around 3000 X-chromosomal genes are
silenced in contrast to a small quantity that stay active, resulting in biallelic
expression (Carrel et al. 1999).
Higher Order Chromatin Conformation and Chromosomal Territories
The genome functions in three dimensions. If it would not, the genome of
most human cells would be approximately 2 meters long. Ignoring the fact
that this would be rather inconvenient for obvious physiological reasons, the
folding itself is one of the key factors for proper cell function. Not only does
it create ways to control transcription and DNA replication, it also functions
as a “communicator/collaboration controller” between different sequences of
the chromosome (cis) as well as between different chromosomes (trans).
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Firstly, the primary chromatin fiber is folded into different layers of higher
order structures that create the chromosomes. This folding is adjustable and
unique for individual cells at a given time. Secondly, the chromosomes are
arranged in a non-random positioning relative to the nuclear centre (radial
positioning) and each other. This arrangement is referred to as “chromosome
territories”(CT) and simply describes the relative positioning of the chromosomes with respect to each other and the nuclear membrane in the interphase
nucleus (Mahy et al. 2002a; Mahy et al. 2002b; Cremer et al. 2006; Misteli
2007; Neusser et al. 2007). Most of this arrangement reestablishes itself
following mitosis and is cell type specific, i.e. each chromosome has the
same “next door neighbors” in a specific cell type and in the next cell cycle.
This provides an epigenetic memory (Burke et al. 2005; Cremer et al. 2006).
Furthermore, by segregating different nuclear functions from each other,
compartmentalization provides specified microenvironments enriched in
factors committed to certain nuclear processes. Consequently, the efficiency
of nuclear metabolism increases (Misteli 2007).
The mechanisms behind inheritance of nuclear positioning are not yet fully
understood, but one candidate is the timing of sister chromatid separation
during mitosis, since it has been pointed out to influence the three dimensional localization of chromosomes in the next cell cycle (Gerlich et al.
2003). Worth notice is that the chromosome territories are evolutionary conserved. For instance, chromosomes 18 and 19 in humans have proven to
occupy similar nuclear positions as the corresponding genetic material in
Old World monkeys (Mahy et al. 2002a; Mahy et al. 2002b; Cremer et al.
2006; Neusser et al. 2007).
The radial positioning of chromosomes is somewhat corresponding to gene
density. Gene-poor areas tend to localize towards the periphery, whereas
gene-rich regions more often are situated towards the nuclear interior. In
many cases, however, chromosomal domains contain varying gene density,
meaning that gene-rich regions can be localized in the nuclear periphery and
the other way around (Mahy et al. 2002a; Mahy et al. 2002b). Intriguingly,
the extent of intermingling between chromosomal regions is transcriptiondependent. One example of this is the MHC class II locus, which upon activation leaves its quiescent inactive chromosome territory, forming a gigantic
loop placing this region in a transcriptionally active region (Branco and
Pombo 2006). In this way, distant enhancers and other regulatory regions are
able to exert their function to promote transcription on genes located on the
same, or even on different, chromosomes. Another feature of this is the opportunity of coordinated transcriptional regulation of related genes
(Spilianakis et al. 2005), and worth to note is that RNA Pol II itself has been
postulated to function as a molecular glue, holding together transcriptional
factories and generating loop formations (Faro-Trindade and Cook 2006;
Phatnani and Greenleaf 2006). One possibility is that Pol II is present at
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many chromatin hubs due to its interactions with the chromatin remodeller
protein CTCF (Paper II).
DNA Replication and Gene Expression
Prior to cell division, the entire genome must be replicated, including the
linear DNA sequence as well as the epigenetic information present in the
chromatin structure. The human genome contains approximately six billion
nucleotide pairs, which are copied at approximately 50 base pairs per second
by each replication fork during the synthesis (S) phase of the cell cycle.
Nevertheless, in an ordinary eukaryotic cell, the entire process takes no more
than around eight hours. This is accomplished by the use of multiple origins
of replication on each and every chromosome, allowing simultaneous replication of numerous loci. In order to prevent conflicts between replicating
areas, several regulatory factors control in which order specific parts of the
DNA are replicated. To begin with, regulatory proteins, commonly known as
the origin recognition complex, must be present at the replication origin in
order for DNA synthesis to occur. This is controlled by epigenetic features,
such as chromatin conformation and chromosomal positioning in the nucleus.
