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Introduction

All the information required for the development of a multicellular organism 
is contained in the fertilized oocyte, and the question of how a single cell 
grows into a new individual continues to constitute one of the main chal-
lenges in biology. 

During this process the totipotency carried by the zygote, or its ability to 
give rise to all the cells of the organism, is gradually reduced in favour of the 
differentiation and specialization of increasingly diverging cell types. The 
developing embryo is therefore acquiring new and different cellular pheno-
types, and as these still rely on the same genetic material inherited from the 
fertilized egg they must be the result of different programmes of gene ex-
pression.

Differentiation can therefore be defined as the consequence of establish-
ment and maintenance of specific patterns of gene expression. Although the 
regulation of gene activity occurs at different levels, cellular specialization 
and differentiation are the results of developmental cues that essentially take 
place at the transcriptional level. For many years it was assumed that most of 
the heritable information encoded by the cell was harboured in their genomic 
sequence and interpreted by the binding of transcription factors to defined 
regulatory sequences. Obviously these interactions still have to be consid-
ered as crucial determinants in the acquisition and maintenance of the pattern 
of gene expression; nevertheless the limited number of transcription factors 
present in a given cell could unlikely define the large spectrum of possibili-
ties of gene expression within a genome. Such a reductionist view would 
also fail to explain phenomena such as X chromosome inactivation where 
two possible identical copies have to be discriminated in the same cellular 
environment. Moreover a control based exclusively on transcription factors 
would imply that gene expression could be reversed by exposure of the cell 
nucleus to a new set of transcription factors.  Although aspects of gene ex-
pression can be reprogrammed in nuclear transplantation, some marks of 
differentiation are stable and will not be reversed even when they are ex-
posed to the cytoplasm of a different cell. The last decade has witnessed a 
drastic reorientation in our view of gene regulation by the recognition of the 
importance of epigenetics. Epigenetics refers to inheritable traits that are not 
encoded in the sequence of DNA, but also determined by factors “on top” of 
the DNA. These phenotypic states results from epigenetic modifications that 
can occur directly on the DNA or on the associated structural proteins. 
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The aim of this thesis has been the analysis of some aspects of mammal-
ian epigenetic regulation using the mouse model system.  

 Gene regulation and chromatin 

   Gene regulation can occur at several different levels, but in all organisms, 
from bacteria to mammals it is the initiation of transcription that is the most 
pervasively regulated step. 

The traditional view describes transcription as the result of the association 
of the multicomponent transcriptional complex to core promoter sequences. 
The efficiency of the process is controlled by the interaction of activators 
and repressors-DNA binding proteins that act at regulatory cis-elements to 
either stimulate transcription like enhancers or repress it as in the case of 
silencers. 
Such a scenario would not be too dissimilar from what can be observed al-
ready in bacteria and clearly represents an oversimplification. We know that 
transcriptional regulation is a much more complex phenomenon in eukaryote 
cells, where the transcriptional machinery has to deal with a more complex 
substrate than just a static DNA sequence, the chromatin. 
This increased complexity provides the cell with new opportunities for regu-
lation. Hereafter I will therefore mainly focus on the influence of epigenetic 
modifications and their resulting chromatin states on gene expression.  

Chromatin structure 

The huge genome of a eukaryote cell is fitted in a nucleus of only a few mi-
crometers. This is achieved by packaging the DNA into a complex, multi-
level nucleoprotein structure, the chromatin (fig. 1). The most abundant of 
chromatin proteins are the histones, a class of evolutionary conserved pro-
teins that are assembled on the DNA to give the basic building block of 
chromatin, the nucleosome.  Here the DNA is wrapped around a histone 
octamer (comprised of two copies each of histone H2A, H2B, H3 and H4) 
into almost two superhelical turns (147 bp). 

At a first level of organization the chromatin is assembled as a bead-on-a-
string nucleosome array where the nucleosomes are separated by naked 
DNA, the linker. The nucleosome occludes much of the surface of the DNA 
that is wrapped around it and carries therefore a regulatory potential by lim-
iting the access of binding factors.  In particular restricting the nucleosome 
position is a well documented mechanism that regulates gene expression. 
Typically positioning a nucleosome allows a binding site to be available in 
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the accessible linker region. A good example is the transcribed HPRT pro-
moter on the active X-chromosome where nucleosomes occupy defined posi-
tions leaving transcription binding sites accessible. In contrast the promoter 
on the inactive X-chromosome is blocked by the random disposition of the 
nucleosomes (1). Although the factors that determine nucleosome position-
ing remain largely unknown, mobilization of nucleosomes on the DNA re-
quires the action of a class of proteins known as ATP-dependent chromatin 
remodelers that are able to alter histone-DNA interaction leading to the relo-
cation of the histone octamer in cis or in trans. 

Nucleosome remodelling factors are complexes of between two and 
twelve subunits. Their common denominator is the ATPase subunit of the 
Swi2/Snf2 family of ATPases (2), and they are organized in several subfami-
lies according to sequence similarity outside of their ATPase domain (3). 
ATP-dependent remodelling is a fundamental process involved in all major 
reactions with chromatin substrates. The rearrangement of the nucleosomal 
template has obviously a profound impact on gene activity and regulates 
vital aspects of the cell cycle (4), cell differentiation (5) and ultimately the 
development of multicellular organisms. 

