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Introduction

The differentiation of a single cell, the fertilized egg or zygote, into a 
multicellular organism composed of dozens of distinct yet interdependent 
cell types is the central theme of developmental biology. Each cell of the 
body carries an essentially identical copy of the genome, yet the subset of 
genes required, and therefore expressed, by different cells varies with tissue 
type and developmental stage. The zygote is referred to as totipotent, as it 
has the capacity to produce all cell types required during development and in 
the adult organism. Development proceeds through an iterated process of 
duplication and specialization, in which emerging cell lineages develop 
increasingly specialized functions, a process accompanied by successive 
restriction of cellular potential.

This pattern of self-assembling complex structures from a simple origin 
reflects the ongoing process of evolution, in which increasingly complex 
organisms emerge through an apparently self-organizing force. The related 
processes of development and evolution can perhaps best be understood as 
nested levels of an overall fractal structure, whose iterations are unfolding in 
time and space. Given this hypothesis, the distillation of both processes to 
reveal their common features will be an important tool for the understanding 
of life. Heredity, that is the transmission of information in the form of the 
genome, through organismic development, through families and through 
evolution, is a fundamental process common to both development and evolu-
tion. Heredity relies on a critical balance between accuracy and error. Accu-
racy is necessary on the short time scale, to maintain the painstakingly 
evolved adaptations of an organism to its environment, while error is vital 
for long term adaptation to changing conditions.  

Evolutionary studies are complicated by the obvious difficulty of having 
to extrapolate backwards in time; one cannot, for example, rerun the evolu-
tion of dinosaurs in the laboratory. However, as a paleontologist studies 
fossils for clues to morphological evolution, a biologist is able to study the 
genomes of living organisms to find traces of their histories. Studying the 
evolution of genes is a key part of understanding the emergence of new 
species, while studying the regulation of genes, that is, the control of gene 
expression, is the key to understanding the development of the organism 
from zygote to adult. This thesis will describe investigations into the regula-
tion of a set of mammalian genes which are under the control of a phenome-
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non known as genomic imprinting, and discuss the genomic context in which 
the evolution of such a process could have occurred.    

Development & Differentiation

Germline development 
The development and maturation of the germ cells have particular conse-

quence for the mechanisms of gene regulation addressed here. During germ 
cell development, the genome is halved, to allow for equal contribution of 
maternal and paternal chromosomes to the zygote, in a specialized cell 
division known as meiosis. The two stages of meiosis are similar to two 
rounds of normal mitotic division, without the intervening round of DNA 
replication, resulting in a haploid genome. Male and female germline devel-
opment are quite divergent processes: although the genetic contribution to 
the zygote is equivalent, with the critical exception of genomic imprinting as 
discussed below, the cellular functions provided by the oocyte and sperm are 
complementary. 

Female germline development, or oogenesis, remains a somewhat myste-
rious process. Although female mammals produce millions of oocytes, initial 
stages of development are completed prenatally, and the vast majority of 
oocytes undergo apoptosis before the final maturation stages. Meiosis is 
arrested at prophase of the first meiotic division until puberty, when single 
oocytes are matured and ovulated, and the second meiotic division is not 
completed until fertilization. The oocyte is one of the largest cells in the 
body, containing a store of cytoplasmic and nuclear factors required to 
support a major remodeling of the sperm genome, as well as the first cell 
division of the zygote. 

Spermatogenesis, on the other hand, is arrested in the mitotic phase, and 
from puberty is a continuous process, allowing researchers relatively easy 
access to investigate all stages of development in an adult animal. As sper-
matogenesis progresses, the genome is repackaged, removing the usual 
histone proteins for replacement with protamines. The sperm, streamlined 
for motility, has a greatly reduced cytoplasm, and contributes few or no 
mitochondria to the zygote.  

Differentiation
Upon fertilization, the two parental genomes undergo further repackaging 

and the pronuclei fuse, restoring diploidy to the zygote. Factors stored in the 
oocyte cytoplasm are required to support these initial events, and embryonic 
gene expression is initiated after the first cell division. The first few rounds 
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of cell division quickly produce an undifferentiated ball of cells called the 
morula, still the size of the oocyte. At this stage each cell retains totipotency; 
individual cells can be separated from the morula and develop into a normal, 
viable organism. 

The next stage of development begins the differentiation process. The 
morula becomes a hollow blastocyst, with an inner cell mass in a cavity 
surrounded by a single cell layer. The two cell types, the outer trophecto-
dermal layer and the inner cell mass, are now in different microenvironments 
and begin to show different patterns of gene expression. The trophectoderm 
will subsequently give rise to the placenta, which forms the maternal-fetal 
interface for support and nourishment of  the embryo proper, which develops 
from the inner cell mass. Each cell lineage becomes progressively more 
specialized in function and gene expression patterns as the embryo and 
placenta develop. 

Genetic information 
Deoxyribonucleic acid, or DNA, was confirmed to be the hereditary in-

formation carrying substance of the cell by the critical experiments of Her-
shey and Chase in 1952 (Hershey and Chase 1952). The molecular structure 
of DNA was elucidated by Watson and Crick in 1953 (Watson and Crick 
1953), and Nirenberg and Khorana, among others, deciphered the genetic 
code, the rules for translation of DNA into protein, in the 1960s (Nirenberg, 
Caskey et al. 1966). Yet well before these crucial discoveries, the physicist 
Schrödinger had recognized that an aperiodic crystal was the ideal form of 
cellular information storage (Schrödinger 1944).  

There are different levels of studying and comprehending the information 
carried in the genome. Molecular biologists focus on the physical level of 
biochemistry: the interactions between DNA and the cellular components 
responsible for storing, replicating, decoding, and acting on the information 
carried in the DNA sequence. This molecular approach will form the pri-
mary basis of this thesis. Bioinformatics takes a more comparative than 
mechanistic view of DNA sequences, aiming to uncover trends in the evolu-
tion of genes and phylogenies. The recent advent of high-throughput se-
quencing has provided a wealth of information for both molecular biologists 
and bioinformaticians, with currently 204 fully sequenced genomes available 
as complete datasets (NCBI). The principles of bioinformatics will be used 
as an aid to synthesizing the molecular work presented here. An alternative 
and somewhat more abstract approach to genetic analysis is that of informa-
tion theory, an approach founded by mathematicians of the early communi-
cations industry (Shannon 1948). An integral part of the evolution of com-
puters, information theory developed for the analysis of binary code is easily 
adapted to the cellular quaternary code. While information theory has pro-
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vided interesting perspectives on the evolution of genetic complexity 
(Dewey and Delle Donne 1998; Adami, Ofria et al. 2000), it will not be 
covered in further detail here.

Gene expression 
Genetic information is decoded at the cellular level through a multistep 

process known as gene expression. The bulk of the genome in each cell 
remains inert, while the genes necessary for the function of that particular 
cell are expressed; that is, they are transcribed into an intermediate messen-
ger RNA, which is then translated into the functional protein product.  

A gene is comprised of not only the protein coding sequence, but also as-
sociated regulatory sequences, and sometimes surprisingly large segments of 
interspersed sequence of largely unknown function, called introns. The gene 
begins with a promoter, which directs the transcriptional machinery to the 
appropriate location. The multisubunit RNA polymerases, including a set of 
basal transcription factors, are responsible for synthesizing messenger RNA 
based on the DNA template. Most protein-coding genes are transcribed into 
mRNA by RNA polymerase II, while polymerase I transcribes ribosomal 
RNA and polymerase III transcribes transfer RNAs and assorted other small 
RNAs. Transcription generally occurs at a vary low basal level in the ab-
sence of additional regulatory factors. As transcription depends on multiple 
proteins simultaneously assembling at the promoter region of a gene, in a 
nucleus densely packed with macromolecules, initiation of transcription is an 
inherently probabilistic rather than deterministic process (Kepler and Elston 
2001).

Once the protein-coding RNA is transcribed, it goes through processing to 
make a mature mRNA, which will then be transported into the cytoplasm for 
translation. Introns are spliced out of the primary mRNA, and the ends of the 
molecule undergo covalent modifications for stability and regulation: a 
polyadenosine stretch is added to the 3’ end, and a GTP nucleotide caps the 
5’ end. Translation of the mRNA into protein is carried out, with the help of 
transfer RNAs, by ribosomes, large complexes of RNA and protein.  

Gene regulation 
As described above, the development of multiple cell types from a single 

genome requires the differential regulation of genes. Out of tens of thou-
sands of genes in the human and mouse genomes, there is a minimal set of 
approximately 1000 genes required by all cells for basic maintenance func-
tions, known as housekeeping genes (Velculescu, Madden et al. 1999). In 
addition, a set of tissue specific genes needs to be active in each cell type to 
carry out specialized functions, which can be expressed in response to de-
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velopmental or environmental cues. Unlike in prokaryotes, eukaryotic genes 
tend to be inactive by default, and rely mainly on activators of expression.  

Gene regulation fundamentally depends on the interaction of proteins and 
RNAs with regulatory DNA sequences. Transcription factors and other 
proteins have evolved extremely precise interactions with their target DNA 
sequences through the use of specialized DNA binding motifs which create a 
lock-and-key type complementarity of shape and charge. Many of these 
motifs can now be found in hundreds of different proteins, each with highly 
specialized functions and binding targets. The zinc finger motif, for example, 
uses a zinc ion to coordinate a protein fold which specifically recognizes a 
three nucleotide DNA sequence. The amino acids directly contacting the 
DNA can be selected to recognize divergent DNA sequences, and a series of 
zinc fingers can collectively bind with incredible precision to almost any 
desired target. The zinc finger has become the most common protein fold in 
the mouse genome, with 1573 proteins, each specialized to carry out a spe-
cific function (Ravasi, Huber et al. 2003).  

In contrast to these highly specific interactions, it may be possible also to 
evolve interactions of a desired level of imprecision. For example, many 
transcription factor binding sites contain variants of the consensus optimal 
binding site. This ‘precise imprecision’ presumably allows a mechanism for 
lower level expression based  on the fundamentally stochastic component of 
gene expression described above.  

Many types of regulatory sequences coordinately determine where and 
when a gene will be expressed. The promoter, as described above, is com-
mon to all genes, and may contain in addition to binding sites for the basal 
transcription machinery, binding sites for other protein factors. Multiple 
factors may coordinate in a combinatorial manner to up or downregulate 
transcription. It is becoming apparent that many genes make use of alterna-
tive promoters in a tissue or developmentally specific manner to fine tune 
expression patterns.

In addition to sites adjacent to the transcription start site, elements such as 
enhancers or silencers located up or downstream of the gene can further 
regulate transcription by attracting activating or repressing DNA binding 
factors which interact directly or indirectly with the transcriptional machin-
ery. Enhancers can act nonspecifically on any promoter within a wide vicin-
ity. Additional effects on transcriptional regulation in the form of nuclear 
localization and chromatin structure will be discussed below.  

Post-translational regulation 
While the onset of transcription is logically the major control point for 

gene regulation, each step of the process from transcription initiation to 
production of active protein product can be subject to further regulation. 
Covalent post-translational modification of proteins are abundant, and can 
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play a significant role in fine tuning the targets or activities of a wide variety 
of proteins. Chemical modifications include methylation, phosphorylation, 
acetylation, ribosylation, ubiquitination, and sumoylation. These modifica-
tions rely on chemical species already abundant as the energy currency of 
the cell, such as acetyl CoA, ATP and NAD+ (Paldi 2003).  

Post-translational modifications provide a rapid, reversible, and context-
specific way of modulating protein function. For example, addition of ADP-
ribose polymers (PARlation), as shown in figure 1, to histone proteins by the 
enzyme PARP-1 can alter the interaction of histones with the DNA, leading 
to transcriptional activation of many genes (Kraus and Lis 2003). PARlation 
is a transient mark often associated with DNA repair, and is rapidly turned 
over by the action of poly(ADP-ribose) glycohydrolase (Imamura, Neildez et 
al. 2004). 

Figure 1. Poly(ADP-ribosyl)ation is the covalent addition of straight or branched 
chains of ADP-ribose units to a protein (figure adapted from Kraus and Lis 2003).  

Genome Organization 
The diploid human genome consists of 6.4x109 base pairs (Consortium 

2001), organized into 22 pairs of autosomes and 1 pair sex chromosomes: 
XX in females and XY in males. This complement of chromosomes corre-
sponds to approximately two meters in length yet it must be packaged into a 
nucleus with a diameter on the order of 10 m, in a manner that allows 
coordinated control of transcription, replication, and cell division. The 
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primary level of packaging of DNA and associated proteins into chromatin 
will be discussed further below.

DNA is classified into two main cytogenetically visible forms: hetero-
chromatin and euchromatin. Heterochromatin refers to densely compacted 
regions of chromatin, such as centromeres and telomeres, which consist 
primarily of vast tracts of repetitive sequence elements known as satellite 
repeats. Smaller blocks of heterochromatin are also dispersed throughout the 
genome, and are generally presumed to be gene-poor and transcriptionally 
inactive regions. Euchromatin, on the other hand, refers to the less densely 
packaged regions, which are high in gene content, and can be actively tran-
scribing. However, the boundary between eu- and heterochromatin is impre-
cise; for example, large regions of segmental duplications and alternating 
blocks of repetitive and unique sequence are found in the transitional 
pericentromeric and subtelomeric regions (Bailey, Yavor et al. 2001). 

The Human Genome Project, as with other large scale sequencing pro-
jects, has focused on the euchromatic portion of the genome, mainly due to 
technical difficulties in cloning, sequencing and assembling the highly 
repetitive heterochromatic regions (Lander, Linton et al. 2001; Venter, 
Adams et al. 2001). Although the complete human genome was announced 
in April 2003, May 2004 estimates suggest that 99% of euchromatin and 
94% of the total genome are actually represented by high quality finished 
sequence, and that it may take many years to complete the final assembly 
(Eichler, Clark et al. 2004).   