The relationship between timing of replication and transcriptional activity
has been discussed since the early 1960s. It was the discovery that most of
the transcription in a cell takes place in the early-replicating Giemsa light
chromosome bands (R-bands) while the late replicating Giemsa dark bands
(G-bands) contain areas of low transcriptional activity, that was the major
hallmark in the field of replication timing and gene transcription (Stambrook
and Flickinger 1970). On the whole, the hypothesis still holds, however
more fine-tuned techniques have revealed that certain heterochromatic regions replicate early, while some euchromatic regions may replicate late.
The relationship between gene activity and timing of replication seems to
stretch over larger domains, not the status of individual genes. This is similar
to the proposition that transcriptionally silenced areas tend to be located in
the periphery, rather than in the center of the nucleus (Woodfine et al. 2004).
This chronological program of replication is extremely stable and to a great
extent cell type specific.
One of the most studied regions with respect to DNA replication timing is
the -globin locus, which has been found to switch from late to early replication upon transcriptional activation in erythroid cells (Simon et al. 2001).
Another example is imprinted genes that tend to replicate asynchronously,
where the transcriptionally active allele in general replicates earlier than the
inactive one. On top of this, LOI is commonly followed by a switch to synchronous replication timing (Greally et al. 1998).
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The mechanisms behind replication timing seem to be a cross-talk/interplay
between transcriptional activity and chromatin modifications (Aladjem
2007). For instance, loss of the chromatin insulator CTCF-binding to the
maternally inherited allele of the H19/Igf2 ICR results in loss of imprinting
and a switch in replication timing of the maternal allele from late to early,
causing synchronous replication of the maternal and paternal alleles (Paper
III).

Inappropriate Gene Regulation and Disease
There are several possible reasons behind malfunctioning gene expression,
but in one way or another it generally has to do with mutations, epimutations, malfunction of post translational modifications, or a combination of
these.

Cancer and Other Diseases as a Result of Malfunctioning Gene
Regulation
Mutations are changes in the base pair sequence of the DNA. These can be
caused by copying errors during replication, or by exposure to certain
mutagens. The majority of mutations have no significant effect, since they
are corrected by the DNA repair system.
There are several different kinds of mutations that have different effects. A
single nucleotide may be exchanged by another (point mutation). If not corrected by the DNA repair system, this leads to one of following three situations: in case of a silent mutation, there is no change in the amino acid produced, and this kind of mutation is rather harmless. However, if the aminoacid replacing the old one gives rise to a different amino-acid (missense mutation) this may alter the function of the protein. A nonsense mutation leads
to the establishment of a stop codon, which can truncate the gene product.
Moreover, the addition of extra nucleotides (insertion) or removal of existing
ones (deletion), may if not corrected lead to a frame shift mutation, which is
likely to result in a malfunctioning protein and possible gain/loss of function.
Inappropriate expression of genes can change developmental trajectories and
result in disease.
Non-silent mutations, leading to aberrant forms of several gene products are
highly associated with cancer. These mutations may be inherited or gained
during life, and are linked to genes that are thus defined as oncogenes or
tumor suppressors. Examples of tumor suppressor genes often mutated in
tumors are: APC (Jeter et al. 2006), BRACA1 (Deng 2006) and 2 (Hall et al.
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2006), P53 (Mazur et al. 1999) and SMAD4 (Moskaluk and Kern 1996). Not
only may mutations give rise to different amino-acids altering the final gene
product, but the conformation of the chromatin may be affected as well. This
is a potentially large scale problem since chromatin formation itself can
regulate numerous genes.
The term epimutations refers to aberrant chromatin states that lead to abnormal gene expression patterns. These can occur secondarily to a DNA mutation in a cis- or trans-acting factor, or as a primary epimutation in the absence of any DNA sequence change. The latter generally occurs after fertilization and leads to somatic mosaicism (Martin et al. 2005). Since the discovery in 1983 (Feinberg and Vogelstein 1983) epimutations have been
detected in several human diseases including cancer (Chen et al. 2006;
Eggermann et al. 2007; Imai and Yamamoto 2007). It has been estimated
that the rate of primary epimutations is one or two orders of magnitude
greater than that of somatic DNA mutation. Therefore, the contribution of
epimutations to human disease is not to be underestimated.