The linear nucleosome structure is further organized in higher order struc-
tures, characterized by a varying degree of compaction and accessibility. 
This varying level of compaction results in three functionally distinct varie-
ties of chromatin: euchromatin, constitutive heterochromatin, facultative 
heterochromatin.

Euchromatin describes regions in the nucleus that contain actively tran-
scribed genes and have a more “open” structure with nucleosomes that are 
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loosely or irregularly packed. Constitutive heterochromatin is constituted by 
highly condensed regions of the genome often comprising repetitive DNA 
and is generally thought as gene poor and represents a strong repressing en-
vironment for transcription. Facultative heterochromatin describes a previ-
ously permissive chromatin environment that is subjected to silencing (when 
a gene is shut-off through subsequent cell generations). 

Different levels of compaction are characterized by different epigenetic 
modifications of the histones and on the DNA.  

Histone post-translational modifications 

Every histone is capable of several post-translational modifications, mainly 
in their amino terminal tail. These include acetylation, methylation, 
phosporylation, ubiquitination. 

Such modifications are functionally highly relevant as they can create or 
stabilise binding sites for regulatory proteins involved in transcription, 
chromatin condensation or DNA repair. Other modifications have opposite 
effect, leading instead to disruption or occlusion of such chromatin sites. As 
a consequence some modifications can co-exist and work sequentially, while 
others are mutually exclusive. As an example, methylation of lysine 4 on 
histone H3 (K4 H3), acetylation of lysine 14 on the same histone (K14 H3) 
and phosporylation of serine 10 H3 (S10 H3), are all associated with tran-
scriptional activation and incompatible with lysine 9 methylation of H3 as-
sociated instead with transcription inhibition. 

The different histone modifications, on one or more tails, act in combina-
tion or sequentially to form a “histone code” that can be read by particular 
classes of proteins containing specific interacting domains (bromodomains 
and chromodomains). These molecules will then initiate the various biologi-
cal responses like transcriptional repression or activation, chromatin conden-
sation/decondensation or DNA repair (6). 

Histone Acetylation 

Acetylation of the -amino group of lysines residues occurs on the four his-
tones at several locations. 
The acetylation reaction is catalyzed by enzymes known as histone acetyl-
transferases (HATs) organized in several families displaying different 
mechanisms of catalysis and substrate specificity. Most HATs participate in 
huge multiprotein complexes. 

This modification was early associated with transcriptionally active chro-
matin. Acetylation is thought to reduce the overall positive charge of the 
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histones tails decreasing their affinity to the negatively charged DNA back-
bone. This results in a loosening up of the chromatin and in an increased 
accessibility for transcriptional factors. 

However acetyl-lysine residues constitute themselves a signal for other 
proteins involved in regulating transcription. In most cases these proteins 
contains a bromodomain as in the example of a TFIID component and are 
often part of multiprotein complexes containing themselves an acetyltrans-
ferase. Such complexes, like for example PCAF, facilitate therefore the 
maintenance of the acetylated chromatin. 

Histone acetylation is a reversible modification and the removal of the 
acetyl groups is catalyzed by histone deacetylases (HDACs). This reaction 
results in a reduction of the space between the DNA and the nucleosome that 
diminishes accessibility for transcription factors and modifies the chromatin 
towards a more closed structure. 

There are three major families of mammalian HDACs (I-III) based on 
homology to their yeast counterparts.  These enzymes are found in vivo in 
multiprotein complexes with clear co-repressor activity such as SinA3 and 
MeCP2 (7).

Histone Methylation 

This covalent modification is found in lysine and arginine residues mainly of 
histones H3 and H4. 

The lysine residual is methylable in 3 positions, even simultaneously, and 
the arginine residue can exist in a mono- or dimethylated form. Methylation 
has therefore a larger combinatorial potential compared with other modifica-
tions, which is reflected by the broader biological readout conferred to these 
modified residues. 

Methylation of K4, K36 and K79 on histone H3 is associated to euchro-
matic areas and correlates with transcription activation (8). As we have seen 
for the case of Acetylation, this modification can create a sort of “landing 
pad” for proteins that act as effectors targeting other functionalities that con-
tributes to change the transcriptional competence of the chromatin. This has 
been shown for example for K4 methylation that acts as a signal for the 
chromodomain containing protein Chd1p which recruits an acetyltransferase
to activate transcription (9). 

Modification of K9 on histone H3 (mainly the trimetylation) favours the 
formation of heterochromatin by functioning as a mark for the recruitment of 
the heterochromatin protein 1 (HP1). The mono and dimethylated forms are 
instead implicated in the Rb-dependent transcriptional repression of euchro-
matic genes (10) and in the establishment of facultative chromatin in the 
mammalian inactivated X chromosome (11, 12). Methylation at K27 H3 is 



12

another signal for stable epigenetic silencing and acts as via recruitment of 
the Polycomb Repressive Complex (PRC1). 

The methylation reaction is catalyzed by enzymes known as histone me-
thyltransferases (HMTs). These enzymes are specific for the specific resi-
dues and they differ in the ability to perform a full or only partial modifica-
tion (13). 