Gene duplication 
The complexity of the genome has steadily increased throughout the evo-

lution of eukaryotes, in large part due to duplication and subsequent spe-
cialization of existing genes, chromosomes, or the entire genome. It is be-
lieved that at least two rounds of whole genome duplication have occurred in 
the chordate lineage (Popovici, Leveugle et al. 2001), and many clusters of 
related genes, known as paralogues, are apparent within the human genome, 
arising from inter- or intrachromosomal duplications (Bailey, Gu et al. 
2002). Gene duplication can lead to large families of closely related genes, 
each with highly specialized targets and expression patterns. For example, 
the kinase family responsible for cleaving phosphates from many protein 
targets has 540 members in the mouse genome and 518 in the human ge-
nome (Caenepeel, Charydczak et al. 2004). However, a study of gene dupli-
cations in seven completely sequenced eukaryotes suggests that while gene 
duplication itself is a common event, the fate of duplicated genes is most 
often degeneration through mutation or loss by further rearrangement events, 
while the evolution of new function is a comparatively rare event (Lynch 
and Conery 2003). As we will see, the context of a duplicate gene, both 
genetic and epigenetic, is the key to its survival.  
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Expression domains 
Expression domains represent the two-dimensional organization of the 

genome. The physical organization of the genome has evolved increasing 
complexity in parallel with increasing organismic complexity. Bacterial 
genomes contain tightly regulated operons, in which a set of genes which 
operate in a single pathway is expressed as a single transcript. In Drosophila,
it has been estimated that at least 15% of the genome is organized into 
coexpressed clusters (Spellman and Rubin 2002), although the mechanistic 
origin of such clustering could have several not mutually exclusive explana-
tions, as seen in figure 2.

Figure 2. Three potential mechanisms of organizing expression domains within the 
nucleus (Oliver, Parisi et al. 2002). 

Analysis of the human genome has not detected considerable correlation 
between gene function and chromosomal context, and only a rather low 
resolution clustering based on expression level is apparent (Caron, van 
Schaik et al. 2001). Gene families can be clustered in order to make use of 
shared regulatory elements, as for example in the globin or HOX gene 
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clusters, in which temporal or spatial expression patterns follow the physical 
ordering of the genes. Functionally related genes may be organized into 
domains with shared regulatory elements to insure coexpression under 
particular conditions.

In mammals the extent of expression domain organization is not yet well 
characterized. However, sequence elements known as chromatin insulators 
have been identified, which serve to form domain boundaries by blocking 
the signals emanating from enhancers or silencers. Chromatin insulators will 
be discussed further below.

Nuclear localization 
Nuclear localization refers to the three-dimensional organization of the 

genome. While the nature of DNA has promoted focus on the linear ar-
rangement of sequence elements, it is clear from figure 2 that knowledge of 
the three dimensional organization within the nucleus will prove critical for 
understanding function. Newly developed three dimensional imaging meth-
ods are providing a new perspective on nuclear architecture. Although the 
spatial arrangement of chromosomes by necessity undergoes vast rear-
rangement each cell division, positions of the interphase chromosomes show 
distinctly heritable patterns (Sadoni, Langer et al. 1999).  

The location of particular chromosomes in mammalian cells, as measured 
by the radial distance from the centre of the nucleus, is distinctly nonran-
dom, and can be tissue-specific. Radial positioning is correlated with gene 
density, and hence with transcriptional activity: gene dense chromosomes 
tend to be located in the nuclear interior, and gene poor regions toward the 
periphery (Croft, Bridger et al. 1999). Correlations have also been made 
between nuclear localization and replication timing during S phase (Ma, 
Samarabandu et al. 1998; Dimitrova and Gilbert 1999).  

However, how factors such as transcriptional activity and replication tim-
ing control or are controlled by nuclear localization has yet to be precisely 
determined. Local concentrations of transcription machinery and regulatory 
and structural components may vary within the nucleus, such that the posi-
tioning of a chromosomal region can affect the probability of transcription 
and the nature of the chromatin structure. Presumably, nuclear organization 
is established during differentiation, as related cell types have been shown to 
share similar patterns (Parada, McQueen et al. 2004). The proximity of 
chromosomes within the nucleus also has implications in diseases caused by 
translocation, in which broken chromosome ends are joined to neighbouring 
chromosomes (Roix, McQueen et al. 2003). 

A fascinating recent hypothesis is that transcription drives the self-
organization of the genome (Cook PR 2002). According to this model, the 
activity of RNA polymerase factories not only initiates and maintains inter-
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phase chromosome organization, but also promotes pairing of homologous 
chromosomes during mitosis. 

Replication timing
With each cell division the entire genome must be coordinately replicated 

and evenly distributed to the two daughter cells. Replication of the DNA 
takes place in a precisely regulated manner during the synthesis (S) phase of 
the cell cycle. In a small bacterial genome, replication originates at a specific 
point on the circular chromosome and a pair of replication forks move 
around the circle until they meet at the opposite side. However, eukaryotic 
genomes are much more complex, and require multiple origins of replication 
on each chromosome in order to efficiently synthesize a copy of the genome. 

The timing of replication during S phase has long thought to be correlated 
with the transcriptional activity of a given locus. For example, the transcrip-
tionally inert heterochromatic centromeres and telomeres are late replicating, 
presumably as the tight packaging reduces accessibility to the replication 
machinery, while many highly expressed genes replicate early in S phase. 
One of the best studied regions with respect to replication timing is the -
globin locus, which is late replicating in most cell types, but switches to 
early replication shortly before activation of expression in erythroid cells 
(Simon, Tenzen et al. 2001). Regulation of replication at this locus is de-
pendent on a locus control region, or LCR (Simon, Tenzen et al. 2001). 
Recent genomewide studies have shown that the link between transcription 
and replication timing varies across different species. In budding yeast, no 
significant correlation was found (Raghuraman, Winzeler et al. 2001), while 
in Drosophila, the correlation was highly significant, but not absolute 
(Schübeler, Scalzo et al. 2002). A recent microarray based approach used to 
analyze replication timing of the human genome supported a strong correla-
tion between early replication and transcriptional activity, as well as high 
gene, GC and Alu content and low LINE content. However strong these 
correlations, we are not yet able to decipher cause or effect (Woodfine, 
Fiegler et al. 2004). 

During S phase the cell must not only replicate the linear DNA sequence, 
but also the epigenetic information present in the chromatin structure, as will 
be discussed further below. The correlations between replication timing, 
epigenetic status and transcriptional activity means that by carefully regulat-
ing spatial and temporal initiation of replication foci, the cell is able to pass 
on its transcriptional status to daughter cells (McNairn and Gilbert 2003). 

Genetic networks 
Investigations of higher order genomic organization are beginning to re-

veal network level structures of interacting genes, gene products and me-
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tabolites. The transcriptional activity of a cell is constantly adjusting to 
developmental and environmental cues, and the expression of any one gene 
can be affected by the activities of many others. This type of dynamical 
system is highly complex, and not easy to fully comprehend on an intuitive 
level, so the use of mathematical models is becoming vital in understanding 
cellular dynamics. Using a system dynamics approach, simple modules such 
as switches in bacteria (Tian and Burrage 2004), to complex networks of 
metabolism or developmental processes have been described (Davidson, 
Rast et al. 2002; Kell 2004), which focus on functional modules of interact-
ing genes as the unit of selection.

While this architectural type approach is still in its infancy, some valuable 
principles of genetic interactions have already come to light. All genetic 
networks described to date rely on feedback controls. Positive feedback, or 
autocatalysis, can produce a dramatic response from a small input, which can 
be critical during cellular differentiation (Höfer, Nathansen et al. 2002), 
while negative feedback gives stability and robustness, and can provide self 
sustaining transcriptional memory (Ferrell 2002). 

Epigenetic Information  
There are at least two other levels of information present in the genome in 

addition to the primary DNA sequence. Cytoplasmic inheritance, which will 
not be discussed in detail in this report, refers to the context in which the 
genome is placed. Obviously an isolated set of mouse chromosomes cannot 
by themselves develop into a living mouse; the process of development 
requires the complete set of ribosomes, RNAs, mitochondria, centrioles, 
metabolites, et cetera, which are contained within the cytoplasm of the 
zygote, to initiate and sustain development.  

Epigenetic information, which is found in the physical structure of the 
chromosomes, also plays an important role in heredity. Chromosomes are 
assembled into the DNA-protein complex known as chromatin to facilitate 
packaging and organization in the nucleus, and variation in the precise local 
composition and conformation of chromatin can impart structural informa-
tion as a complement to the underlying DNA sequence information. The 
study of the structure, function, and regulation of chromatin with respect to 
gene expression and nuclear organization is known as epigenetics. 

Chromatin structure 
The acidic DNA double helix associates with the basic histone proteins to 

form nucleosomes, the fundamental structural unit of chromatin. Histones 
are a group of extremely highly conserved proteins, common to all eukaryo-
tes. A stretch of 146 base pairs of DNA wind around an octamer of histone 
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monomers, comprised of two copies each of H2A, H2B, H3 and H4. As seen 
in figure 3, adjacent nucleosomes are connected by approximately 40 base 
pairs of linker DNA, forming the beads-on-a-string structure. This nu-
cleosomal fibre is then supercoiled into a solenoid which is known as the 
30nm fibre, which further supercoils to condense the chromatin into chromo-
somes.  

Variation in chromatin structure arises from the distribution of variant 
histone proteins, post-transcriptional histone modifications, and DNA me-
thylation. The major forms of chromatin are the actively transcribed early 
replicating euchromatin, and the inactive late replicating heterochromatin, as 
mentioned above, although there are intermediate forms and variations on 
each theme. This variation in structure affects the accessibility of the DNA 
to proteins and RNAs, and therefore has functional implications in terms of 
gene expression and DNA replication.  

Figure 3. Hierarchical organization is required to condense the DNA double helix 
into chromatin (figure courtesy of www.accessexcellence.org).  

DNA methylation  
The covalent modification of DNA by addition of a methyl group to the 

cytosine of CpG dinucleotides is one of the main determinants of chromatin 
structure. Most CpG dinucleotides within mammalian genomes are methy-
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lated, with the exception of CpG islands, which are stretches of several 
hundred bases high in GC content associated with the promoters of many 
genes. Methylation of CpG islands is associated with transcriptional repres-
sion, and aberrant methylation is a common feature of many cancers, as will 
be discussed below. 

The palindromic nature of CpG dinucleotides provides a templating 
mechanism for copying methylation patterns during DNA replication. The 
semiconservative replication of DNA produces hemi-methylated daughter 
strands, which are targets for the DNA methyltransferase enzyme Dnmt1 
(Leonhardt, Page et al. 1992). Dnmt1, which is present at the replication foci 
throughout S phase, is known as the maintenance methyltransferase. Other 
members of the Dnmt family, Dnmt3a and 3b, are responsible for establish-
ing methylation de novo during embryonic development. Dnmt2 shows 
sequence similarity to other members of the family, and although it is con-
served from yeast to human, shows only residual levels of enzyme activity 
(Hermann, Schmitt et al. 2003). 

The methylation of DNA originates in prokaryotes to distinguish self 
from non-self, as part of a defense system against foreign DNA. The host 
DNA is methylated as protection against restriction endonucleases, which 
target invading transposable elements and viruses (Jeltsch 2002). Eukaryotes 
also use methylation as a defense mechanism for the silencing of selfish 
genetic elements, which is especially important in mammalian genomes 
which can contains up to 50% repetitive DNA. Gene silencing by methyla-
tion has also been proposed to reduce background transcriptional noise in 
complex genomes (Bird 1995). 

The methylation of cytosines places interesting selective pressures on the 
genome. Methylcytosine is easily deaminated to give thymine, producing a 
mismatch in the double helix. Consequently, the CpG content of mammalian 
genomes is approximately one quarter of what would be statistically ex-
pected (Jabbari and Bernardi 1998). However, the rate of cytosine deamina-
tion is limited by the melting of the double helix, and so an increase in GC 
content effectively reduces mutations due to deamination. This is proposed 
to drive the evolution of high and low GC isochores in mammalian genomes: 
high GC content reduces deamination frequency, while low GC content 
reduces the frequency of CpG dinucleotides which can be methylated 
(Fryxell and Zuckerkandl 2000).  

Histone variants and modifications 
Histones are some of the most highly conserved proteins in eukaryotes, 

and have sequence and functional homology to histone-like proteins in 
archaebacteria (Pereira and Reeve 1998). The core of the nucleosome con-
sists of two H2A-H2B dimers and two H3-H4 dimers. These subunits are 
known as the replication-dependent histones, and are highly expressed 



22

during S phase as they are incorporated into the daughter DNA strands. 
Several replication-independent variant histone proteins also exist, and can 
be transcribed continuously at low levels or show tissue-specific expression, 
such as the testes-restricted H1t and H3t (Alvelo-Ceron, Niu et al. 2000). 
Histone variants, which are assembled independently of DNA replication, 
include macroH2A, which is incorporated strictly into the inactive X chro-
mosome and the XY body during meiosis, the rapidly evolving cenH3, 
which packages centromeric heterochromatin, and H2A.X, which is involved 
in DNA repair (Fernandez-Capetillo, Lee et al. 2004; Henikoff, Furuyama et 
al. 2004). Histones H1 and H5 are known as linker histones and can associ-
ate with the linker DNA outside of the nucleosome core to stabilize the 
solenoid structure (Adkins, Watts et al. 2004). The use of variant histones 
which are synthesized throughout the cell cycle is one means of marking 
chromatin structure. For example, nucleosomes are displaced by the tran-
scriptional machinery, and H3.3 is deposited in upon transcription to mark 
active chromatin regions.   

The replication-dependent histone genes are generally encoded as intron-
less multigene clusters consisting of the four core histones plus linker his-
tone H1. Transcripts are not poly-adenylated, but contain a unique 3’ stem-
loop structure. Variant histone genes, on the other hand, are usually present 
in single copies, contain introns, and transcripts become poly-adenylated 
(Alvelo-Ceron, Niu et al. 2000). Histone variants show an interesting pattern 
of specialization within the dimers: H3 has many variants with specialized 
roles in transcription and chromosome segregation, while H4 is invariant; 
likewise many variants of H2A have specialized functions in transcription 
and DNA repair, while H2B is invariant (Malik and Henikoff 2003).  