TGF-E Signaling in Disease
TGF-E signaling has proven to be essential in a wide range of physiological
functions such as gastrulation, mesoderm induction, angiogenesis, cell proliferation and differentiation, organogenesis, immunological responses
wound healing and apoptosis (Massague et al. 2000; Pardali and Moustakas
2007). Obviously, malfunctions in TGF-E signaling have severe consequences of different types. It is known to play a role during diverse diseases
such as Duchenne’s muscular dystrophy (Bernasconi et al. 1995), adult respiratory distress syndrome (Shenkar et al. 1994), fibrosis (Verrecchia and
Mauviel 2007), Alzheimers disease (Das and Golde 2006) and cancer
(Pardali and Moustakas 2007).
Understanding the role of TGF-E signaling during cancer development is
difficult since TGF-E acts as a tumor suppressor in early tumorigenesis, but
later stimulates cancer progression by suppressing the immune system and
promoting EMT (Moustakas et al. 2002). Cancer cells often escape growth
inhibition by TGF-E through genetic loss of its signaling components, or
because of downstream perturbation of the signaling pathway. As a matter of
fact, carcinomas often secrete excess TGF-E1 and respond to it by enhanced
invasion and metastasis (Welch et al. 1990). There is even a correlation between increased TGF-E1 levels and poor prognosis in cancer patients
(Tsushima et al. 1996; Wikstrom et al. 1998).
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Epigenetic Regulation by CTCF and BORIS in Disease
Mutations of both CTCF target sites and its DNA binding domain are associated with LOI and changes in higher order chromatin conformation, phenomena often seen in cancer cells (Pant et al. 2004; Kurukuti et al. 2006).
There is no question that CTCF, binding to more than 13,000 targets in the
human genome (Kim et al. 2007), has a role to play in many types of disorders. For example, CTCF is known to have a role in Alzheimer’s disease
(Burton et al. 2002). However, it is its function during cancer development
that has received most attention in research so far.
Loss of CTCF function is closely associated with LOI in various cancers
such as Wilm’s tumors (Cui et al. 2001). However, CTCF function can also
be replaced by its paralog BORIS, if this one is misexpressed. A consequence of this is that normal epigenetic features may be disrupted. Inappropriate BORIS expression is observed in a wide range of human cancers
(Loukinov et al. 2002; Kang et al. 2007; Renaud et al. 2007; Risinger et al.
2007).
Complex Interactions between Transcription Factors and Epigenetic
Modifications during Cancer Development
Cancer cannot be considered as only one disease. Rather, it is a class of diseases or disorders that causes about 25% of all deaths in developed countries
(Jemal et al. 2005). Due to the many differences between cancer types, it is
difficult to find one unique biological feature in order to target cancer. There
are, however, a few common cancer characteristics, such as uncontrolled cell
division and the ability of tumor cells to colonize other tissues (by invasion
or by metastasis).
Behind cancer initiation and progression, there is a complex network of interactions between epigenetic modifications and alterations in the DNA sequence (Feinberg and Vogelstein 1983; Egger et al. 2004). Epigenetic plasticity together with genetic lesions are, as a matter of fact, described to drive
tumor progression (Feinberg et al. 2006). Furthermore, there are indications
that cancer has a fundamental and common basis that is grounded in a polyclonal epigenetic disruption of stem/progenitor cells, mediated by “tumorprogenitor genes” (Guo et al. 2006).
Changes in DNA methylation are observed in numerous tumors and in apparently normal tissues from cancer patients. This suggests a role for DNA
methylation in cell transformation (Feinberg et al. 2002). Inappropriate methylation is known to cause silencing of tumor suppressor genes and DNA
repair enzymes, while demethylation has the capacity to activate oncogenes
that normally would remain silent.
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Moreover, epigenetic modifications have the ability to drive tumorigenesis
by introducing alterations that cause genetic instability, leading to DNA
mutations. By use of epigenetic targets, many tumors are also able to survive
initial oxygen stress and promote vascularization, which further promotes
cancer progression (Kitano 2003). In conclusion, epigenetic alterations may
serve as surrogates of genetic change, but are also able to precede the development of cancer and enhance the probability of cancer development when
genetic changes arise (Feinberg 2004).