Methylation can occur also at arginine residues and is catalyzed by pro-
tein arginine methyltransferases (PMRTs). Arginines can be mono and di-
methylated and this modification correlates with transcription activation (14, 
15). It was believed that methylation was an irreversible mark that could be 
removed only together with the whole histone, however recently demethy-
lase activities have been discovered for some specific methylation statuses. It 
is for example the case of the lysine demethylase LSD1 (16). Phosphorila-
tion is another reversible modification that occurs mainly at serine residues 
of histone H3. Again modification of different residues and their different 
combinations have different readouts (17, 18). The -amino groups of lysines 
residues are also subjected to ubiquitination. The large size of this reversible 
modification is thought to affect the nucleosomal structure and the packag-
ing of the chromatin (19).  Generally it is associated with increased gene 
expression.

Functional chromatin organization. Domains and 
boundaries

The precise spatial and temporal pattern of expression requires that a gene is 
protected from the influence of its chromatin neighbourhood. It is known 
that chromatin states have the potential to spread into neighbouring se-
quences. This is clearly observed in transgenic cells or animals where inte-
grated sequences are subjected to position effect silencing (20, 21). On the 
other hand regulatory elements like enhancers have the potential to act over 
long distances and appear to be promiscuous having the potential to activate 
non target genes.

It is has become clear that this potential regulatory chaos is overcome by 
the organization of genes and gene clusters into independent structural and 
functional chromatin domains. These are organized through the establish-
ment of chromatin boundaries or insulators. 

Boundaries are established by two types of elements (22). In one case 
these elements have a barrier activity and prevent the spreading of repressive 
chromatin keeping adjacent domains of active and inactive chromatin dis-
tinct; in the second case the elements show enhancer blocking activity and 
prevent the promoter-enhancer communication when positioned between 
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them. Some boundary elements can act both as barriers and as enhancer 
blocking elements while others acts mainly as barriers. 

Boundary elements were first discovered in drosophila with the scs and 
scs’ elements at the hsp70 locus (23). It has been shown that enhancer block-
ing requires the binding of specific factors on the insulator; this is for exam-
ple the case of the drosophila gipsy element that binds to the factor Su(Hw) 
(24), the chicken -globin HS4 insulator and the mouse and human H19 
imprinting control region (ICR) that bind the 11 zinc finger protein CTCF 
(25, 26, 27).

The barrier and the enhancer-blocking activity have been shown to be 
separable: in the chicken HS4 element the enhancer blocking depends on a 
single binding site for CTCF, whereas the barrier function requires other 
proteins (28, 29, and 30).

It is not yet clear how the barrier activity is achieved although several 
mechanisms are envisaged: creation of a nucleosome gap, histone code ma-
nipulation and histone masking, all mechanisms that would interrupt with the 
continuity of the chromatin substrate required by a propagating machinery. 

The enhancer blocking activity exhibited by insulators needs further elu-
cidation as well. Obviously every attempt to propose a mechanism has to 
explain first how enhancers are able to influence the transcription of promot-
ers at a distance. Different models have been proposed during the years that 
basically fall in two categories, one category that involves physical contact 
between these elements and a second where a signal is propagated from the 
enhancer to the promoter without any physical contact between the elements. 
The utilization of newly developed techniques (chromatin conformation 
capture) that allows to estimate the proximity of separated genomic region in 
vivo, indicates that physical contacts between enhancers and promoters  are 
really taking place (31, 32). 

 In one model the insulator is thought to work as a decoy sequestering the 
enhancer and preventing it from communicating with the promoter. Other 
models imply the tethering to elements or structures in the nucleus. This has 
been demonstrated for the chicken HS4 element that is found to be bound to 
the nucleolar periphery in human cells (33, 34, 35), and in the case of the 
gipsy element where several enhancer blocking elements are tethered to the 
same foci leading to loop formations (36). This could lead to torsional and 
steric interferences that prevent the enhancers from interacting with promot-
ers outside of their loop.
A loop formation has been proposed also for the mouse H19 ICR, but this 
will be discussed separately. 

The association to nuclear substructures is significant considering that is 
has been known for some time that gene positions in the nucleus often reflect 
their activity state (37, 38, 39). 
Insulators appear therefore as true landmarks of chromatin functional or-
ganization: they define autonomous domains and they counteract regulatory 
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communication between adjacent domains; they guarantee specificity of 
enhancer promoter interactions and act as genome organizers participating in 
nuclear organization.

DNA Methylation 

Methylation of the 5’carbon of the pyrimidine ring of cytosine in DNA is the 
main modification of the genome in vertebrates. 

In mammals cytosine methylation occurs in the context of the CpG dinu-
cleotide sequences. CpGs are relatively infrequent in the genome with the 
exception of regions of variable length (0.5-2 Kbs), known as CpG islands. 
Most CpG islands are coincident with the promoter of protein-coding genes 
and are generally unmethylated in contrast with the remaining CpGs of the 
genome where a degree of 70 to 80% methylation can be observed. 

The establishment and maintenance of CpG methylation is operated by a 
set of enzymes known as DNA methyltransferases (Dnmts), represented in 
three families numbered in order of their discovery (figure 2). These en-
zymes show an organization in two domains, one N-terminal regulatory do-
main and one C-terminal domain with catalytic functions. 