Figure 4. Structure of the nucleosome core showing sites of potential modifications 
of the histone tails (figure adapted from Turner 2002). 
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While histone sequences are extremely conserved, their function can be 
modulated by a wide variety of possible post-translational modifications. 
Globular domains of the core histones form the DNA binding surface of the 
nucleosome, but each histone also carries a flexible N-terminal tail with 
multiple modifiable residues, shown in figure 4. Covalent modifications 
include acetylation, phosphorylation, methylation, ubiquitination, ADP 
ribosylation, glycosylation and sumoylation (Fischle, Wang et al. 2003; 
Shiio and Eisenman 2003; Osley 2004). 

Acetylation of lysine residues, particularly of H3 and H4, is the best un-
derstood histone modification. Histone acetylases (HATs) acetylate histones 
while in the cytoplasm, before transport to the nucleus. This modification 
serves to neutralize positive charges on the histones, which opens up the 
chromatin structure to allow better accessibility to DNA binding factors, and 
consequently is associated with transcriptional activation. Many transcrip-
tion factors have HAT activity, while repressors can have deacetylase 
(HDAC) activity (Alvelo-Ceron, Niu et al. 2000). Phosphorylation of H3 is 
thought to promote chromosome condensation during mitosis and meiosis 
(Nowak and Corces 2004). Methylation of H3 at lysine 9 is associated with 
transcriptional repression, whereas methylation of lysine 4 is associated with 
activation (Fischle, Wang et al. 2003). However, lysine residues can be 
mono- di- or tri-methylated, adding further complexity to the possible com-
binations of modifications.  

Unlike the semiconservative replication of both primary DNA sequence 
and DNA methylation patterns, maintenance of histone modifications 
through DNA replication is not a straightforward process. While it was 
originally proposed that nucleosomes from the parent strand are deposited as 
dimers equally onto the daughter strands, this semiconservative model has 
not held up to experimental testing. Recent work suggests an approximate 
rather than precise replication-dependent distribution of histone dimers to 
daughter strands, in which replication-independent assembly of histone 
variants serves to replace correct variants in actively transcribed regions 
during the cell cycle (Henikoff, Furuyama et al. 2004). 

Chromatin assembly and remodeling 
The combination DNA methylation and histone modifications determines 

whether a region of DNA will be packaged as heterochromatin or euchro-
matin. DNA methylation, generally associated with transcriptional silencing, 
can direct the assembly of the appropriate histone modifications, as the 
methyltransferase enzymes interact with histone deacetylases (El-Osta 
2003). The methyl binding protein MeCP2 similarly attracts histone deacety-
lases and methylases (Fuks, Hurd et al. 2003).  

The multitude of covalent histone modifications has various effects on 
chromatin structure and accessibility. A histone code has been proposed, in 
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which the combination of histone modifications collectively and combinato-
rially determines chromatin structure and therefore transcriptional activity 
(Strahl and Allis 2000; Turner 2000). This can be understood in terms of 
chromatin acting as a substrate for the assembly of protein complexes. For 
example, bromodomain proteins are attracted to acetylated lysine residues in 
the histone H3 and H4 tails. The bromodomain is found in many transcrip-
tional activators, including several with histone acetyltransferase activity. 
Methylation of H3 lysine 9 attracts repressive chromodomain proteins, 
including HP1, which is associated with highly condensed heterochromatin 
(Jenuwein and Allis 2001). 

The histone code hypothesis has been extended into a signaling network 
model of chromatin, which emphasizes the robustness and bistability pro-
vided by a combinatorial use of modifications in establishing active or silent 
chromatin domains (Schreiber and Bernstein 2002). Robustness arises from 
a level of redundancy in modifications, such as is provided by having four 
acetylatable lysine residues in the H4 tail, or phosphorylatable residues in 
both H2B and H3 tails. Bistability arises from mutually exclusive modifica-
tions, such as the repressive lysine 9 methylation and the activating serine 10 
phosphorylation of H3. Feedback loops also promote bistability. For exam-
ple methylation of lysine 9 attracts HP1 which, through its interaction with 
Suv39H1, promotes further methylation of nearby nucleosomes. Such inter-
actions serve to propagate modifications through a chromosomal domain, 
and aid the replication of the histone code onto the daughter strands.  

While the features of bistability and robustness are essential for maintain-
ing chromatin states and propagating these through mitosis, during develop-
ment it must be necessary to change the chromatin structure to allow or 
direct changes in gene expression. An active process of chromatin remodel-
ing is required to bring about changes in DNA methylation, histone modifi-
cations or variants, or the association of non-histone chromatin proteins. 
Chromatin remodeling proteins belong to the class of ATP-dependent DNA 
helicases or translocases, and serve to shift or unwrap nucleosomal DNA. 
The chromatin remodeling machinery can be directed to the appropriate 
location by specific transcription factors or repressors, and can shift nu-
cleosomes along the DNA or allow histone dimer exchange (Flaus and 
Owen-Hughes 2004). However, this presents a paradox: repressed chromatin 
requires remodeling to allow accessibility to DNA binding factors, so how 
does the remodeling machinery access the DNA within silenced chromatin? 
The dynamic nature of chromatin may provide a solution: although steady 
state chromatin is quite stable, there is an underlying stochastic noise of 
association-dissociation of histones and other chromatin proteins which can 
provide windows of opportunity for DNA binding factors to compete for 
access to the DNA. The cell may respond to stress by increasing the mobility 
of chromatin components: the increased acetyl CoA concentration in starved 
cells, for example, provides excess substrate for the acetylation of histones, 
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which serves to open up the chromatin. This may allow new and potentially 
adaptive gene expression patterns to emerge (Paldi 2003).

Epigenetics in development 
The role of DNA methylation in regulating gene expression to establish 

the successive restriction of gene expression patterns during differentiation 
was proposed some thirty years ago (Holliday and Pugh 1975; Sager and 
Kitchin 1975). In fact, much evidence in support of this hypothesis derives 
from studies of the reverse process, the erasure of epigenetic marks pre-
sumably required for restoring totipotency. As seen in figure 5, this occurs 
via two main waves of genomewide demethylation during germline and 
preimplantation development.  

Figure 5. Genomewide methylation levels during germline and preimplantation 
development (figure adapted from Reik, Dean et al. 2001). 

Primordial germ cells initially have a high level of methylation, but soon 
undergo a drastic reduction in methylation of single copy sequences (Reik, 
Dean et al. 2001). Whether this erasure occurs actively by directed demethy-
lation, or passively by lack of maintenance methylation, is not yet known. 
However, no demethylating enzyme has yet been identified in mouse or 
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man. Remethylation in the male germline begins shortly after in presper-
matogonia, prior to meiosis. The female germline remains in meiotic arrest 
until after birth, when remethylation begins during oocyte development. 
Mechanisms of oocyte DNA methylation remain unclear, as the de novo
methyltransferase Dnmt1 is absent from oocytes, and the oocyte-specific 
isoform Dnmt1o is mainly cytoplasmic, and can be knocked out with no 
apparent effects on remethylation of the oocyte genome (Howell, Bestor et 
al. 2001).  

Consistent with a role for methylation in establishing tissue-specific gene 
expression patterns, the highly specialized mature germ cells acquire signifi-
cant methylation levels, in sperm similar to that of adult somatic cells, and in 
oocytes somewhat lower (Monk, Boubelik et al. 1987). After fertilization, 
drastic remodeling of both maternal and paternal genomes occurs coincident 
with another wave of genomewide demethylation. Some loci, including the 
differentially methylated regions of imprinted genes, as will be discussed 
below, can escape this round of demethylation. The sperm chromatin is 
packaged with protamines, but once inside the oocyte, is actively decon-
densed and demethylated within a few hours of fertilization. Repackaging 
with acetylated histones is complete before the first zygotic cell division, and 
so is replication independent (Oswald, Engemann et al. 2000). Demethyla-
tion continues in a passive manner during the next several cell divisions 
(Rougier, Bourc'his et al. 1998).  

The maternal genome also becomes demethylated during preimplantation 
growth, although with different timing and mechanisms than the paternal 
genome. During the initial active demethylation of the paternal genome, the 
maternal chromosomes retain overall methylation levels, and studies of 
individual genes have shown that some loci even gain de novo methylation 
during this period (Oswald, Engemann et al. 2000). Maternal demethylation 
subsequently occurs in a passive manner over the course of several cell 
divisions (Mayer, Niveleau et al. 2000), as Dnmt1o is generally excluded 
from the nucleus during the preimplantation development, with the excep-
tion that the store of cytoplasmic Dnmt1o is transported into the nucleus 
specifically at the 8-cell stage for a single round of cell division (Doherty, 
Bartolomei et al. 2002).  

De novo methylation of both maternal and paternal chromosomes is initi-
ated post-implantation, with expression of Dnmt3b beginning at embryonic 
day 4.5 in the inner cell mass of the blastocyst (Watanabe, Suetake et al. 
2002). The acquisition of methylation, particularly at promoter regions, 
throughout embryonic and postnatal development, and the associated 
changes in chromatin structure, serve to create repressive chromatin envi-
ronments to progressively silence genes in a lineage-specific fashion. 
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Cancer epigenetics 
Cancer has long been recognized as the outcome of genetic mutations of 

key regulatory genes, but it is becoming increasingly accepted that epige-
netic mutations can also have a profound effect on the initiation and progres-
sion of many cancers (Feinberg and Vogelstein 1983; Egger, Liang et al. 
2004). Alterations in DNA methylation have been observed in a wide range 
of cancers, and as these changes are often seen also in apparently normal 
tissues from cancer patients, are believed at least in some cases to play a 
causative role in transformation (Feinberg, Cui et al. 2002). Epimutations 
can directly contribute to cancer progression by inappropriate methylation 
leading to silencing of tumour suppressor genes or DNA repair enzymes, or 
conversely, by demethylation, leading to activation of normally silent onco-
genes. Epimutations can also act in an indirect manner, as inappropriate 
demethylation can promote genetic instability, leading to the rapid accumu-
lation of rearrangements and aneuploidy. In the majority of cancers, ge-
nomewide methylation levels are vastly reduced, notably at the normally 
heterochromatic centromeres and satellite repeats, while hypermethylation is 
seen specifically at CpG islands, which are generally associated with pro-
moters (Plass 2002). As will be discussed below, the fidelity of methylation 
maintenance is imperfect, and so alterations can accumulate during the 
lifetime of an organism, especially in human populations now enjoying a 
greatly extended lifespan. 

From the point of view of a tumour, epigenetic regulation provides an 
ideal target. Epigenetic variability is high and modifications are reversible, 
so as the tumour progresses through different stages, for example, surviving 
initial oxygen stress and promoting vascularization, defending against vari-
ous assaults of the immune system, and perhaps also against radiation or 
chemotherapy, heterogeneity within the cell population provides a basis for 
selection and adaptation. As described above, an initial epigenetic instability 
can lead to genetic instability, further increasing the heterogeneity within the 
tumour. The use of cytotoxic drugs and radiation in cancer therapy could in 
fact be counterproductive by nonspecifically increasing the heterogeneity, 
and therefore the adaptability of the tumour (Kitano 2003). 

We have recently proposed a bifurcation model, outlined in figure 6, in 
which the successive restriction of epigenetic states through development 
produces the mature organism which lies at the boundary between an or-
dered and chaotic system (Ohlsson, Kanduri et al. 2003). This position in a 
dynamical system is proposed to provide the optimal balance between adap-
tation and adaptability (Kauffman 1993). The differentiated cell types main-
tain expression patterns via feedback loops, particularly at the chromatin 
level by the interplay between transcription, nuclear localization and replica-
tion timing. However, disturbances of these feedback loops can propel the 
system into the chaotic regime, in which epigenetic states are no longer 
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faithfully maintained and cellular memory is lost. The resulting heterogene-
ity, as described above, is beneficial for the tumour in providing new select-
able cellular features. Fluctuations arising from the opposing forces of 
epigenetic heterogeneity and selection of stable traits could propel the sys-
tem into oscillations between order and chaos, as exemplified by the highly 
variable nature of clinical prognosis of cancers. 

An extension of the stochastic chromatin remodeling scenario outlined 
above (Paldi 2003) could relate environmental damage to the onset of cancer 
within this dynamic model. As histone modifications require as substrates 
the small molecules of the cellular metabolism, any chemical or oxidative 
stress which upsets the usual energy metabolism of the cell would shift the 
dynamic balance of histone modifications, triggering a break in the feedback 
loops described above and tipping the system into epigenetic chaos and 
cancer.

Figure 6.  Bifurcation model of differentiation and cancer. Each bifurcation point 
represents a developmental decision, resulting in two alternative epigenetic states. 
The adaptive regime lies between the ordered and unstable regions. 

A new line of cancer therapies that target the epigenetic machinery are 
currently undergoing clinical trials. The chemicals 5-azacytidine and 5-aza-
2’-deoxycytidine are converted to nucleoside analogues and get incorporated 
into the DNA during S phase in place of cytosine. There they form a cova-
lent link with DNA methyltransferases, effectively removing these enzymes 
from active duty, resulting in a generalized loss of methylation (Egger, Liang 
et al. 2004). The aim of these treatments is to reactivate genes whose pro-
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moters have been silenced by methylation. In addition, several inhibitors of 
histone deacetylases have been developed, which also stimulate upregulation 
of epigenetically silenced genes. These have been shown to induce growth 
arrest and apoptosis in transformed cells and tumours (Egger, Liang et al. 
2004).  

While these agents may prove effective against some forms of cancer, es-
pecially in combination, they have the inherent feature of nonspecific gene 
activation. Many side effects can be expected, and in particular, imprinted 
genes and oncogenes have the potential to become reactivated. To make the 
best use of these agents would require targeting them to specific loci within 
the genome. The first demonstration of the specific activation of an epigen-
etically silenced gene has recently been published (Jouvenot, Ginjala et al. 
2003). This approach made use of an activation domain fused to a zinc 
finger protein specifically engineered to target the Igf2 promoter, resulting in 
significant upregulation of gene expression. Such technologies show great 
promise in the treatment of many cancers and other disorders. 

Epigenetic variability 
The role of epigenetics in providing a cellular memory of gene expression 

patterns implies that this level of information needs to be faithfully main-
tained at least throughout the reproductive life of the organism, while selec-
tion to maintain accuracy beyond this limit seems unnecessary. This is in 
contrast to genetic information, which must be highly accurate over many 
generations on the organismic, rather than cellular level. Accordingly, epi-
genetic information shows higher variability and lower stability than does 
the underlying DNA sequence, both within and between individuals. 