The H19/Igf2 ICR creates a network of interactions by forming an allelespecific chromatin hub where numerous genomic regions (cis and trans)
come together (Zhao et al. 2006). This opens up the possibility of coregulation of several loci. When the imprinted status of the ICR is lost, the
parent of origin specific structure of this chromatin hub is disrupted
(Kurukuti et al. 2006). LOI is the most common molecular abnormality in a
majority of tumor types, and the H19/Igf2 ICR is no exception (Sakatani et
al. 2005). Biallelic expression of Igf2 as a consequence of LOI, is commonly
seen in Wilm’s tumor patients (Cui et al. 2001). Furthermore, 30% of patients with colorectal cancer show LOI of the H19/Igf2 ICR in normal colonic mucosa, whereas the corresponding occurrence is 10% in healthy individuals. The striking connection between LOI and family, as well as personal, history of colorectal neoplasia is why it is suggested that LOI may be
a valuable predictive marker of an individual’s risk of developing colorectal
cancer (Cui et al. 2003).
BORIS is faultily activated in a wide range of human tumors, which creates a
competition between the preexisting CTCF and the novel BORIS (Vatolin et
al. 2005). During spermatogenesis, a switch from CTCF to BORIS coincides
with resetting of paternal methylation marks within the H19/Igf2 ICR, and
demethylation leading to transcriptional activation of a unique class of gene
promoter regions that are repressed in all normal somatic cells except testis.
Such testis-specific genes are silenced due to methylation in normal somatic
cells, but activated in testicular tumor cells (Vatolin et al. 2005). One specific example is NY-ESO-1, which encodes a cancer testis antigen normally
silenced by CTCF in all cells but testicular germ cells. Activation of BORIS
in lung cancer cells leads to activation of the gene, suggesting that induction
of BORIS may be a strategy to increase immunogenicity (Hong et al. 2005).
Furthermore, BORIS has been suggested to function as a demethylation factor in osteosarcomas, causing demethylation of the methylated, paternally
inherited H19/Igf2 ICR. In this way both alleles become unmethylated, and
as a consequence there is LOI and biallelic expression (Ulaner et al. 2003).
Biallelic expression of Igf2 is, as discussed, highly associated with a wide
range of malignances, including colorectal, liver and adrenocortical cancer,
as well as sarcomas (Ohlsson 2004). Due to its dose-dependency and ability
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to affect cell differentiation, along with mitogenic and antiapoptotic functions, there is no doubt that a double expression of Igf2 is an important factor
during tumor development, and there has been speculation that inhibiting
double expression of IGFs may be a key target for cancer prevention in patients (Nakamura et al. 2000; Hailey et al. 2002; Mitsiades et al. 2004).
However, the CTCF/BORIS switch is not the only one during cancer development. Another phenomenon is the change in the cell’s response to TGF-1
during cancer progression, as already discussed. This dual role during cancer
development, along with the co-occupancy of the c-myc promoter (Filippova
et al. 1996; Frederick et al. 2004) as well as the APP promoter, are not the
only connections between TGF-E1 and CTCF/BORIS. In many species,
including mice (Barlow et al. 1991) and sheep (Young et al. 2001), CTCF is
involved in the imprinting of Insulin-like growth factor 2 receptor (also described as mannose 6-phosphate or M6P receptor). Igf2R is described as a
candidate tumor suppressor, which when mutated is associated with initiation of tumorigenic events (Recillas-Targa 2002). Apart from being the receptor for Igf2 and M6P, Igf2R is also one of the factors described to activate the secreted latent form of the TGF-E1 ligand (Kovacina et al. 1989).
Intriguingly, our own data reveal a co-occupation of CTCF, Smad3 and
Smad4, not only to the promoter region of Igf2R, but at several other imprinted loci (including the H19/Igf2 locus) (Paper IV).
This thesis is built on research concerning the cross-talk between the classical signaling pathway TGF- and the epigenetic modifier CTCF, and their
individual and concerted efforts to control of gene expression. It is clear that
central events like transcription and DNA replication are controlled by complex cross-talk between transcription factors and epigenetic regulators in
order to insure plasticity as well as a to introduce a “safety net” for proper
gene function.
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Aims of the Present Investigation

The focus of the work described in this thesis is to study the regulation of
gene expression by epigenetic regulators and by transcription factors, as well
as to investigate a potential regulatory cross-talk in development and disease.