Dnmt1

This is the first Dnmt identified and is a 193 KD protein that shows an up to 
30-fold preference for hemimethylated substrates (40). Due to this property 
Dnmt1 has been proposed and is considered as the enzyme responsible for 
the clonal inheritance of methylation patterns following replication.  In addi-
tion to the ubiquitously expressed full-length form, sex-specific promoters 
transcribe shorter variants of the protein: the Dnmt1p in male germ cells 
with still unknown function, and the oocyte-specific form Dnmt1o, shown to 
be implicated in the maintenance at imprinting loci during early develop-
ment (41). 

Dnmt2

Searches of est databases led to the identification of Dnmt2 soon after the 
identification of Dnmt1 (42). In spite of this it remains the most enigmatic of 
the methyltransferases so far identified as, although ubiquitously expressed 
in most mouse and human tissues, only a very weak activity has been dem-
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onstrated in vivo (43).  Furthermore homozygous mice for a null mutation 
are viable and show normal levels of methylation (44).  

Dnmt3

This family comprises 3 members and their isoforms. Dnmt3a and Dnmt3b 
are two closely related proteins both showing a preference for unmethylated 
CpGs. This led very early to their assignment as the enzymes responsible for 
de novo methylation (45, 46). Due to differences in their catalytic domains 
the two enzymes are thought to differ mechanistically as it suggested from 
their apparent targets. Dnmt3b is known to be implicated in the methylation 
of CpG rich regions of the genome like the pericentromeric repeats (47) 
while Dnmt3a appears implicated in de novo methylation at single genetic 
locations (48). Moreover Dnmt3a is the major in adult tissues where it colo-
calizes with heterochromatic sequences while its isoform Dnmt3a2 is the 
major form during embryogenesis where it localizes with euchromatin (49). 
The third member of the family is Dnmt3L. Despite a clear homology with 
the other members of the family, this protein does not seem to be able to 
methylate DNA by its own, but is expressed together with Dnmt3a and 
Dnmt3b during gametogenesis (48) and embryogenesis and is proposed to 
coadiuvate these enzymes in de novo methylation. Both Dnmt3a and 
Dnmt3L are for example essential for the establishment of imprinted regions 
in oocytes (48). 

Swi2/Snf2 Helicase homologues 
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Cytosine methylation is also influenced by some members of the Swi2/Snf2 
family of ATP-dependent chromatin-remodeling factors. DDM1 was the first 
of these factors whose involvement in DNA methylation was characterized.  
It was shown in A. thaliana that plants mutants for DDM1 show a 70% de-
crease in methylation, primarily at repetitive DNA (50).

Mutations in the mammalian homologue of DDM1, the lymphoid specific 
helicase (Lsh) cause similar effects in mice. Lsh mutant mice die perinatally 
and show a 50 % reduction in cytosine methylation at repetitive sequences 
and single copy genes (51, 52). 

Mutations in another member of the Swi2/Snf2 family, ATRX, lead to 
demethylation of several repeated sequences, including the rDNA arrays, 
subtelomeric repeats and a Y-specific satellite (53, 54). 

DNA methylation and development 

  The tissue-specific methylation patterns are established during embryo-
genesis through a highly regulated process that involves de novo methylation 
and demethylation and are transmitted in a clonal fashion from cell to cell 
(figure 3). 

In the mouse development these changes start during early development 
with a genome-wide demethylation in the preimplantation stage. The process 
initiates on the developing male pronucleous and within 6 hours the fully 
formed pronucleous is highly demethylated (55). The rapidity of such an 
event must require some still unknown active demethylation mechanism. 
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Beginning at the two-cell stage, the remaining methylation (mainly mater-
nal) progressively decreases reaching its lowest levels at the blastula stage. 
This event is probably achieved through a passive demethylation, due to the 
progressive exclusion of Dnmt1 from the nucleus (56, 57). 

Shortly after implantation a wave of de novo methylation takes place re-
sulting in a rapid increase of the genomic methylation levels during postim-
plantation development (58). 
Reprogramming of DNA methylation patterns also occur during the devel-
opment of Primordial germ cells (PGCs) during gametogenesis. These cells 
are recruited from the epiblast and localize at the base of the allantois at 7.5 
dpc; being initially highly methylated they rapidly start to loose their methy-
lation from around 8 dpc.

 The process is still ongoing at the time the PGCs colonize their final des-
tination in the genital ridge at 10.5 dpc. Here the PGCs continue to prolifer-
ate and by 12.5 dpc most sequences in both genders are demethylated. Suc-
cessively both male and female gametes are arrested (59, 60). The reacquisi-
tion of DNA methylation in males takes place before birth (61, 62) and for 
many sequences is completed postnatally, while for in the female germline 
de novo methylation occurs after birth in growing oocytes (63). 

The fundamental importance of DNA methylation during development is 
evidenced by the various targeting experiments disrupting the Dnmt loci. 
Embryos homozygous for Dnmt1 null mutations do not survive midgestation 
(64), while Dnmt3b and Dnmt3a null mice die at 4 weeks and 18.5 dpc re-
spectively. Moreover Dnmt3a/3b double mutants are even more severely 
affected and die between 8.5 and 9.5 dpc (46).