Age-dependent alterations in methylation have been well documented, 
both at endogenous loci, in which repetitive regions tend to become hy-
pomethylated, while promoters become hypermethylated (Issa 2003), and at 
transgene loci (Robertson, Garrick et al. 1996). Methylation analysis of the 
human X-linked FMR1 gene has revealed a bimodal distribution of methyla-
tion, with stable populations of hyper- or hypo-methylated alleles, yet de-
tailed analysis demonstrated significant microvariation in the methylation 
status of specific CpG dinucleotides (Stoger, Kajimura et al. 1997). Analysis 
of differentially methylated regions (DMRs) of imprinted genes, which will 
be discussed below, have estimated that 6.5% and 11% of people show 
abnormal methylation at the Igf2 and Igf2R genes, respectively (Sandovici, 
Leppert et al. 2003). This study also demonstrated changes in allelic methy-
lation ratios at the Igf2 DMR over a 20 year period in 11% of individuals 
analyzed, and familial clustering indicated a genetic component of this trait. 

A detailed quantitative study designed to calculate the fidelity of methyla-
tion states resulted in estimates of 99.89% accuracy per site per cell division 
in maintaining methylation, and somewhat less accuracy in maintaining the 
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unmethylated state (Ushijima, Watanabe et al. 2003). Fidelity was highest in 
promoter regions, presumably as they are under much stronger selective 
pressure to maintain appropriate gene expression levels.  

While quantitative methylation analysis at the single cell level is techni-
cally feasible, and becoming easier with the development of high throughput 
screening methods (Yamamoto and Yamamoto 2004), whether this revealed 
variation in methylation has significant phenotypic effects is still unclear. 
However, several studies have demonstrated significant variation in expres-
sion levels of genes subject to tight epigenetic controls. For example, one out 
of seven genes analyzed on the inactive human X chromosome show vari-
able expression from the normally silent allele (Carrel and Willard 1999), 
and biallelic expression of the normally monoallelic Igf2 and H19 genes is 
detected in 0.5% and 1.6% respectively of postimplantation mouse embryos, 
in a genetic background dependent manner (Croteau, Polychronakos et al. 
2001). In addition the imprinting of Igf2R in humans is known to be a poly-
morphic trait, as discussed below (Xu Y. Q., Goodyer C. G. et al. 1993).   

While individual variation in epigenetic states is clearly a combination of 
genetic and epigenetic factors, it is apparent that epigenetic information has 
not been selected to maintain the extreme fidelity found in genetic informa-
tion.

Genomic Imprinting  

Monoallelic expression and parental origin effects 
The experiments of Gregor Mendel 140 years ago established some basic 

rules that set the stage for future generations of genetic studies. The law of 
equivalence states that the parental contributions to the offspring are equiva-
lent; that is, alleles carried on the maternal and paternal chromosomes of 
diploid organisms behave the same. However, molecular techniques have 
uncovered a growing number of exceptions to the assumption that both 
alleles will be coordinately expressed. To date, four categories of monoalle-
lically expressed genes have been identified in mammals: allelic exclusion, 
random monoallelic expression, X chromosome inactivation and genomic 
imprinting (Sano, Shimada et al. 2001). Asynchronous replication is a com-
mon characteristic of  monoallelically expressed genes in all of these catego-
ries, even in non-expressing tissues, a feature which may underlie their 
differential transcription. 

Allelic exclusion is observed in immunoglobulin and olfactory receptor 
genes, in which a unique receptor, out of several clusters of related genes, 
must be expressed on the surface of each individual cell. This transcriptional 
restriction is a necessary part of the somatic recombination mechanism 
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which provides antibody diversity (Chess 1998). The selection of expressed 
allele is stable, and will be clonally inherited within the cell lineage. Random 
monoallelic expression is a similar process found in T cell receptor, NK cell 
receptor, interleukin and t complex genes, although here selection is between 
only the two parental alleles, and is less stable so can vary in descendent 
cells (Sano, Shimada et al. 2001). Genes regulated by allelic exclusion and 
random monoallelic expression are scattered throughout the genome, and a 
surprising report demonstrated that while allele selection is made at the 
individual gene level, replication timing asymmetries are somehow coordi-
nated at the chromosomal level. However, this study relied on fluorescence 
in situ hybridization, which analyses the timing of release of sister chromatin 
cohesion, only an indirect measure of replication timing (Singh, Ebrahimi et 
al. 2003).  

X chromosome inactivation is a form of monoallelic expression at the 
chromosomal level first described in 1961 (Lyon 1961). X inactivation is a 
form of dosage compensation found in female mammals, required to main-
tain equivalent gene expression levels between XX females and XY males. 
In embryonic cell lineages, the choice of X chromosome to inactivate is 
random, while in the trophectoderm, the maternal X is specifically selected 
to become silenced in a manner similar to genomic imprinting, discussed 
below. The bulk of the inactive X chromosome becomes hetero-
chromatinized, effectively silencing some 3000 genes, yet a few genes 
manage to escape inactivation, and remain biallelically expressed (Carrel, 
Cottle et al. 1999).

Genomic analysis has revealed several interesting sequence characteris-
tics associated with monoallelically expressed genes. It has been proposed 
that long interspersed repeat elements (LINEs) are nonrandomly distributed 
along the X chromosome and are involved in the heterochromatinization of 
the inactive X (Lyon 1998). This hypothesis is supported by a study of the 
distribution of LINEs in the human genome, in which the X chromosome has 
twice the density of LINE elements than the genome average, while genes 
that escape X inactivation are in regions of lower LINE content. Analysis of 
the age of these LINEs suggests that the use of these repeat elements in 
silencing was acquired after the origin of X inactivation, yet may have 
played a role in subsequent stabilization of the mechanism (Bailey, Carrel et 
al. 2000). Similarly, imprinted regions and random monoallelically ex-
pressed genes generally have a high LINE content, but are conspicuously 
lacking short interspersed repeats (SINEs) (Greally 2002; Allen, Horvath et 
al. 2003). Comparative analysis of mouse and human genomes has uncov-
ered several sequence motifs with strong statistical association with im-
printed loci, although the function of such motifs, if any, has yet to be de-
termined (Wang, Fan et al. 2004). Imprinted genes also have a significantly 
higher association with CpG islands (88%) than the genome average (47%) 
in mice (Reik and Walter 2001).  
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Genomic Imprinting 
Genomic imprinting combines the features of monoallelic expression and 

parental origin specificity outlined above. Although the term imprinting has 
been used in the past for various parental origin effects, genomic imprinting 
is now most commonly used to describe a mammalian phenomenon in which 
a subset of genes are subject to transcriptional regulation in a parent of origin 
specific manner. These genes carry a memory of their origin which is differ-
entially established during germline development, resulting in the non-
equivalence of alleles after transmission through oogenesis or spermatogene-
sis. Genomic imprinting makes an ideal model system for the study of epi-
genetic regulation, as two alleles identical at the DNA sequence level can be 
differentially regulated within the context of a single cell. This allows us to 
control the genetic and environmental background, effectively isolating the 
epigenetic effects. 

The importance of genomic imprinting came to light upon attempts at the 
creation of transgenic mice with the contribution of two maternal genomes 
(Surani and Barton 1983; McGrath and Solter 1984; Solter 1988). The 
failure of such embryos to develop beyond implantation made it apparent 
that the parental contributions are not in fact equal, contrary to Mendel’s law 
of equivalence. It was soon determined that unequal expression of the paren-
tal alleles of developmentally important genes such as H19 and Igf2 pre-
vented normal development.  

The imprinted gene database hosted by the MRC Mammalian Genetics 
unit currently lists 72 imprinted genes in mouse (Beechey CV 2003), while 
the University of Otago’s imprinted gene database names 124 (Morison, 
Paton et al. 2001). In addition, microarray based screening of the mouse 
genome has uncovered a total of 2102 candidate imprinted genes showing 
allelic imbalance in expression, most of which have not yet been verified by 
alternative means (Nikaido, Saito et al. 2004). As these numbers have been 
steadily increasing over the past decade, it is likely that more imprinted 
genes are yet to be discovered. Most characterized imprinted genes are 
expressed in the early embryo and placenta, with key roles in growth and 
development of the fetus. 

Imprinted genes often reside in clusters, which can contain both mater-
nally and paternally expressed genes, and can be interspersed with nonim-
printed genes. Imprinted genes and clusters are distributed fairly evenly 
throughout the mouse and human genomes. It is apparent that this clustering 
relates to the use of shared regulatory elements across multiple genes, but it 
is currently unclear to what extent this is a selected feature, or simply a 
hitchhiker effect, in which the imprinting of one gene incidentally affects the 
regulation of surrounding genes.  

A distinguishing characteristic of imprinted genes is association with a 
region of differential methylation, which is thought to represent the physical 
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imprint. In accordance with a parental mark, imprints of the previous genera-
tion are erased by the wave of demethylation in primordial germ cells, and 
asynchronous replication is lost (Simon, Tenzen et al. 1999). Methylation 
imprints are newly established during maturation of the germ cells. Some 
imprints are protected from the active zygotic demethylation of the paternal 
genome, although additional mechanisms are likely required to both main-
tain methylation during the time that Dnmt1o is cytoplasmic, and to protect 
the unmethylated allele during the subsequent rounds of de novo methylation 
(Reik, Dean et al. 2001). The transient appearance of Dnmt1o in the nucleus 
during the fourth embryonic division has been shown to be necessary for the 
maintenance of imprints (Howell, Bestor et al. 2001). 

The differentially methylated regions, often referred to as imprinting con-
trol regions (ICRs), are generally within the vicinity of a promoter or in-
tronic, and often exert regulatory effects on neighbouring genes within the 
cluster. Methylation is commonly associated with the inactive allele, but at 
some loci the active allele is the one methylated. The methylation marks 
persist through all cells of the organism, although the manifestation of the 
imprint in terms of expression can be limited to specific tissues or develop-
mental stages (Watanabe and Barlow 1996). 

The few imprinted genes investigated in detail so far show divergent 
mechanisms of regulation. Several loci, including Igf2R and Xist, make use 
of noncoding RNAs which remain associated with the chromatin after tran-
scription and serve to silence one allele (Brockdorff, Ashworth et al. 1992; 
Sleutels, Zwart et al. 2002). A comparison of known imprinting mechanisms 
has shown that maternal alleles tend to be repressed by methylation, while 
paternal alleles are repressed by RNA-based mechanisms. This pattern is 
proposed 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).

Imprinting at the H19/Igf2 locus 
The imprinted cluster on chromosome 7F5 in the mouse and the ortholo-

gous region of human chromosome 11p15.5, as shown in figure 7, contains 
two domains, each with an imprinting control region which regulates multi-
ple genes. The reciprocally imprinted H19 and Igf2 genes were among the 
first to be identified, and have become a model system for the study of 
imprinted genes in both mouse and human. The differentially methylated 
region upstream of the H19 promoter is critical for ensuring the expression 
of H19 from the maternal allele and the upstream Igf2 gene from the paternal 
allele. The mechanism of regulation of these two genes will be discussed in 
further detail below.

Igf2 is a growth factor highly expressed from multiple alternative promot-
ers during prenatal development (Moore, Constancia et al. 1997), and is 
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critical for both placental and fetal growth (Constancia, Hemberger et al. 
2002). Targeted deletion of Igf2 when transmitted through the paternal 
germline results in severe growth retardation (DeChiara, Robertson et al. 
1991). A polymorphic VNTR element (variable number of tandem repeats) 
upstream of the adjacent insulin (INS) gene affects expression of both INS 
and Igf2 in utero, and can predispose to obesity (Le Stunff, Fallin et al. 
2001).  

The H19 gene is generally described as being of unknown function. How-
ever, much circumstantial evidence of function exists, including a molecular 
evolutionary study revealing significant selective pressure on the coding 
region (Hurst and Smith 1999), which has been conserved minimally since a 
therian mammalian ancestor 180 million years ago (Toder, Wilcox et al. 
1996). The H19 gene encodes a capped, spliced and polyadenylated but 
nontranslated cytoplasmic RNA, which is abundantly expressed from the 
maternal allele in placental and embryonic tissues, while in adults expression 
is limited to tissues which undergo significant development or repair: mam-
mary glad and uterus, in which H19 is under steroid hormone control, as 
well as cardiac and skeletal muscle (Adriaenssens, Lottin et al. 1999). An 
alternatively spliced transcript of H19 which lacks exon 4 has been detected, 
although this was only seen in association with a particular sequence poly-
morphism (Lin, He et al. 1999). In human, the paternal allele is also active in 
a subset of placental cells known as the extravillous cytotrophoblast (Adam, 
Cui et al. 1996), while in mouse some variegated expression of the paternal 
allele has been noted in trophectodermal cells early in placental development 
(Svensson, Mattsson et al. 1998). This is perhaps not surprising given that 
the de novo methyltransferase Dnmt3b is first expressed only in the inner 
cell mass of the blastocyst, not the trophectodermal cells.

H19 has also been shown to be a post-translational regulator of thiore-
doxin, a key regulator of cellular redox metabolism which accumulates in 
many cancerous tissues, in parallel with H19 overexpression (Lottin, Ver-
coutter-Edouart et al. 2002). H19 expression is known to be reactivated in a 
wide range of cancers, although its role has been sometimes referred to an 
oncogene and sometimes as a tumour suppressor, presumably depending on 
context (Hao, Crenshaw et al. 1993).  

A recent important yet little-recognized study investigating the role of 
H19 in cultured cells revealed strong evidence for direct or indirect protec-
tion against serum starvation and oxidative stress (Ayesh, Matouk et al. 
2002). This study also used a microarray approach to investigate possible 
targets of H19 expression, which suggested a role in vascularization during 
embryonic, placental and mammary gland development and during the estrus 
cycle, and a potential role in wound healing. This data provides a mechanis-
tic explanation for H19 as an oncogene: inappropriate expression provides 
both protection against oxidative stress and stimulation of vascularization, 
both necessary in tumour development. 
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Figure 7. Imprinted genes on mouse distal chromosome 7 and syntenic human 
chromosome 11 are regulated by two imprinting control regions (ICRs). Red indi-
cates maternal expression, blue paternal, black biallelic and green unknown (figure 
adapted from Reik and Walter 2001). 