More specifically:

I. To identify and characterize genes regulated by Smad4, and to link
their function to TGF-/BMP-mediated biological effects.
II. To investigate and distinguish the role of the epigenetic modifier
CTCF as a transcriptional regulator by focusing on the RNA polymerase II.
III. To study the functional role of the chromatin insulator protein CTCF
regarding the timing of DNA replication of the H19/Igf2 ICR locus.
IV. To investigate the potential cross-talk between the TGF- signaling
pathway and the epigenetic modifier CTCF.
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Results and Discussion

Paper I: Id2 and Id3 Define the Potency of Cell Proliferation
and Differentiation Responses to Transforming Growth Factor 
and Bone Morphogenetic Protein
TGF-1 induces growth inhibition and differentiation, such as EMT, in
epithelial cells. At the same time, BMP-7 that signals via the same co-Smad
(Smad4), only weakly affects epithelial cell growth and does not induce
EMT. With the purpose of exploring the relevance of Smad4 in TGF- signaling and gene regulation, we performed a high-throughput gene expression
analysis in epithelial cells. The human cell line MDA-MB-468 that lacks
endogenous Smad4 was stimulated with TGF-1 or BMP-7 in the absence or
presence of exogenous Smad4. Subsequently expression levels of 6,000
unique cDNAs were analyzed by microarray.
We identified 173 TGF-- or BMP-responsive genes. Out of these, 161 were
found to be Smad4-dependent, while 12 did not require the presence of
Smad4. Within the Smad4-dependent group of regulated genes, 41 transcripts were exclusively regulated by TGF-1 and 88 by BMP-7. Twentyfive genes were common targets of both growth factors: among these were
Id2 and Id3, which we analyzed further. Expression of Id2 and Id3 was bimodal in response to TGF-1, showing an early mRNA induction phase
followed by a later phase of down-regulation. In contrast, the BMP-7 response was continuously sustained and positive.
While it has previously been demonstrated that Id2, through interactions
with the retinoblastoma protein (pRB), is involved in regulation of the cell
cycle (Iavarone et al. 1994), we investigated whether or not regulation of
both Id2 and Id3 are important for the cytostatic effect of TGF- in epithelial
cells. The results revealed that adenoviral over-expression of either Id2 or
Id3 managed to block TGF--mediated growth inhibition in human keratinocytes (HaCaT) and mouse mammary epithelial cells (NMuMG). In addition,
down-regulation of endogenous Id2 or Id3 using small interfering RNAs
(siRNAs) sensitized the cells to BMP-7. Id proteins are named after their
ability to inhibit differentiation, but their specific effect on EMT is yet to be
explored. Nevertheless, these results indicate that over-expression of Id2 in
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particular, and Id3 to some extent, blocked TGF-1-driven EMT. Downregulation of endogenous Id2 and Id3 proteins using siRNA enabled BMP-7
to upregulate EMT markers, such as -SMA, ZO-1 and E-cadherin. From
this, we present a model in which Id2 and Id3 are important components
controlling concerted regulation of cell proliferation and EMT downstream
of TGF- pathways (Figure 7).

Figure 7. Model of Id2 involvement in regulation of proliferation and EMT. Id proteins are critical regulators of growth and EMT responses to TGF-E in epithelial
cells.

Since stimulation of cells using TGF--1 and BMP-7 resulted in differential
regulation of Id genes, the outcome in cells that were stimulated simultaneously with both growth factors was explored. In mouse lens epithelial cells
(-TN4), this resulted in an increase of Id2 and Id3 protein levels, and a
complete inhibition of TGF-1-driven EMT. This indicates that BMP-7
antagonizes the TGF-1 response in these cells. Furthermore, the antagonistic effect of BMP-7 over TGF-1 was abolished in the presence of siRNA
against both Id2 and Id3, confirming that BMP-7 may act as a TGF-1 inhibitor through differential regulation of Id proteins.
In summary, a number of genes that are regulated by TGF-1 and BMP-7
were identified, and most of these were shown to be under the influence of
Smad4. This suggests that Smad4 plays a central role in executing TGF-dependent responses in epithelial cells. The few genes found to be coregulated by both TGF-1 and BMP-7 were genes involved in regulation of
the cell cycle, such as, c-myc, Id1-3 and p21. Differential regulation of Id2
and Id3 by the two growth factors may explain the distinct physiological
responses of TGF-1 and BMP-7 in epithelial cells.