Methylation and Gene Expression

   In an evolutionary perspective DNA methylation is thought to have origi-
nally evolved as a host defence system where the methylation of exogenous 
DNA (transposable elements, viruses) would have prevented their spreading 
in the genome by repressing their expression. 

This correlation between methylation and silencing has been strengthened 
during the years by many lines of evidence and is now a very well estab-
lished concept. The main focus lies today in understanding the molecular 
basis of this correlation. 

The first possibility to be investigated was that DNA methylation could 
directly interfere with the binding of transcriptional factors. Indeed this was 
proven to be the case for several factors like for example NFkB, Ap2, E2F. 

However this is far from always the case, as indicated by the example of 
Sp1 that binds the DNA and facilitate transcription even in the presence of 
methylation (65). An even more interesting example came from CTF, the 
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acetyltransferase transcription factor. In this case in spite of the lack of any 
effect on the binding in vitro, the methylation of the site reduces the activity 
in vivo (66). This discrepancy clearly suggests the existence of more elabo-
rate repression mechanisms. 

Surprisingly, for long time, DNA methylation studies have not addressed 
the question of how chromatin structure might affect gene function and only 
relatively recently their mechanistic links are being unravelled. 

A major breakthrough has come from the discovery of the methyl-binding 
protein MeCP2 (67). This protein contains a methyl binding domain (MBD) 
and a transcriptional repressory domain (TRD) thanks to which it binds to 
the methylated DNA and targets a multiprotein complex containing the 
corepressor Sin3A and two deacetylases (HDAC1/2) causing deacetylation 
and transcriptional activation (68).  Searches of EST databases using the 
MBD domain have led to the identification of four additional MBD proteins: 
MBD1-4 (69). Ten years after its discovery also another protein,  MeCP1,  
has turned out to be a multiprotein histone deacetylase complex composed of 
ten components including two MBD2 and MBD3 (70).

Very interestingly, DNA methyltransferases themselves have been found 
to be part of part of histone deacetylase repressory complexes. Dnmt3a binds 
to deacetylases and is recruited in a sequence specific manner by the DNA 
binding protein RP58 to silence transcription (71). These interactions sug-
gest that the flow of epigenetic information may be bidirectional and self-
reinforcing (figure 4). 

.

DNA methylation is even able to cross-talk with histone methylation. Obser-
vations made in fungi, plants and mammals indicates that methylation at 
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lysine 9 of histone H3 constitutes a signal for DNA methylation (72, 73, 74). 
These kinds of observations have led to the proposal that DNA methylation 
is a secondary event in gene silencing. Nevertheless there is evidence that 
DNA methylation exerts at least a positive feedback on lysine methylation. It 
has been reported that MBD proteins might favour H3K9 methylation in the 
vicinity of the methylated genes that they regulate (75, 76). This, together
with the existence of HMTs with potential methyl-CpG-binding domains 
opens up the possibility that these enzymes may be directly recruited to the 
sites of methylation (77-82).

DNA Demethylation

As we have seen the genome undergoes cycles of demethylation and re-
methylation at various stages of an organism’s life cycle. As mentioned, 
parts of the enzymology behind the steps of acquisition and maintenance of 
DNA methylation have been described.  The same does not go for the re-
verse process that leads to demethylation of genomic regions. While it is 
clear that this occurs at many stages by a passive mechanism (the methyla-
tion patterns are not maintained) there are some steps were an active mecha-
nism must take place. It is for example the case of the rapid demethylation 
observed on the paternal genome in the early embryo (a function that is as-
cribed to the oocyte as it is able to reprogram transplanted somatic nuclei). 
The enzymes responsible for an active demethylation have been elusive, 
however some mechanisms have been proposed. Direct removal of the 
methyl group from the cytidine ring by MBD2 has been claimed (83), but
could not be confirmed in separate works (84). Other mechanisms involve 
the removal of the whole base and requires DNA repair. Dna glycosylases 
like thymine DNA glycosylase (TDG) and MBD4 normally repair T:G mis-
matches thought to originate from spontaneous deamination of 5meC, lead-
ing to base pair excision repair (85). Interestingly it has been shown that 
cytidine deaminases can deaminate 5meC to tymidine and that these en-
zymes are expressed in oocytes and in germ cells (86, 87). 

DNA methylation and diseases 

The importance of DNA methylation is clearly reflected in the large number 
of diseases, including cancer, that occur when the normal patterns of this 
modification are altered. 

ICF (immunodeficiency, centromeric instability and facial anomaly) syn-
drome is linked to mutations in the human DNMT3B gene leading to hy-
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pomethylation of the normally methylated repetitive sequences (88). Fragile-
X syndrome is one of the most common forms of inherited mental retarda-
tion. The X-linked gene that is associated with the disease, FMR 1 (fragile-X 
mental retardation), contains stretches of CGG repeats which length is am-
plified compared to normal individuals. In addition the CpG island present at 
the 5’-end of the gene is abnormally methylated and deacetylated leading to 
silencing of the gene (89, 90).