The methylation mark on the paternal ICR is erased in primordial germ 
cells and is absent in fetal spermatogonia (Kerjean, Dupont et al. 2000). 
Methylation is reacquired during spermatogenesis, but the dynamics of 
acquisition on maternal and paternal alleles is different, indicating that the 
alleles can still be distinguished in the absence of a methylation mark. Me-
thylation on the paternal allele is acquired by 15.5 dpc, while methylation of 
the maternal allele gradually continues postnatally until the onset of meiosis 
(Davis, Trasler et al. 1999; Davis, Yang et al. 2000).  

Consistent with a stochastic mechanism of gene transcription, a study of 
H19 and Igf2 expression at the single cell level showed heterogeneous 
transcription patterns, and suggests that additional regulation occurs post 
transcriptionally (Jouvenot, Poirier et al. 1999). In androgenic cells, in which 
both alleles are of paternal origin, random monoallelic expression of both 
H19 and Igf2 is detected, suggesting that perhaps mechanisms for monoalle-
lic expression at this locus were in place before imprinted expression arose 
(Ohlsson, Flam et al. 1999).  
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Imprinting and disease 
Although genomic imprinting only affects a small percentage of genes, 

loss of imprinting (LOI) can have severe consequences for the organism. 
Beckwith-Wiedemann syndrome (BWS) arises from imprinting disturbances 
on chromosome 11p, resulting in pre- and post-natal overgrowth and predis-
position to childhood cancers, particularly Wilm’s tumour. BWS commonly 
arises from paternal uniparental disomy (UPD) of 11p15.5, at least partly 
due to the overexpression of the paternally expressed Igf2 gene and loss of 
the maternally expressed Kcnq1 gene (Walter and Paulsen 2003). Other 
genetic or epigenetic alterations resulting in LOI within this cluster, includ-
ing partial trisomy, translocations, mutations or altered methylation, can also 
manifest as BWS (Reik, Brown et al. 1995; Bliek, Maas et al. 2001).  

Prader-Willi syndrome (PWS) and Angelman syndrome (AS) both result 
from imprinting disorders on chromosome 15q11-13. Loss of paternally 
expressed genes in this region, through maternal UPD or other means, gives 
rise to PWS, which manifests as mild mental retardation, endocrine abnor-
malities and compulsive behaviour. Conversely, loss of maternally expressed 
genes in this region results in AS, characterized by neurological defects and 
a sociable disposition (Cassidy, Dykens et al. 2000). 

Several diseases can result from loss of the epigenetic machinery itself:  
immunodeficiency–centromeric instability–facial anomalies syndrome from 
mutation of Dnmt3b, leading to genomewide hypomethylation; Rett syn-
drome from mutation of the methyl binding protein MeCP2; Rubinstein-
Taybi syndrome from mutation of CREB-binding protein, which is involved 
in histone acetylation; and Coffin-Lowry syndrome from mutation of Rsk-2, 
which is involved in histone phosphorylation (Ausio, Levin et al. 2003). 

Phylogenetic distribution of imprinting  
While the phrase genomic imprinting is generally used to imply a 

uniquely mammalian trait, it is in fact part of a much more widespread set of 
parental origin effects. The term imprinting was first used in reference to the 
insect Sciara, in which the complete set of paternal chromosomes is specifi-
cally discarded by the developing embryo (Crouse 1960). Parent of origin 
effects at the chromosomal level have subsequently been observed in many 
other species of insect. The term imprinting was first used to describe paren-
tal origin based transcriptional effects at the single gene level in studies of 
maize (Kermicle 1970). However, the transcriptional allelic specificity now 
commonly referred to as genomic imprinting apparently evolved early in the 
history of the class Mammalia, some 200 million years ago, although the 
basic mechanisms underlying transcriptional imprinting in mammals are in 
fact conserved back to our single celled ancestors. A comparison to imprint-
ing mechanisms in the lesser-known groups of mammals can be used to infer 
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the evolutionary pathway taken to establish the phenomenon in our lineage, 
while a comparison to vastly more divergent species which nonetheless 
converged on similar adaptations, can offer us clues as to the environmental 
context in which imprinting has a selectable advantage. 

Marsupial and possibly also monotreme females undergo imprinted X in-
activation in somatic and extra-embryonic tissues, similar to that of the 
trophectodermal lineages of eutherian mammals. However, differences in 
function and mechanism exist between marsupial and eutherian X inactiva-
tion. In marsupials inactivation is incomplete and tissue specific. A homolog 
of the eutherian Xist gene, the regulator of inactivation, has not yet been 
identified, and DNA methylation does not seem to be a fundamental part of 
the inactivation mechanism (Marshall Graves 1996). The Igf2 gene whose 
imprinting has been so well characterized in mouse and man is not imprinted 
in monotremes, and in marsupials is imprinted yet lacks the critical differen-
tially methylated CpG island found in eutherians (Killian, Byrd et al. 2000). 
A receptor for Igf2 has apparently gained and subsequently lost imprinting 
during mammalian evolution. The monotreme and presumably the ancestral 
M6P (mannose-6-phosphate) receptor is biallelically expressed (Killian, 
Nolan et al. 2001). This gene acquired the additional function of an Igf2
receptor prior to the divergence of marsupials and eutherians. M6P/Igf2R is 
imprinted in marsupials and some eutherians, including rodents, but not in 
most primates, although imprinted expression may be a polymorphic trait in 
humans (Killian, Nolan et al. 2001; Killian, Oka et al. 2001). These studies 
of monotremes and marsupials make it clear that genomic imprinting was 
present in an early mammalian ancestor, yet suggest that DNA methylation 
did not necessarily play a primary role in transcriptional regulation at im-
printed loci (Marshall Graves 1996). 

Genomic imprinting has not been observed in non-mammalian chordates, 
despite several studies in chicken, frogs and fish (Yamada, Hagiwara et al. 
1999; Brunner, Grutzner et al. 2000; Koski, Sasaki et al. 2000; O'Neill, 
Ingram et al. 2000). However, mechanisms for parental origin specific 
methylation are present in the zebrafish Danio, even in the absence of natu-
ral transcriptional imprinting, as transgenes can display methylation imprints 
(McGowan and Martin 1997). Imprinting effects have been abundantly 
described in Drosophila, most often associated with transposons or trans-
genes, and generally on the sex chromosomes (Lloyd 2000). While mecha-
nistically these phenomena may show significant overlap, Drosophila im-
printing is in contrast to the mammalian autosomal imprinting of develop-
mentally critical genes, suggesting divergent selective pressures in these two 
systems. 

Angiosperms, or flowering plants, are the most recent species to evolve 
within the plant kingdom, as mammals are the newcomers to the animal 
kingdom. Despite that our last common ancestor was a single celled organ-
ism living more than one billion years ago, angiosperms and mammals seem 
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to have independently evolved surprisingly similar parent-of-origin specific 
gene expression effects. Studies of interploidy crosses in maize and later 
Arabidopsis provided the first indicators of non-equivalence of the maternal 
and paternal genomes in plants (Scott, Spielman et al. 1998), and recent 
molecular studies are beginning to uncover the mechanisms of genomic 
imprinting in these species. 

Angiosperms have an unusual mode of fertilization, in that two haploid 
sperm derived from the same meiosis simultaneously fertilize two meiotic 
cells of the female: the central cell which contains two haploid nuclei, giving 
rise to a triploid endosperm, and the haploid egg cell, which gives rise to the 
diploid embryo proper. The endosperm is a terminally differentiated struc-
ture which serves a function analogous to the placenta in nourishing the 
developing embryo. While plant embryos are relatively insensitive to 
changes in chromosomal dosage in the embryo, the ratio of two maternal to 
one paternal genome in the endosperm is critical for development. Variation 
in these genomic ratios observed in interploidy crosses have shown that in 
general, as in mammals, maternally expressed genes in the endosperm are 
growth inhibitors while paternally expressed genes are growth promoters 
(Adams, Vinkenoog et al. 2000).  

Studies of transgenic Arabidopsis strains with reduced genomewide me-
thylation levels demonstrated that while development can proceed normally, 
imprinted gene regulation requires methylation (Adams, Vinkenoog et al. 
2000). Unlike the specific methylation of imprinted mammalian genes 
destined for silencing, angiosperms make use of demethylation of the allele 
to be expressed (Alleman and Doctor 2000). While demethylase activity has 
not been uncovered in mammals, Arabidopsis encodes a glycosylase which 
is necessary for demethylation, perhaps by direct excision of methylcytosine 
nucleotides (Choi, Gehring et al. 2002). DNA methylation in Arabidopsis
controls histone H3 lysine 9 methylation and heterochromatinization (Soppe, 
Jasencakova et al. 2002), and hypomethylation alters chromatin conforma-
tion (Berger 2004), similar to the mammalian system. Methylation has been 
shown to depend on DDM1, the plant homolog of mammalian Lsh, and 
MET1, homolog of Dnmt1 (Jeddeloh, Stokes et al. 1999; Soppe, Jasen-
cakova et al. 2002). As of yet, it seems that imprinting is confined to the 
endosperm in angiosperms, although conflicting results have been reported 
for MEA imprinting in the embryo proper (Kinoshita, Yadegari et al. 1999; 
Vielle-Calzada, Thomas et al. 1999; Alleman and Doctor 2000). Because the 
endosperm does not contribute to next generation, the resetting of imprints 
via genomewide demethylation as seen in mammals is not a necessary part 
of plant imprinting (Berger 2004).  

While the specific combination of mechanisms required for the transcrip-
tional imprinting found in mammals clearly arose early within that lineage, 
by broadening our studies to consider similar parent of origin effects in 
insects, plants and other species, we can hope to gain further understanding 
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of the opportunities and selective pressures which bring about such highly 
complex means of gene regulation. 

Evolution of genomic imprinting 
Natural selection has maintained eukaryotes in a diploid state since our 

single celled ancestors, with few exceptions, as a means of protection against 
mutation. If one allele acquires a mutation, the other is still present to serve 
its function. Therefore any benefits of genomic imprinting, which renders 
the organism functionally haploid at multiple loci, must outweigh the power-
ful mutation protection afforded by diploidy.  

Some theories of genomic imprinting argue against diploid advantage in 
certain circumstances. The rheostat model of imprinting dependent evolu-
tion, for example, suggests that silencing can protect an allele from selection, 
allowing increased diversity which could easily be reactivated when required 
for adaptation to a changing environment (Beaudet and Jiang 2002).  

One of the earliest hypotheses for the evolution of imprinting suggested 
that it arose to prevent parthenogenesis, the birth of offspring derived solely 
from the maternal genome, which may be advantageous to females in the 
short term, but has long term disadvantages to the species due to declining 
numbers of males. A requirement in the early embryo for both parental 
genomes would prevent parthenogenetic pregnancies from continuing, thus 
conserving maternal resources (Hall 1990). Recent work provides strong 
support for this hypothesis: a parthenogenetic mouse was derived by com-
bining the haploid maternal genome of a mature oocyte with that of an 
immature oocyte carrying a deletion of the H19 gene and ICR (Kono, Obata 
et al. 2004). In this way, monoallelic expression of H19 and Igf2 was estab-
lished, and the resulting parthenote developed apparently normally and gave 
birth to live offspring. How the manipulation of H19 and Igf2 expression 
resulted in normalization of expression of a majority of other imprinted 
genes remains to be determined, but this experiment conclusively demon-
strated that overcoming genomic imprinting allows parthenogenetic birth. 

However, prevention of parthenogenesis does not provide any functional 
explanation for the patterns of imprinted genes seen in mammals. The paren-
tal conflict hypothesis of the evolution of genomic imprinting remains the 
most convincing explanation of selective pressures maintaining imprinting in 
both mammals and angiosperms (Moore and Haig 1991). This model looks 
at the conflicting interests of the maternal and paternal genomes in species 
with polygamous reproduction and intensive pre-or post-natal maternal care. 
The evolution of the invasive placenta in mammals or the endosperm in 
flowering plants would have imposed new selective pressures on both line-
ages. Paternal alleles can gain advantage by extracting maximal resources 
from the mother for their own benefit in competition with the offspring of 
other fathers. Maternal alleles, on the other hand, benefit by distributing 
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resources evenly to offspring within a litter, and conserving resources for 
future pregnancies. Under this model one would expect paternally expressed 
imprinted genes to promote growth of the embryo and placenta or en-
dosperm, and maternally expressed genes to limit growth. Initial screens for 
known functions of imprinted genes provided strong support for this model 
in mammals, but subsequent analysis of uniparental disomies and knockouts 
revealed much contradictory evidence (Hurst and McVean 1997).  

The parental conflict hypothesis has been very successful in explaining 
the selection for maintenance of imprinting as well as the direction of im-
printing, yet does not address the mechanistic origin of the phenomenon. 
Under the assumption that transcription is a somewhat stochastic process, 
low level transcription is expected to result in random monoallelic expres-
sion. This could provide the underlying asymmetry in transcription on which 
selection can act, based on parental conflict for imprinting, or dosage com-
pensation for X inactivation (Ohlsson, Paldi et al. 2001).   

Figure 8. Complementary imprints on homologous chromosomes may play a role in 
mitotic and meiotic pairing (figure adapted from de la Casa-Esperon and Sapienza 
2003). 

Looking beyond transcriptional effects in mammals to a wider variety of 
parental origin based asymmetries throughout eukarya provides an alterna-
tive perspective on genomic imprinting, as depicted in figure 8. It has been 
proposed that epigenetic differences between parental chromosomes was 
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established with the origin of sexual reproduction in order for recombination 
at meiosis to take place between homologous chromosomes, and repair at 
mitosis to take place between sister chromatids (Pardo-Manuel de Villena, 
de la Casa-Esperon et al. 2000; de la Casa-Esperon and Sapienza 2003). 