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Paper II: CTCF Interacts with and Recruits the Largest Subunit
of RNA Polymerase II to CTCF Target Sites Genome-Wide
The epigenetic regulator CTCF is known for its diverse tasks. In this paper
we investigate the role of CTCF in mediating transcriptional regulation and
its relationship with RNA Polymerase II.
In our attempts to isolate proteins interacting with CTCF, we used affinity
chromatography on a matrix with immobilized purified recombinant CTCF,
to pull out interacting partners. Among others, the large subunit of Pol II was
detected in nuclear extracts of different cellular origins. Based on this, we
hypothesized that CTCF could be part of the Pol II complex.
Following validation of specific CTCF-Pol II protein-protein interactions
with co-immunoprecipitation (Co-IP), we used immunofluorescent staining
to investigate the localization of CTCF and Pol II in the nucleus. The interactions seen using Co-IP were confirmed by the detected co-localization
using immunofluorescent staining.
By use of serial chromatin immunoprecipitation (ChIP), where the sample
first was immunoprecipitated using an antibody against CTCF, followed by
another IP using an antibody against the large subunit of Pol II, we were able
to pull down the -globin insulator as a common target of the two proteins.
However, from these results it is impossible to distinguish whether the large
subunit of Pol II interacts directly with the -globin insulator, or if this occurs via CTCF. In order to investigate this further, we analysed binding of
CTCF and Pol II to the known CTCF target site, the imprinted H19/Igf2
ICR. Interestingly, Pol II followed the same allele specific binding to the
ICR as CTCF, and both were lost upon the introduction of point mutations in
CTCF target sites. We thereby concluded that the association of the large
subunit of Pol II requires functional CTCF target sites.
In order to examine if the interaction between CTCF and Pol II could be a
factor involved in transcriptional regulation, whereby CTCF recruits Pol II to
activate transcription of various loci, a luciferase experiment was performed.
This used two vectors, one with wild type, and the other with mutated CTCF
target sites. The results revealed that wild type CTCF target sites showed
significantly higher levels of luciferase activity; hence CTCF bound to DNA
may recruit Pol II.
Finally, we wanted to investigate the interactions between CTCF and Pol II
on a genome-wide scale. In order to do this, ChIP-on-ChIP hybridization
assays using a library with a subset (266) of genomic CTCF target sites were
analyzed. A portion of these (~10%) were pulled down with the antibody
against the large subunit of Pol II, opening up the possibility that CTCF re49

cruits Pol II to a subset of its target sites, strengthening its role as a competent transcription regulator.
This paper provides a mechanistic model by which CTCF controls transcription of many genes by recruitment of Pol II.
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Paper III: CTCF Regulates Asynchronous Replication of the
Imprinted H19/Igf2 Domain
The timing of DNA replication of a gene is not a matter of chance; it is a
controlled mechanism affecting the gene’s transcriptional status. It is well
accepted that active genes tend to replicate early, and silent genes replicate
late. However, there are two major problems with this: first of all, not all
transcriptionally active genes replicate early, and not all inactive genes replicate late. Rather, there seem to be larger domains containing genes that replicate simultaneously. Another, potentially more serious question is: if the
timing of replication affects the degree of transcriptional activity of a gene,
what controls the replication timing?
Many imprinted domains, such as the H19/Igf2 locus, show asynchronous
replication timing. The data presented here demonstrate that the wild-type
maternally inherited allele, to which CTCF is binding, replicates late, while
the paternal allele, with no CTCF occupancy, replicates early. Loss of CTCF
occupancy due to mutation of its binding sites in the H19/Igf2 ICR, is followed by a switch from late to early replication of the maternal allele, and
synchronous replication of the two alleles. In addition, this leads to biallelic
expression of Igf2, i.e. the imprinting is lost.
Mouse foetal liver and brain cells, carrying mutations in the maternally or
paternally inherited H19/Igf2 ICR alleles (Figure 8) were pulse labelled with
BrdU (bromodeoxyuridine), and sorted using FACS based on DNA content,
into four sections of the S-phase. By use of BrdU-specific antibodies we
immunoprecipitated newly replicated sequences from each S-phase fraction.