In other cases diseases are indirectly linked to DNA methylation.
Another syndrome manifested in mental retardation is the X-linked Rett 
syndrome that is originated by mutations in the MeCP2 gene (91). 
Epigenetic changes can also have a major role in the development of human 
cancers. There is a consensus that human carcinomas are associated with an 
overall decrease in genome-wide DNA methylation, with the exception of 
tumor suppressor genes that become hypermethylated leading to gene silenc-
ing. Hypomethylation could lead to the reactivation of oncogenes. Decreased 
methylation of repetitive sequences in the satellite DNA of the pericentric 
region of chromosomes is associated with increased chromosomal rear-
rangements, another hallmark of cancer. Inappropriate de novo methylation, 
on the other hand, can lead to silencing of tumor-suppressor genes; it has 
also been reported that the hypermethylation profile is specific to the tumor 
type (92). 
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Genomic Imprinting 

   Genomic imprinting is a fascinating form of gene regulation in which the 
two alleles of a locus are distinguished by their parental origin (93). Besides 
genotypic differences the two alleles of a gene are generally indistinguish-
able in somatic tissue of the organism. In the case of imprinting, the alleles 
are distinguished by epigenetic marks (imprints) established in the germlines 
of the parents and transmitted to the embryo. 

One discernible manifestation of this phenomenon is a difference in ex-
pression between the two alleles. This role in governing the level of allelic 
activity is an absolute requirement in normal mammalian embryogenesis 
(94). To date around 80 imprinted genes are known, but many more have 
been predicted (95).

Evolutionarily, genomic imprinting seems to have appeared some 150 
million years ago at the time when monotremes and therian mammals di-
verged.
Several imprinted genes are involved in the control of embryonic or placen-
tal development (Igf2, Igf2R, Ins2, Rasgrf1 Mash2, Igf2), in brain develop-
ment and in maternal behaviour (Peg3/Mest). Interestingly paternal ex-
pressed genes tend to promote growth, while maternal expressed genes have 
the opposite effect. This observations seem to support the so called “parental 
conflict theory” (96). According to this theory, the evolution of imprinted 
genes is the result of a conflict between the paternal and maternal genomes 
regarding the amount of nutrients allocated to the embryo. In this sense, the 
interest of the father would be to favour the growth of the embryo, even at 
the expense of the mother and of future progenies, while oppositely the in-
terest of the mother would be limit the growth saving its resources for future 
progenies. In other words the expression of genes that encourage the extrac-
tion of resources from the mother should be favoured by the paternally-
derived genome, whilst the expression of genes that oppose this will be fa-
voured in the maternally-derived genome.
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Distinctive features of imprinted genes 

Most mammalian imprinted genes are organized in clusters over large sub-
chromosomal domains and are often regulated by common regulatory ele-
ments (97).  So far no specific sequences or structures that always and only 
specify imprinting have been found. However most imprinted genes are as-
sociated with differentially methylated regions (DMRs). As we will soon 
discuss in more detail, the methylation of these elements during gameto-
genesis is believed to be the imprinting mark that will later distinguishes the 
two alleles in the soma. 

Many imprinted genes contain tandem repeats that can be differentially 
methylated in male and female germ lines. As these sequences are often 
located in the proximity of DMRs it is thought that they may have a role in 
their methylation (98, 99).

Epigenetic regulation of imprinted genes 

The differential expression of the two alleles of a gene in the same cellular 
context clearly invokes the participation of differential epigenetic modifica-
tions among the two copies. 

DNA methylation 

In the late 80s it was shown that expression of a transgene could be regulated 
by acquisition of methylation in the parental gametes and it appeared clear 
that this modification had a major role in mammalian parental imprinting.  
Successively this observation was corroborated by the discovery of differen-
tially methylated regions in several imprinted genes and by the observation 
that a DNA inhibitor, the 5-azacytidine, perturbs the imprinted status of sev-
eral genes (100). The strongest argument in favour of the role of DNA me-
thylation was provided by the observation that imprinted expression of many 
genes is lost in  Dnmt1-/- mouse embryos (101, 102). More recently it has 
also been shown that overexpression of Dnmt1 causes loss of imprinting 
(LOI) of some genes due to biallelic methylation (103).
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Histone modification 

Accumulating evidences suggests that imprinted loci harbour different 
chromatin structures and different histone modification patterns on each 
parental allele. Differential acetylation has been observed among others in 
the case of Igf2/H19 and Snrpn (104, 105). As a general rule the unmethy-
lated (i.e. DNA methylation) allele is also acetylated and decompacted, 
compared to the methylated and deacetylated repressed allele. 

The presence of differential histone methylation associated to the alleles 
of imprinted genes is also described in the literature (106). The correlation 
between this modifications and expression is basically the same as already 
described when we have discussed histone modification in general. Methyla-
tion of lysine 9 on H3 is generally associated with the methylated and re-
pressed allele, while methylation of K4 H3 is generally present on the un-
methylated active allele. 

The main question remains  today to understand what role histone modifi-
cations play in the establishment of imprinting and if hey can act as primary 
imprinting marks, or if they are only established after DNA methylation. 