CTCF
The protein CTCF has recently been recognized as an important factor in 

establishing and maintaining epigenetic states throughout the genome, and is 
central to the work described in this thesis. The name derives from CCCTC-
binding factor for its first identified target site in the chicken Myc oncogene, 
at which CTCF acts as a transcriptional repressor (Lobanenkov, Nicolas et 
al. 1990). However, it was soon realized that this motif is not part of a con-
sensus binding site; all target sites identified to date have very different 
sequences. This divergent sequence recognition derives from a combinatorial 
use of eleven zinc fingers constituting the central domain of CTFC, shown in 
figure 9 (Filippova, Fagerlie et al. 1996). CTCF is highly conserved through-
out the vertebrate lineage, with 100% amino acid identity between chicken 
and human zinc finger domains and 94% identity overall. Basic regions 
flank the DNA binding domain, while the C terminal region contains acidic 
stretches (Filippova, Fagerlie et al. 1996) and an AT hook (Loukinov, 
Pugacheva et al. 2002), a minor groove DNA binding motif. 

Figure 9. CTCF has a central DNA binding domain with 11 zinc finger motifs.  

First described as a repressor of the Myc oncogene, CTCF has been re-
ferred to as a tumour suppressor. Mapping of the human CTCF gene to the 
smallest region of overlap for common deletions in breast and prostate 
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cancers, as well as cell culture studies demonstrating growth inhibition in 
response to CTCF overexpression, supports this tumour suppressor designa-
tion (Filippova, Lindblom et al. 1998; Rasko, Klenova et al. 2001). Screen-
ing of human tumours for mutations in the CTCF gene has revealed that 
missense mutations in the zinc finger domain can alter the spectrum of DNA 
binding sites, while the absence of truncation mutations suggests extreme 
selective pressure to maintain CTCF activity (Filippova, Qi et al. 2002). 

Expression of CTCF is apparently ubiquitous, with abundant transcripts 
detected in multiple tissues of human, mouse, chicken and frog (Filippova, 
Fagerlie et al. 1996). Studies of the chicken CTCF gene promoter have 
demonstrated YY1-dependent activation and cell cycle regulation, with 
maximum transcription at S/G2 phases (Klenova, Fagerlie et al. 1998). 
Human leukemia cell lines have been used to demonstrate that CTCF be-
comes phosphorylated and expression is downregulated upon terminal 
differentiation (Delgado, Chernukhin et al. 1999). 

Recent studies in human cells have shown CTCF to be distributed 
throughout the nucleus during interphase, yet specifically associated with the 
centrosomes and midbody during mitosis, suggesting a role in chromosome 
segregation (Zhang, Burke et al. 2004). This study also revealed a variety of 
post-translational modifications of CTCF which vary in a cell cycle depend-
ent manner. 

The binding of CTCF to its targets mediates a variety of effects in an ap-
parently context-dependent manner. Binding of CTCF to target sites adjacent 
to thyroid hormone response elements can mediate silencing of the lysozyme 
gene, among others (Awad, Bigler et al. 1999). Binding of CTCF to the 
promoter of the amyloid precursor protein gene activates transcription, 
overexpression of which plays a role in the pathology of Alzheimer’s disease 
and Down’s syndrome (Vostrov and Quitschke 1997).  

The recognition of an insulator function for CTCF sheds light on its vari-
ety of transcriptional effects. An insulator refers to either a DNA sequence 
which serves to delimit an expression domain, or to the functional protein 
factor which binds to this sequence. In some circumstances insulators are 
referred to as boundary elements, and serve to block the spread of hetero-
chromatin along the chromosome. Similarly, insulators can prevent the 
inappropriate action of transcriptional enhancers or silencers on a neighbour-
ing promoter. In this way, insulators serve to provide physical boundaries 
between active and silent chromatin domains. 

CTCF’s insulator activity was first recognized at the chicken -globin lo-
cus, in which positioning of CTCF sites between a promoter and enhancer 
provides enhancer-blocking activity (Bell, West et al. 1999). This insulator 
activity has subsequently been demonstrated at the mouse and human -
globin loci (Farrell, West et al. 2002), the chicken -globin locus (Valadez-
Graham, Razin et al. 2004), the mouse T cell receptor locus (Magdinier, 
Yusufzai et al. 2004), and the mouse Pax6 locus, where it is involved in 
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development of the eye (Li, Lu et al. 2004). A CTCF dependent boundary 
has also been implicated in maintaining a methylation-free domain surround-
ing the BRCA1 promoter, loss of which can lead to breast tumours (Butcher, 
Mancini-DiNardo et al. 2004). To date CTCF has been demonstrated to bind 
to all known vertebrate insulators. 

CTCF has also been implicated in the process of X inactivation. Chroma-
tin immunoprecipitation experiments have demonstrated binding of CTCF to 
Tsix, the antisense RNA transcript which is expressed from the active X 
chromosome to prevent silencing by Xist RNA, and so may be involved in 
the choice of which X chromosome remains active (Chao, Huynh et al. 
2002). CTCF may also be necessary for maintaining inactivation, as it has 
been shown to bind the inactive X chromosome at the boundary of a domain 
of histone macroH2A association (Chadwick and Willard 2003). 

The insulator function of CTCF may arise from the organization of 
looped expression domains by tethering target sequences to the nuclear 
matrix, as two independent reports demonstrate that at least a proportion of 
CTCF is associated with the nuclear matrix (Dunn, Zhao et al. 2003; Yu-
sufzai and Felsenfeld 2004). One of the main proteins interacting with CTFC 
is nucleophosmin, which localizes a proportion of CTCF-bound insulator 
sites to the nucleoli; this interaction may also have a role in CTCF-
dependent nuclear organization (Yusufzai, Tagami et al. 2004). 

Regulation of H19/Igf2 expression 
The discovery of CTCF binding sites within the H19 ICR provided a 

mechanistic explanation for the reciprocal imprinting of H19 and Igf2 (Bell 
and Felsenfeld 2000; Hark, Schoenherr et al. 2000; Kanduri, Pant et al. 
2000). The differentially methylated domain of the ICR contains short GC 
rich repeat elements, seven in human and four in mouse, similar to the CTCF 
binding sites within the -globin insulator. It was shown that CTCF binding 
to these repeat elements forms a chromatin insulator, which blocks the 
upstream Igf2 promoter from the downstream enhancers, as shown in figure 
10. Binding of CTCF to the ICR was shown to be methylation sensitive, so 
no insulator is formed on the methylated paternal allele. This allows the 
enhancers to upregulate transcription of the paternal Igf2 allele. Methylation 
on the paternal ICR continues into the H19 promoter to silence the paternal 
H19 gene. It was subsequently demonstrated that positioned nucleosomes 
within the ICR are required to maintain the methylation free target sites 
within the linker DNA regions, and disruption of this nucleosome spacing 
results in loss of insulator function (Kanduri, Kanduri et al. 2002; Davey, 
Fraser et al. 2003). Point mutation of CTCF binding sites on the maternally 
inherited allele results in loss of insulator function and biallelic expression of 
Igf2 (Pant, Mariano et al. 2003).  
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Multiple functions for CTCF at the ICR have been proposed. In addition 
to its enhancer blocking activity, CTCF seems to up regulate transcription of 
the maternal H19 gene as loss of binding results in a reduced level of H19
expression (Schoenherr, Levorse et al. 2003). CTCF also serves to maintain 
the methylation free status of the maternal ICR in the soma (Pant, Mariano et 
al. 2003; Schoenherr, Levorse et al. 2003; Rand, Ben-Porath et al. 2004). 
Interestingly, loss of one of the four CTCF target sites results in an interme-
diate phenotype, with heterogeneous methylation patterns, imprinted H19
expression and biallelic Igf2 expression (Pant, Kurukuti et al. 2004). Paternal 
inheritance of point mutations which remove CpGs from the ICR while 
maintaining CTCF binding results in loss of the insulator activity, with 
biallelic H19 and reduced Igf2 expression, demonstrating antagonism be-
tween methylation and insulation (Engel, West et al. 2004). 

Figure 10. CTCF regulates H19/Igf2 imprinting by forming an insulator on the 
unmethylated maternal allele.  

The role of CTCF in maintaining a methylation free domain during 
oogenesis is somewhat unclear. Point mutation of maternally inherited 
CTCF target sites results in a substantial but heterogeneous degree of methy-
lation in neonates, although oocytes and blastocysts remain methylation free 
(Schoenherr, Levorse et al. 2003). RNAi knockdown of CTCF in oocytes, on 
the other hand, results in hypermethylation of the ICR in oocytes, increased 
zygotic lethality and reduced fertility (Fedoriw, Stein et al. 2004). However, 
global loss of CTCF, even when restricted to the oocyte, would be expected 
to have many consequences beyond its function at the H19 ICR. A recent 
study demonstrated that while mutation of CTCF target sites does not affect 
acquisition of the imprint in germ cells, the maternal ICR is not protected 
from de novo methylation after fertilization (Szabo, Tang et al. 2004).  



45

A dyad oct-binding sequence within the ICR has been shown to be re-
quired in addition to CTCF binding sites to maintain the unmethylated state 
of the maternal allele through an unknown mechanism (Hori, Nakano et al. 
2002). That CTCF is not acting alone in establishing the imprint is clear 
from experiments which replaced the ICR with the CTCF binding -globin 
insulator fragment. On maternal inheritance imprinting was not disrupted, 
but paternal inheritance resulted in biallelic H19 expression and loss of Igf2
expression (Szabo, Tang et al. 2002). In this case the paternal allele did not 
acquire methylation so also functioned as a chromatin insulator. The chro-
matin remodeling factor Lsh was shown to be necessary for the acquisition 
of methylation on the paternal ICR, as neonatal homozygous Lsh knockout 
mice show substantial hypomethylation at the ICR and throughout the ge-
nome (Dennis, Fan et al. 2001). Recent studies have identified multiple 
binding sites for nuclear hormone receptor complexes interspersed with the 
CTCF binding sites in the ICR (Szabo, Pfeifer et al. 2004). These regions 
were shown to interact with retinoic X receptor alpha and estrogen receptor 
beta in the male but not female germline, indicating a possible hormonal role 
in imprint establishment. 

Evolution of a new gene family 
A CTCF paralogue was recently identified in the mouse and human ge-

nomes, and though officially named CTCFL, is generally referred to as 
BORIS, for brother of regulator of imprinted states (Loukinov, Pugacheva et 
al. 2002). Comparison of the sequence, particularly the intron-exon structure, 
to mouse, human and chicken CTCF sequences suggests that this duplication 
event occurred after the divergence of birds and mammals. Presumably this 
occurred early in the mammalian lineage, although the presence of BORIS in 
species such as marsupials has yet to be investigated. The zinc finger domain 
of BORIS is extremely conserved, and almost identical to the CTCF amino 
acid sequence, although the C- and N-terminal domains have subsequently 
diverged. This results in a protein with the same DNA binding capacity as 
CTCF, but presumably alternate protein binding or other functional motifs. 

Analysis of the chromosomal context of the CTCF and BORIS genes re-
veals that a large domain containing many genes was involved in the dupli-
cation event. These paralogous regions reside on human chromosomes 16q 
and 20q, as shown in figure 11, both in regions known to be disrupted in 
many cancers. However, CTCF is centered in a region commonly showing 
loss of heterozygosity, while the BORIS region is frequently amplified in 
cancer, suggesting opposing functions for these two proteins. Expression 
analysis has shown that BORIS has come under the control of a testis-
specific promoter, although expression has since been detected in a wide 
range of human tumours and transformed cell lines. BORIS is proposed to 
play a causal role in neoplasia by competing for CTCF binding sites. With 
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divergent N- and C-terminal domains, BORIS could either act as a dominant 
negative form of CTCF, or introduce inappropriate interactions with other 
factors.

Figure 11. Duplication of a gene cluster including CTCF on human chromosome 16 
gave rise to the BORIS cluster on chromosome 20 (Klenova, Morse et al. 2002). 

Initial immunostaining analysis suggested that BORIS was expressed ex-
clusively in spermatocytes, during a unique window of downregulation of 
CTCF. Because of the role of CTCF in regulating imprinted domains and the 
shared DNA binding specificity, it was proposed that BORIS represents the 
elusive testis-specific factor required for establishing imprints in the male 
germline (figure adapted from Klenova, Morse et al. 2002).  
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Aims of the Present Studies 

Paper I
The role of CTCF in regulating the imprinted H19/Igf2 locus has been 

well established, yet imprinting at this locus is unique to mammals while the 
CTCF protein has been conserved throughout the evolution of chordates. 
This extreme conservation as well as the ubiquitous expression of CTCF 
implies a much more fundamental cellular role. The two primary goals of 
this study were to identify other target sites for CTCF throughout the mouse 
genome, and to investigate the characteristics of these CTCF-DNA interac-
tions.

Because of the combinatorial use of zinc fingers by CTCF, target sites do 
not share significant sequence homology and therefore potential targets 
cannot be identified through bioinformatic analysis. However, chromatin 
immunoprecipitation is a useful technique for purifying protein binding sites, 
so we aimed to adapt this method, in combination with microarray analysis, 
for the identification of new CTCF targets. CTCF has been shown to bind in 
a methylation-sensitive manner to the H19 ICR and to act as a chromatin 
insulator to establish an epigenetic boundary. We aimed to extend our tech-
niques to determine if these properties are also characteristic of CTCF target 
sites genomewide. 

Paper II 
Post-translational modifications are known to have a significant impact on 

the functional properties of many proteins. The enzyme PARP-1 carries out 
the poly(ADPribosyl)ation, or PARlation, of many protein targets. PARP-1 
has been shown to regulate transcriptional activity both by modifying his-
tone proteins directly, thus altering chromatin conformation, and by acting at 
enhancer/promoter complexes (Kraus and Lis 2003).  

In this study we investigated the potential role of PARlation in the regula-
tion of the H19/Igf2 locus. Initially, an allele-specific PARlation mark was 
detected in the vicinity of the maternal H19 ICR. Here we aimed to localize 
the PARlation mark and characterize its role in transcriptional regulation. Is 
CTCF, the only known protein binding in an allele-specific manner to the 
ICR, the substrate for PARlation? Does this modification affect all or only a 
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subset of cellular CTCF? How does PARlation affect the DNA binding and 
insulator properties of CTCF? Is PARlation of CTCF necessary to maintain 
the imprinted state of the H19/Igf2 locus? 