These samples were analysed using microarrays containing CTCF-target
sites and confirmed by quantitative PCR. Comparison of CTCF occupancy
with timing of replication at 266 CTCF target sites revealed a direct correlation between CTCF occupancy and late replication. By studying the mice
described above with the mutations in CTCF target sites in the H19/Igf2
ICR, we have seen that loss of CTCF occupancy led to a switch from late to
early replication of this site.
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Figure 8. Mutations of the paternally inherited H19/Igf2 ICR does not affect CTCF
binding or imprinting (left), while maternally inherited mutations lead to loss of
CTCF binding and loss of imprinting (right) in mouse.  = maternally inherited
allele,  = paternally inherited allele, 142* = mutated allele, E = enhancer.

We conclude that maternal, but not paternal inheritance of a mutated
H19/Igf2 ICR, lacking CTCF binding sites, underlies a late to early switch in
replication timing of the maternal H19/Igf2 domain. Hence, the work in this
paper suggests a role for the chromatin insulator CTCF in delaying replication timing of the H19/Igf2 ICR.
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Paper IV: CTCF and Smad Proteins of the TGF- Pathway
Interact during Regulation of Gene Expression from the H19
Imprinted Control Region
The ambition of paper IV is to address whether developmentally important
signal transduction pathways, such as TGF-E1, may communicate with epigenetic regulators like the chromatin insulator CTCF, and if TGF-E1 has any
role to play in epigenetic phenomena, such as genetic imprinting.
First, we asked the question whether Smad proteins, signaling molecules of
the TGF-E pathway, share any target sites with CTCF on the DNA. In order
to address this question, mouse mammary epithelial (NMuMG) cells were
stimulated with TGF-1, and by use of chromatin immunoprecipitation
(ChIP) we purified CTCF, Smad3 and Smad4 target sites in these cells.
These samples were hybridized to microarray slides containing a library of
266 CTCF target sites derived from mouse fetal liver (Mukhopadhyay et al.
2004), which revealed a partial overlap in CTCF, Smad3 and Smad4 occupancy. Several imprinted loci were among the common targets, and one of
the sequences showing the most striking colocalization of Smads and CTCF
was the H19/Igf2 ICR. This correlation was confirmed using Q-PCR analysis
of the ChIP material.
This is not the first time CTCF and TGF-E signaling have been associated
with each other. CTCF and TGF- are both known to down-regulate c-myc
(Lobanenkov et al. 1990; Yagi et al. 2002), and CTCF together with Smad3
and Smad4 bind to the amyloid precursor protein (APP) gene, where they
up-regulate APP (Burton et al. 2002). An abnormal increase of APP is observed in patients with Down’s syndrome and in specific areas of the brains
of patients with Alzheimer’s disease. Whether concerted gene regulation by
CTCF and TGF- is a genome-wide phenomenon is yet to be determined.
CTCF binding occurs strictly to the maternally inherited allele of the
H19/Igf2 ICR. In order to investigate whether this is the case also for Smads
2, 3 and 4, we stimulated fibroblasts from embryonic mice (embryonic day
17.5), mutated at CTCF target sites at the H19/Igf2 ICR in a parent of origin
specific manner (Figure 8), with TGF-1. Strain 142* harbours point mutations in three out of four CTCF target sites in the maternally inherited
H19/Igf2 ICR, which results in no binding of CTCF. Strain SD7 is wild type
at the H19/Igf2 ICR. As with CTCF, we could not detect any binding of
Smads 2, 3 or 4 to the wild type or mutated paternal allele, and no binding to
the mutated maternal allele. Interestingly, exactly like in the case with
CTCF, we did however detect binding of the Smads to the wild type maternally inherited allele. This suggests the possibility that Smads 2, 3 and 4 are
recruited to the H19/Igf2 ICR by CTCF.
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While CTCF is expressed abundantly in all normal tissues, its paralog
BORIS is exclusively expressed in male germ cells. Furthermore, CTCF
plays a tumor suppressor role in cancer, while it has been discovered that
BORIS is activated in many cancer cells. The antagonistic roles of CTCF
and BORIS in tumorigenesis parallel somehow the role of TGF- in cancer
progression, which normally functions as a tumor suppressor, but is known
to promote tumor cell invasiveness and metastasis during advanced stages of
disease. We wanted to further investigate the cross-talk between the epigenetic regulators and the TGF- pathway, so we performed a new ChIP experiment in which we analysed cells from adult mouse testis, i.e. normal
cells also expressing BORIS. The samples were analysed using Q-PCR of
the H19/Igf2 ICR, and once again we could conclude that CTCF, Smad2, 3
and 4, this time along with BORIS, interact exclusively with the wild-type,
maternally inherited H19/Igf2 ICR. CTCF and BORIS associat with the
H19/Igf2 ICR in unstimulated as well as TGF-1 stimulated cells, while the
Smads were recruited only upon stimulation.