Asynchronous replication timing

Replication of DNA in eukaryotic cells follows a precise temporal pro-
gramme according to which some sequences are replicated earlier than oth-
ers during the S phase. Generally the replication timing can be correlated to 
a specific transcriptional competence; regions with more open chromatin and 
transcriptionally active, tend to replicate earlier (107, 108). 

Imprinted genes are particularly interesting from this perspective because 
it has been shown that two alleles can replicate asynchronously. Initial ob-
servations where made in H19, Igf2 and Snrpn genes (109), and on the hu-
man PWS/AS locus (110) (in these cases the paternal allele replicated ear-
lier). 
Very interestingly the asynchrony was abolished at the human PWS/AS lo-
cus or at the Igf2/H19 locus when their imprinting centres were deleted 
(111). The emerging picture is that replication timing is regulated at the level 
of entire domains rather than having a direct causative correlation with the 
transcriptional competence of specific individual genes (112).

 Such a scenario suggests a model where some features of the long range, 
higher order chromatin structure is also the most important determinant of 
replication timing. 
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Imprinting cycle 

The parental imprints that constitute the molecular basis of the genomic im-
printing phenomena undergo a cycle that allows their epigenetic reprogram-
ming at each generation. 

In other words the imprinting marks need to be erased and re-established 
in the germ line to be transmitted to the next generation according to the sex 
of the individual. 
The re-established epigenetic modifications are then maintained and read 
during cell divisions in the embryo to constitute functional imprints leading 
to monoallelic repression. 
Schematically the genomic imprinting cycle can therefore be divided in dif-
ferent phases: erasure, establishment, maintenance and reading/manifestation
of the imprint. 

Erasure

This stage of the cycle takes place in the primordial germ cells (PGCs). Here 
the epigenetic imprints are erased before being reprogrammed according to 
the identity of the gamete. The PGCs’ genome undergoes a global demethy-
lation resulting in the erasure of methylation at imprinted loci from the time 
of colonization of the differentiating genital ridges, between 10 dpc and 13.5 
dpc (60, 62, 113). 

The molecular mechanisms are still unknown but it seems likely that 
such a rapid event involves an active demethylation mechanism.  
This observation has been confirmed by nuclear transfer experiments, in 
which single cells from 11.5 to 13.5 dpc were used to produce cloned em-
bryos. The imprinting status of the resulting embryos again suggests that the 
erasure of the imprints proceeds from 10.5 dpc and is completed at 13.5 dpc. 
It was observed that timing of the erasure is precisely regulated and varies 
between different genes, and is correlated with erasure of DNA methylation 
(114-116).

Establishment

The modifications necessary to keep the epigenetic memory of the parental 
origin of the alleles throughout development in somatic cells are established 
at the only time when the two alleles are separated and that is in the germli-
nes. These epigenetic modifications can be defined as “primary imprinting 
marks”. DNA methylation represents in this perspective a good candidate for 
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the majority of known imprinted genes as their differential methylation pat-
terns are indeed acquired at late stages of germ cell development. 

In many cases the primary imprinting marks are carried by an imprinting 
centre (IC). Imprinting centres are sequences of a few kilobases that regulate 
the imprinting of several genes over long distances. 

Two examples of imprinting centres are located in the distal part of 
mouse chromosome 7, which includes the Cdkn1c, Igf2 and H19 genes. The 
KVDMR1 located in intron 10 of the Kvlqt1 gene is specifically methylated 
on the maternal allele and induces the silencing of several genes on the pa-
ternal allele (117). 

 The second IC is located 2 kb upstream of the H19 gene and is methy-
lated on the paternal allele. This IC, known as H19 imprinting control region 
(ICR) controls the reciprocal imprinting of the IGf2 and H19 genes. 

It has been shown that establishment of primary methylation marks at ICs 
may also require other regulatory elements. One example is the case of the 
Rasgrf1 locus where the paternal methylation on the IC is controlled by a 
repeat sequence in cis (118).

The timing of acquisition of the methylation marks differs between the 
male and female germlines in mouse. In the male the acquisition of the me-
thylation mark at the H19 ICR starts before birth in mitotically arrested 
prospermatogonia between 13.5 dpc and 18.5 dpc and is completed postna-
tally by the pachytene stage of meiosis (62).

Methylation acquisition in the female ICs occurs in contrast only after 
birth, during the maturation of the oocytes. Although there are some differ-
ences for the different loci examined, in all cases acquisition seems to be 
completed by the metaphase II stage (119). 

Another complicating, but very interesting aspect of methylation acquisi-
tion is the observation that the dynamics of this process are not equivalent 
for the two alleles. The methylation at the H19 ICR in the male germ cells 
for example, is first reacquired on the paternally inherited allele while the 
reacquisition on the maternally derived allele is a later event that continues 
after birth (62). 

Similarly in the female germ line the Snrpn ICR acquires methylation in 
growing oocytes on the maternally inherited allele but much later on the 
allele coming from the father (119).  

Factors involved in imprinting acquisition 

The occurrence of methylation acquisition during the time of germ cell de-
velopment suggests the existence of germ line specific protein factors in-
volved in this process. 
De novo methyltransferases and their targeting to specific sites must obvi-
ously play a very important role. We have already mentioned how DNMT3a 
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is essential for the acquisition of maternal imprint, and also the importance 
of its interaction with DNMT3L as evidenced in Dnmt3l-/- mice where a 
complete absence of maternal methylation at ICs is observed. Meanwhile the 
involvement of DNMT3L seems to be less critical for the methylation of ICs 
in the male germline (63, 120, 121). 