Paper III 
In order to understand the function of a protein it is important to identify 

the factors with which it interacts. A potential interaction between CTCF and 
the multisubunit RNA polymerase II (Pol II) was proposed when it was 
found that CTCF binding sites in the human and mouse Myc promoters map 
precisely within a region at which Pol II pauses, causing premature termina-
tion of transcriptional elongation of the Myc gene (Strobl and Eick 1992). In 
this study we aimed to determine whether there was a direct interaction 
between CTCF and the polymerase complex, and which subunit of the Pol II 
holoenzyme is required. Which domain of CTCF is responsible for this 
interaction? Is the interaction with Pol II common to many CTCF target sites 
or specific to the H19 ICR?

Paper IV 
BORIS, the mammalian paralogue of CTCF, has been proposed to act as 

a crucial regulator in establishing the imprint of the H19/Igf2 locus in the 
male germline (Klenova, Morse et al. 2002; Loukinov, Pugacheva et al. 
2002). We wished to further investigate this hypothesis, in parallel with 
studies of the chromatin remodeling factor Lsh, which has been demon-
strated to be necessary in the establishment of the paternal methylation mark. 
We investigated in particular the transition from maternal to paternal imprint 
at the H19 ICR which takes place during spermatogenesis. Are BORIS and 
Lsh interacting with the ICR in a parental origin- and stage-specific manner? 
Does Lsh bind directly or indirectly to the ICR? How does binding of these 
factors correlate with changes in DNA methylation status? Do BORIS and/or 
Lsh interact with CTCF at target sites other than the H19 ICR? 
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Techniques

Chromatin immunoprecipitation 
Two techniques are of particular relevance to the studies carried out in 

this thesis. Chromatin immunoprecipitation (ChIP) is used to study the 
physical interactions between DNA and proteins. Cells are prepared by the 
use of a crosslinking agent, which creates covalent bonds between DNA and 
protein, and to a lesser extent, proteins with other proteins. This serves to 
preserve the physical proximity between a DNA sequence and its associated 
proteins, such as transcription factors and histones. Cells are then lysed and 
subject to sonication, which randomly shears the DNA into fragments of the 
desired length. An antibody against the protein of interest is added to the 
sonicated DNA, and precipitated from solution by the use of beads coated 
with protein A, which binds specifically to the constant region of the anti-
body. After chemical reversal of the DNA-protein crosslinks and digestion 
of the antibodies and proteins, DNA sequences specifically interacting with 
the protein of interest are purified. This ChIP DNA can then be analyzed by 
PCR, sequencing or other methods.  

Microarray hybridization 
The development of microarray technologies has provided means of high 

throughput analysis of DNA and RNA. Microarrays were designed to study 
the transcriptional activity of cells by simultaneously measuring the abun-
dance of many species of mRNA. Short stretches of DNA called oligonu-
cleotides, complementary to the mRNA sequence of interest, are linked to 
the surface of a glass microscope slide. The use of robotics to print these 
slides allows as many as 30 000 different sequences to be spotted in a few 
square centimeters, which means that essentially the entire transcriptome of 
a cell can be analyzed in a single experiment. Cells are prepared by isolating 
mRNA and converting this to cDNA, to increase stability and copy number. 
This cDNA is then labeled with a fluorescent dye, or two samples can be 
analyzed simultaneously by labeling each with a different fluorophore. 
These labeled samples are then allowed to hybridize to the microarray slide, 
during which time the cDNA binds to the spotted oligonucleotides based on 
sequence complementarity. After washing away unbound probe, the fluoro-
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phores are excited by a laser, and the resulting coloured image is read by a 
microarray scanner. The signal intensity in each spot on the array is propor-
tional to the concentration of that sequence in the cell.  

Current microarray technology has significant levels of background noise, 
so is best suited as an initial screening method and interesting results must 
often be followed up by the use of more direct or precise methods. Paper I in 
this thesis describes the adaptation of microarray technology to incorporate 
chromatin immunoprecipitation for the large scale study of DNA-protein 
interactions.
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Results & Discussion 

Paper I 
Chromatin immunoprecipitation (ChIP) was used to purify CTCF target 

sites from mouse fetal liver cells using an antibody against the C-terminal 
domain of CTCF. In order to preserve this material for further studies, it was 
ligated to linker oligonucleotides and cloned into the vector pGemT, making 
the initial CTCF target site library. The specificity of this library was ana-
lyzed by bandshift to verify that the majority of inserts do in fact bind CTCF, 
at least in vitro. Clones from the library were individually isolated and 
sequenced, and after removal of duplicate clones, 266 sequences of up to 
300 bp were amplified and printed onto microarrays. These CTCF target site 
microarrays were then used in further studies to investigate the nature of the 
DNA-CTCF interactions. 

Sequence analysis of the target site library revealed that the majority of 
clones were not identified in either public or proprietary mouse genome 
databases. These unidentified clones are presumed to be within heterochro-
matin, as these regions of the genome are not well covered by the sequenc-
ing projects. The link between CTCF and heterochromatin was investigated 
by immunofluorescent staining of CTCF and the heterochromatin protein 
HP1 , which did indeed show significant colocalization in nuclei of mouse 
fibroblasts.

Fifty five clones from the library could be uniquely mapped within the 
mouse genome. Of these, 21 were intronic, 2 exonic, one covered an in-
tron/exon boundary, and the remainder were intergenic. Genes identified to 
be within or adjacent to CTCF target sites were characterized with respect to 
cellular process, function and localization using the Gene Ontology database. 
Several clones mapped to loci potentially involved in cancer, ubiquitin 
signaling, G-protein signal transduction, and apoptotic pathways, and  sev-
eral clusters of pheromone and olfactory receptors were found. Two known 
imprinted loci, Grb10 and Snrpn, and five potentially imprinted loci were 
also identified in the library. However, no previously identified CTCF target 
sites were contained in our library, suggesting that only a fraction of poten-
tial sites have been included in our analysis. Extrapolation from studies of 
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human chromosome 22 suggests that our library covers approximately 6% of 
genomewide CTCF target sites. Characterization of the library also included 
screening for repetitive elements, of which SINE, LTR and L1 elements and 
dinucleotide repeats were common.  

In vitro binding activity was determined by immunopurifying sequences 
binding in vitro to recombinant CTCF. These purified sequences were then 
randomly amplified and labeled with the fluorophore Cy3, while the entire 
library was similarly amplified and labeled with Cy5. These samples were 
simultaneously hybridized to the array in the presence of herring sperm and 
Cot-1 DNA to suppress repetitive elements, to determine which sequences 
were specifically enriched due to strong intrinsic affinity for CTCF. A wide 
distribution of in vitro binding affinity was seen, while a small subset of 
clones showed no apparent binding.  

In vivo binding of CTCF was confirmed by preparing ChIP DNA from 
mouse fetal liver, this time with an antibody against the N-terminal domain 
of CTCF. Purified ChIP DNA was amplified, labeled and hybridized to the 
array as above. This served to both measure the in vivo binding probability 
of the target sites, and to confirm the specificity of the initial library. While 
chromatin immunoprecipitation is a useful technique, it is expected that 
nonspecific interactions are to a small degree preserved through the proce-
dure, resulting in strong, but not absolute, enrichment for the targets of 
interest. Any sequences pulled down nonspecifically would not likely be 
reproducibly isolated in subsequent experiments. 

This in vivo analysis of CTCF target site occupancy demonstrated a con-
tinuous distribution of signal intensity, which could be interpreted either in 
terms of the probability of finding CTCF at a particular target site within a 
single cell, or in terms of heterogeneity of the cell population. Interestingly, 
the in vivo distribution was not identical to the in vitro distribution, indicat-
ing that intrinsic binding affinity is not the only determinant of target site 
occupancy.  

Several individual inserts were randomly selected to verify the microarray 
method: in vitro CTCF binding activity was confirmed by bandshift analysis, 
and in vivo CTCF binding by PCR amplification from ChIP DNA. Because 
of the high degree of PCR amplification used in preparing and labeling the 
samples for hybridization throughout this study, it was necessary to deter-
mine any amplification bias. Multiplex PCR assays in which up to five target 
sites could be simultaneously amplified were used to compare the original 
and randomly amplified ChIP material. In addition multiple independent 
hybridizations were compared as a measure of reproducibility. These con-
trols all demonstrated a high degree of consistency within the study.  

The CTCF target site arrays were then used to assess the degree of methy-
lation of target sequences. This was done by preparing ChIP DNA using an 
antibody against the methyl binding protein Mbd2, as well as by DNA 
immunoprecipitation with an antibody recognizing methylated cytosine 



53

directly. Hybridization of these samples to the array demonstrated that the 
vast majority of CTCF target sites, like the H19 ICR, are unmethylated. No 
significant difference in distribution was noted between the identified, pre-
sumably heterochromatic, and repetitive clones. The few methylated target 
sites could represent imprinted loci in which one of the two alleles is methy-
lated, or could be due to methylation of flanking sequences.  

The microarray based ChIP approach was further expanded to determine 
the generality of the insulating property of CTCF. The insulator assay made 
use of a plasmid construct containing the Diphtheria toxin A gene, which 
when expressed even at a very low level is toxic to the host cell. An enhan-
cer element was placed downstream of the toxin A gene, which was under 
control of the H19 promoter, and a hygromycin resistance gene was included 
in the construct for selection. If this plasmid is transfected into JEG-3 cells 
the toxin A gene is expressed and quickly kills almost the entire cell popula-
tion. However, if the H19 ICR is cloned into the insulating position between 
the enhancer and the toxin A promoter, the promoter is blocked from the 
downstream enhancer, returning the expression of the toxin A gene to negli-
gible basal levels, and the cells survive.  

To test the insulating properties of the CTCF target site library, pooled 
inserts of the entire library were cloned into the insulating position of the 
plasmid. Plasmid DNA of surviving cells was isolated, then amplified, 
labeled and hybridized to the arrays. In this way the ability of each of the 
library sequences to insulate the H19 promoter from the effects of the en-
hancer can be assessed in a single experiment.  

The insulator strength of the clones as determined by this assay showed a 
continuous distribution of intensity and very high correlation with the intrin-
sic binding affinity for CTCF. This pattern was consistent throughout the 
library, including the unidentified clones and those containing repetitive 
elements. This data supports studies of mutated CTCF binding to the -
globin locus which also demonstrated that insulator function is a direct 
correlate of binding affinity (Bell, West et al. 1999). The relatively low 
correlation between in vitro and in vivo binding of CTCF suggests that 
chromatin conformation can restrict access to the DNA, possibly via nu-
cleosome positioning. It is possible that factors such as post-translational 
modification of CTCF and context-dependent conformation of zinc fingers 
are not reproduced in our in vitro assays. However, the high correlation 
between the insulator assay, in which selection is carried out in vivo, and the 
intrinsic binding affinity suggest that these factors play a minimal role.  

Paper II 
The presence of the enzyme PARP-1 at enhancer/promoter complexes 

and its involvement in transcriptional regulation suggested a potential role in 
the regulation of enhancer/promoter communication at the H19 ICR. A M. 
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musculus musculus X M. musculus domesticus intraspecific cross provides a 
polymorphic restriction site within the ICR for identification of parental 
alleles. ChIP analysis from fetal liver of this cross, using an antibody which 
specifically binds PAR polymers of ten or more units, revealed the presence 
of a PARlation mark on the maternal ICR allele.  

As CTCF is the only factor known to bind specifically to the maternal al-
lele, we wished to test whether CTCF was the substrate for PARlation. 
Making use of mice heterozygous for point mutations at the three of the four 
CTCF binding sites within the ICR, we performed ChIP assays on fibro-
blasts with the mutation inherited both maternally and paternally. Both the 
CTCF and PAR antibodies interacted only with the wild type maternal allele, 
demonstrating a requirement for CTCF target sites in acquisition of the 
PARlation mark. 

Because loss of CTCF target sites could potentially result in abnormal de
novo methylation in vivo, this result was confirmed using a cell culture 
system in which no de novo methylation is observed. Both wild type and 
point mutated plasmids were transiently transfected into JEG-3 cells, and a 
ChIP assay carried out. Again it was shown that the PARlation mark is 
specific to the maternal allele and requires CTCF target sites. 

Recombinant baculovirus CTCF was treated in vitro with bovine PAR 
polymerase, and affinity purified through an anti-PAR column. Western 
blotting of the PARlated and untreated CTCF using an antibody against 
CTCF revealed the recombinant 130 kDa CTCF as well as the 180 kDa 
PARlated protein, demonstrating that CTCF can be PARlated in vitro. To 
confirm that CTCF is also PARlated in vivo, nuclear extracts of the MCF-7 
breast cancer cell line were immunoprecipitated with a CTCF antibody. 
Western blot detection with anti-CTCF revealed both 130 kDa and 180 kDa 
bands, while anti-PAR showed only the 180 kDa form, confirming that 
CTCF is PARlated in vivo.

Studies of other transcription factors such as YY1 have shown that PAR-
lation reduces the binding affinity of the PARlated protein for its DNA 
target. Here bandshift assays with recombinant CTCF using the H19 ICR 
fragment show that PARlated CTCF maintains its interaction with the target 
DNA. This suggests that the PARlation mark is not associated with the DNA 
binding domain of CTCF. The three domains of CTCF were expressed in a 
bacterial system and subjected to in vitro PARlation. Detection with a PAR 
antibody demonstrated that only the N-terminal domain of CTCF becomes 
PARlated.

The distribution of PARlated CTCF in vivo was analyzed by Western blot 
in several different mouse tissues. Muscle and heart show an excess of 
PARlated over nonPARlated CTCF, while lung, liver, kidney and brain 
show predominantly the 130 kDa nonPARlated form. This could suggest 
tissue specific differences in either PAR polymerase activity or the rate of 
turnover of the PARlation mark. Alternatively CTCF may be PARlated at 
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some target sites and not others, and the different balance could reflect 
tissue-specific changes in CTCF occupancy.   

We made use of the CTCF target site microarrays developed in Paper I to 
analyze the distribution of the PARlation mark at individual target sites. 
ChIPs from fetal liver using CTCF and PAR antibodies were simultaneously 
hybridized to the arrays for comparison, showing that CTCF is PARlated at 
most but not all target sites. 

So far the PARlation of CTCF at the maternal H19 ICR has been estab-
lished in vitro and in vivo, and the PARlation of CTCF has been extended to 
several tissues and multiple target sites. The characterization of PARlated 
CTCF continued with functional analysis in terms of insulator activity and 
transcriptional regulation. 