In order to further study the relationship between TGF- and imprinting, we
analysed the RNA expression levels of H19 and Igf2 during a time series of
TGF- stimulation. We concluded that TGF- regulates Igf2 and H19 expression in an allele-specific manner.
This paper presents the first demonstration that a signal transduction pathway, i.e. the TGF-E pathway, directly cross-talks with the chromatin insulator CTCF and is involved in regulation of expression of imprinted genes,
such as Igf2 and H19.
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Concluding Remarks

The aim of the work presented in this thesis has been to investigate the concerted efforts of transcription factors and epigenetic regulation to insure accurate gene expression. We started with investigating the role of the common mediator Smad, Smad4, in TGF- signaling and gene regulation (Paper
I). A number of genes that are regulated by TGF-E1 or BMP-7 were identified, most of which were Smad4-dependent. Hence, Smad4 is essential to
achieve TGF--dependent responses. However, by regulating transcription
factors such as Id2 and Id3 in a distinct manner, TGF- 1 and BMP-7
achieve distinct physiological responses. Thus, one way of establishing
proper cellular responses is a fine tuned regulation of several gene products.
We next investigated how the chromatin insulator CTCF is able to regulate
transcription by recruiting RNA polymerase II to a subset of its target sites
(Paper II). This is the first mechanistic explanation dealing with how an insulator protein can direct transcription, and reveals a link between epigenetic
modifications and classical regulators of transcription.
Following this, we wanted to look closer at the relationship between timing
of DNA replication and gene expression (Paper III). We found that loss of
CTCF occupancy is followed by early replication, whereas CTCF-bound
DNA sequences replicate late. Along with the change in replication timing,
the expression of the imprinted genes Igf2 and H19 are affected upon loss of
CTCF binding to the H19/Igf2 ICR. In other words, by playing with the timing of replication, it is possible that epigenetic modifiers can influence gene
expression.
Finally, we wanted to study the cross-talk between the signaling proteins of
the TGF-E1 pathway and CTCF in further detail (Paper IV). We identified a
genome-wide overlap between Smad3 and 4 and CTCF occupancy, and were
able to demonstrate that TGF-E can influence the expression of genes in a
manner that depends on the imprinted status of these genes. Again, we see a
substantial cross-talk between epigenetic modifications and transcription via
classical transcription factors.
In the beginning of this thesis a question was posed: how can one single cell,
the fertilized ovum, give rise to all the different types of cells in the human
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body? In other words, how can cells in an organism, even though containing
more or less the same genetic code, have a different phenotype? The answer
is that the DNA code is used in different ways, by a substantial cross-talk
between epigenetic modifications and transcription factors. With combined
efforts they can activate one set of genes in one cell, while switching them
off in another. This is done by changing the chromatin status by use of chromatin insulators, changing the DNA-methylation, histone modifications,
recruitment of transcription factors and the higher order chromatin conformation. In February 1953 James Watson and Francis Crick discovered the
key features of the structure of DNA, and nearly 55 years later we are still
struggling to figure out how the chromatin is structured, and perhaps more
importantly, what effect this has on the phenotype. The work presented in
this thesis is a contribution to the understanding of gene regulation, mainly
focusing on the cross-talk between transcription factors and a selection of
epigenetic modifications.
It is no surprise that the status of the chromatin dictates which transcription
factors are able to bind where on the genome. However, maybe we have
been a bit too strict in defining what a transcription factor is and what an
epigenetic modifier is. Considering the growing evidence for joint efforts
between such factors, perhaps it is more important to focus on the integrated
nature of the biological system, where most modifiers cross-talk and influence the phenotype together.
Finally, increased understanding of the cross-talk behind gene regulation and
epigenetic control constantly improves our ability to understand complicated
diseases, such as different kinds of cancer, and increases our ability to treat
patients at an earlier stage.
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