Making use of the insulator trap assay described in Paper I, we tested 
whether the insulator function required PARlated CTCF. First using the H19
ICR then the entire CTCF target site library cloned into the insulating posi-
tion of the Toxin A plasmid, transfected JEG-3 cells were treated with 3-
aminobenzamide (3-ABA), a known inhibitor of PAR polymerases. Both the 
number and size of colonies remaining after 3-ABA treatment were greatly 
reduced in the insulator assay, indicating the importance of PARlation in 
providing insulator function. ChIP assays confirmed that while the PARla-
tion mark and insulator activity are lost upon 3-ABA treatment, association 
of CTCF with the target sites remains intact. 

To determine whether all target sites show a similar reduction in insulator 
activity or if only a subset of target sites is affected by the loss of PARlation, 
surviving colonies from the insulator assay were pooled, then labeled and 
hybridized to the arrays. By calculating the insulator index as the ratio of 3-
ABA-treated to untreated signal, we can see that those targets with lower 
insulator strength show high variation in 3-ABA sensitivity, while the strong 
insulators are uniformly depleted of insulator activity upon loss of the PAR-
lation mark. 

While the insulator assay as used here demonstrates a requirement for the 
PARlation mark to insulate an upstream promoter from the downstream 
enhancer in our in vitro assay, we wished to determine if a similar mecha-
nism operated in vivo. The H19 ICR normally serves to insulate the Igf2
promoter from downstream enhancers, and we have shown here that this 
insulator activity is dependent on PARlation of CTCF bound to the maternal 
allele. Therefore the transcriptional activity of Igf2 was analyzed in mouse 
cells carrying human chromosome 11 of maternal or paternal origin by 
RNAse protection assays, before and after inhibition of PAR polymerases by 
3-ABA. As expected, the maternal Igf2 allele is reactivated by 3-ABA 
treatment, confirming a vital role in transcriptional regulation for PARlation 
of CTCF in vivo.
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Paper III 
A potential interaction between CTCF and the RNA polymerase II com-

plex was proposed based on the location of transcriptional pausing at the 
CTCF target sites within the Myc gene. Initial immunostaining using CTCF 
and Pol II antibodies showed similar nuclear colocalisation in two cell lines 
with different CTCF distributions. Using a FLAG-tagged subunit of Pol II, 
purification of the holoenzyme complex also pulled down CTCF, as deter-
mined by Western blotting. The specificity of the interaction was controlled 
by similar procedures using FLAG-tagged TFIIH, which did not pull down 
CTCF. This method purified approximately 10% of cellular CTCF, indicat-
ing either that the CTCF- Pol II interaction is weak or that only a subset of 
CTCF is associated with Pol II. Coimmunoprecipitation assays using a panel 
of antibodies demonstrated that antibodies against the large subunit of Pol II 
(LS Pol II), but not against TBP, Sp1 or several other nuclear proteins, could 
precipitate CTCF. Conversely, precipitates from anti-CTCF antibodies, but 
not from preimmune serum, contained LS Pol II. 

To determine which domain of CTCF is responsible for the interaction 
with Pol II, the three domains of CTCF were transcribed in a baculovirus 
system and immobilized on a column. Only the C-terminal domain, but not 
the N-terminal or zinc finger domains, were able to bind LS Pol II, indicat-
ing that the C-terminal region interacts with LS Pol II in vitro.

Chromatin immunoprecipitation was sequentially carried out with CTCF 
and Pol II antibodies to investigate the in vivo interaction of these two fac-
tors. PCR analysis of this double ChIP material revealed that CTCF and Pol 
II colocalize at the -globin insulator in HD3 cells. As the globin genes are 
inactive in this cell line, this interaction may retain Pol II at the insulator 
region, thus preventing transcription. Similarly, analysis of the imprinting 
control regions of the H19, Kcnq1, Snrpn and Igf2R genes which harbour 
CTCF target sites were present in the double ChIP material, suggesting that 
the interaction of CTCF and Pol II extends to multiple sites. To confirm that 
this is a specific interaction, rather than independent binding of Pol II to a 
promoter close to the ICR, we made use of plasmids carrying the wild type 
and point mutated CTCF binding sites of the H19 ICR. After transfection 
into JEG-3 cells, ChIP analysis revealed that both CTCF and Pol II antibod-
ies pulled down only the wild type ICR, indicating that Pol II association 
with this fragment requires intact CTCF binding sites. 

The CTCF- Pol II interaction was analyzed at multiple CTCF target sites 
by making use of the microarrays developed in Paper I. CTCF ChIP and 
CTCF- Pol II double ChIP samples were simultaneously hybridized to the 
arrays, and revealed that a subset of target sites from the CTCF ChIP were 
also present in the double ChIP. A comparison of resting and proliferating 
3T3 cells demonstrated that CTCF and Pol II interact at a larger proportion 
of target sites in resting than in proliferating cells. The majority of the target 
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sites identified in this assay are intergenic, although a search of EST data-
bases uncovered short transcripts within 1.5 to 15 kilobases of each of these 
targets.

The implications of CTCF- Pol II interactions at non-promoter sites is not 
yet clear. It is possible that these sites act as promoter decoys, which serve to 
retain the polymerase at defined locations such that nearby promoters can be 
readily activated when necessary, as seems to be the case for -globin. The 
use of the C-terminal domain of CTCF for the Pol II interaction suggests that 
phosphorylation of this domain may play a regulatory role. Phosphorylation 
of the C-terminal domain of CTCF occurs in a cell cycle dependent manner, 
so release of Pol II by phosphorylation of CTCF may explain differences in 
association with Pol II in resting and proliferating cells. 

Paper IV 
CTCF is required at the H19 ICR to maintain a methylation free domain 

on the maternal allele in the soma, and the chromatin remodeling factor Lsh 
is necessary in the establishment of paternal methylation of the ICR. The 
CTCF paralogue BORIS was proposed to function in spermatogenesis to 
release the methylation protection of the maternal allele to allow for the 
paternal imprint establishment. In this study we investigated the relationship 
between these three proteins in the transition from maternal to paternal 
imprint at the H19 ICR. Chromatin immunoprecipitation analysis demon-
strated that both CTCF and BORIS interact with the ICR in testis. Bandshift 
analysis using wild type and mutated ICR fragments showed that BORIS 
interaction with the ICR depends on intact CTCF binding sites.  

To determine if BORIS binding is methylation sensitive like CTCF, 
BORIS expressing cells, mainly primary spermatocytes, from immu-
nostained testis sections were laser microdissected and analyzed by bisulfite 
sequencing. This technique allows determination of methylation at individ-
ual CpG sites at single allele resolution. Less than half of the CpG sites 
within the BORIS positive cells were methylated, as compared to three 
quarters in mature spermatids, indicating that BORIS interaction with the 
ICR precedes completion of methylation acquisition. 

To determine whether a CTCF to BORIS switch in target site occupancy 
is specific to the ICR or represents a genomewide phenomenon, we again 
made use of the CTCF target site microarrays. Hybridization of CTCF and 
BORIS testis ChIP material to the arrays indicated substantial overlap in 
binding of these two factors. To determine whether BORIS occupancy 
during spermatogenesis is correlated with methylation status in mature 
sperm, DNA immunoprecipitated from sperm with a methylcitidine antibody 
was hybridized  to the array. This revealed a significant degree of methyla-
tion at all Bois target sites.  
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The presence of Lsh at the ICR in testis of mice heterozygous for point 
mutations of the CTCF target sites was analyzed by ChIP. Amplification of 
the ICR fragment and subsequent digestion with EcoRV, which cleaves only 
the mutated allele, revealed that Lsh, like CTCF and BORIS, interacts spe-
cifically with the wild type maternal ICR allele. The wild type paternal allele 
or mutated maternal allele could not be detected in the immunoprecipitated 
material, indicating that Lsh interacts with the ICR via CTCF target sites. 
Hybridization of Lsh ChIP material to the CTCF target site arrays demon-
strated a substantial overlap in occupancy between CTCF, BORIS and Lsh 
genomewide. Immunoprecipitation of nuclear extracts from testis using a 
Lsh antibody followed by Western blot revealed that CTCF but not BORIS 
is enriched in the Lsh fraction. This suggests that Lsh is recruited to the ICR 
only by CTCF. 

The outcome of the maternal to paternal imprint transition was investi-
gated in mice heterozygous for the CTCF target site mutations. Both South-
ern blot analysis of HhaI-digested genomic DNA and bisulfite sequencing of 
the ICR fragment indicated that a substantial methylation imprint was ac-
quired despite mutation of the CTCF target sites. 

This data collectively supports a model in which CTCF, which protects 
against de novo methylation, must be removed from the maternal ICR prior 
to the paternal imprint establishment. The recruitment of the chromatin 
remodeling activity of Lsh to the ICR upon its expression in spermatogonia 
may promote the CTCF to BORIS switch during differentiation of sper-
matogonia into spermatocytes. The release of CTCF, perhaps aided by the 
presence of BORIS, removes the methylation protection at the ICR, allowing 
the maternal allele to acquire its new imprint. Unfortunately the mouse 
model used here does not allow further confirmation of this scenario, as loss 
of CTCF binding due to the point mutations removes the obstacle to methy-
lation acquisition, and so under this hypothesis the role of BORIS and Lsh 
would be redundant in these mice. This system does, however, rule out an 
active role for BORIS in recruiting the de novo methylation machinery to the 
ICR.
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Conclusions

CTCF, BORIS and genomic imprinting 
The duplication of CTCF early in the mammalian lineage to create 

BORIS was one of the relatively rare duplication events that survived long 
enough to acquire a new function. As BORIS came under the control of a 
testis-specific promoter, its expression was severely restricted, serving to 
minimize interference of the duplication on existing pathways. Subsequent 
divergence of the C- and N- terminal domains of BORIS provided rapid 
adaptation by altering possible post-translational modifications and protein-
protein interactions. Assuming competition for CTCF and BORIS at shared 
target sites, expression of BORIS in the testis but not ovaries would result in 
an asymmetry in chromatin structure at target sites such as the H19 ICR. 
Such differential chromatin organization between maternally and paternally 
derived alleles is a defining characteristic of imprinted genes. While work 
described in this thesis rules out a primary causative role for BORIS in 
establishing the paternal imprint, the hypothesis that the appearance of 
BORIS drove the initial evolution of imprinting of H19 and Igf2 remains 
plausible. Just as silencing by methylation was a mechanism acquired late in 
the evolution of X inactivation, methylation based insulation of the H19 ICR 
could have been subsequently acquired to stabilize the initial asymmetry in 
expression in response to selective pressures arising from the evolution of an 
invasive placenta, such as those described in the parental conflict hypothesis. 
The imprinting of Igf2 in marsupials despite lack of differential methylation 
provides strong support for this hypothesis.  

Evolution of imprinting 
Parental origin effects in some form date back to our early eukaryotic an-

cestors hundreds of millions of years ago. While the emergence of BORIS 
may have been the trigger for differential expression of H19 and Igf2 in 
mammals, vast asymmetries in the male and female germlines of all sexually 
reproducing species make genomic imprinting inevitable. Epigenetic regula-
tion is a fundamental part of the development of multicellular organisms, 
and despite erasure of epigenetic marks in primordial germ cells, the differ-
entiation into highly specialized mature germ cells with contrasting gene 
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expression requirements assures that asymmetries in chromatin structure are 
immediately re-established. The self-reinforcing nature of chromatin struc-
ture, with feedback between DNA methylation, histone modifications, 
replication timing, nuclear localization and transcription, assures that al-
though methylation marks may be erased in the early embryo, differences 
between homologous alleles can persist. With this fundamental underlying 
asymmetry between maternal and paternal alleles, one would expect multiple 
parental origin effects to arise in many independent phylogenies, each group 
with divergent selective pressures and therefore variations in outcome. The 
evolution of a highly invasive placenta in mammals presented dramatically 
new selective pressures for which parental conflict or other haploid advan-
tages at some loci were balanced by selection to maintain heterozygosity at 
others.

Insulators in evolution 
Insulators, by virtue of their boundary function, allow epigenetic context 

to be self-contained. This facilitates the shuffling of genes and chromosomal 
segments during evolution by allowing a duplication or translocation to 
maintain its native chromatin context and by minimizing interference of such 
rearrangements on the surrounding chromatin and vice versa. The potential 
role of insulators in basic cellular functions such as nuclear organization and 
chromosome segregation suggests that effects on transcription at individual 
loci may be a secondary property of chromatin insulators.  

Poly (ADP-ribosyl)ation and cancer  
Post-translational modification of proteins creates an information system 

akin to the epigenetic regulation superimposed on the DNA sequence. Such 
modifications provide rapid and reversible modulation of protein function. 
The poly(ADP-ribosyl)ation of histone proteins has been suggested to pro-
vide a means of alteration in gene expression patterns by opening up the 
chromatin. The nonspecific large scale alterations in chromatin structure 
resulting from the accumulation of NAD+, the donor of ADP ribose units, in 
stressed cells may function as an adaptive response to metabolic stress. 
Similarly, excess poly(ADP-ribosyl)ation of CTCF in cells under metabolic 
stress could initiate widespread insulator activity at numerous target sites, 
also resulting in nonspecific genomewide alterations in expression patterns. 
Alternatively, depletion of NAD+ would result in loss of insulator function 
without changing methylation patterns. 

In this manner both CTCF and histones serve to relay information about 
the metabolic network of the cell to the gene expression network. This type 
of stress response has the effect of forcing a cell in crisis into an alternative 
state, which could result in a successful adaptation to the stress, at the risk of 
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falling into a maladaptive and potentially neoplastic state. In this way meta-
bolic stress could directly trigger the widespread epigenetic lesions charac-
teristic of cancer.  

Evolution & development 
The relationship of evolution and development can be described in terms 

of persistence of information: developmental information is maintained only 
through mitosis, while evolutionary information must also persist through 
meiosis. Similarly, epigenetic information is normally restricted to mitosis, 
while genetic information is transmitted through meiosis. Genomic imprint-
ing represents an exception to this rule, as epigenetic information slips 
though the meiotic division, thus representing an overlap between develop-
mental and evolutionary scales.  
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