Another and not less important aspect of differential methylation acquisi-
tion is how the ICs are protected against methylation in one germ cell but not 
in the other. 
Again this could result from the existence of germ line specific factors that 
may be able to interfere with the methylation machinery at different levels. 
One possibility could be a direct physical protection preventing access to the 
methylation machinery alternatively these factors could be involved in the 
formation of higher-order chromatin conformation and/or in the relocation of 
the sequences in the nucleus rendering them unavailable for the methylation 
machinery.  

Among these factors CTCF has been reported to protect the H19 ICR 
from becoming methylated in the female germline (122) although this is 
controversial considering an earlier work (123). Assuming the existence of 
such protective factors during germ cell development there would be a need 
for their removal in the germ line where the sequences that they bind have to 
be methylated. It is tempting to speculate that this problem could at least, in 
part, be related to the different timing in methylation acquisition observed 
between the two alleles within the same germline. 

This aspect is of particular interest in the case of the H19 ICR, especially 
after the discovery of a CTCF paralogue exclusively expressed during sper-
matogenesis  and named Boris (from brother of regulator of imprinted genes) 
(124). As Ctcf and Boris share the same zinc finger domain and potentially 
the same target site preference it is intriguing to envisage their involvement 
in the mechanism that will lead to the methylation of the H19 ICR during 
spermatogenesis. As we will soon discuss, apart from the report mentioning 
a protective role for CTCF in the oocytes, this factor has been shown to play 
a role in protection against methylation at the H19 ICR in somatic cells; 
therefore a possibility arise that the resetting of the methylation marks at the 
ICR during spermatogenesis would need some kind of Ctcf removal possibly 
via a switch with Boris. This possibility has been investigated here and con-
stitutes one main topic of this thesis.  

The differential timing in methylation acquisition between the two alleles 
opens also the interesting possibility that other epigenetic modifications may 
be involved earlier to identify which sequences need to become methylated. 

One possibility, given also their role in somatic cells, is the involvement 
of covalent histone modifications.  

Furthermore it has also been shown that asynchronous replication timing 
is established in the gametes and can be maintained in absence of DNA me-
thylation (125). Most probably the establishment of the primary genomic 
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imprints in the gametes is the result of the interplay between different epige-
netic modifications. The sequence and the hierarchy of such modifications is 
not necessarily the same for the different imprinted loci, and their elucida-
tion constitutes a great and stimulating challenge for the near future. 

Maintenance

Talking about methylation we have already mentioned the dramatic changes 
imposed on the genome during the early stages of development following 
fertilization of the oocyte 

Remarkably the ICs of imprinted genes are resistant both to the wave of 
genome-wide demethylation occurring during the preimplantation stage and 
to the global de novo methylation that takes place in postimplantation. It is 
still not well defined what factors are involved in the somatic maintenance of 
the differential methylation at the IC of imprinted genes. 

Obviously Dnmt1 and its early embryonic isoform, Dnmt1o are essential 
for the propagation of the methylated alleles (126, 127).  However many 
aspects needs to be clarified: for example Dnmt1o specifically maintains the 
methylation at imprinted loci during the transition from he 8- to 16-cell em-
bryo, but nothing is known about other factors that maintain the methylation 
imprints until the implantation stage is reached. 

Successively, following implantation the unmethylated ICs needs to be 
protected from being methylated. Although not completely defined there are 
interesting indications in the case of the H19 ICR. Several reports (among 
which one constituting part of this thesis) describe how the interaction of 
CTCF on the unmethylated ICR is a requirement for its protection from de 
novo methylation (123, 128).

Reading of the imprint 

The acquisition of functional imprints after fertilization involves the “read-
ing” of the imprinting marks established in the gametes, and result in addi-
tional epigenetic modifications that could be considered as secondary im-
printing marks. 

This process will finally lead to stable monoallelic expression of im-
printed genes in the embryo. 
Considering that most imprinted genes are clustered and considering that 
they are subjected to different spatio-temporal constraints, it is not surprising 
that monoallelic expression is achieved by means of different mechanisms.

One common scenario is provided by differential methylation of promot-
ers. In the simplest case the promoter constitutes also the IC (in other words 
it is methylated in the gamete) or, as for most imprinted genes, the methyla-
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tion of the promoter can be acquired in the embryo via spreading from the 
primary imprint. 

Other mechanisms involve the modulation of regulatory sequences. It is 
the case of the Igf2 gene where the intragenic DMR1 acts as a repressor on 
the maternal allele but is inactivated by methylation in mesodermal tissues 
on the paternal allele (129). In other cases the monoallelic expression results 
from the modulation of enhancer and silencer functions, as exemplified by 
the case of the H19 ICR insulator (discussed later). 

Numerous imprinted genes are associated and regulated by oppositely 
imprinted non-coding antisense RNA. The best characterized example is that 
of the AIR antisense transcript from the Igf2R locus. The AIR promoter is 
located in an intronic IC (unmethylated on the paternal allele) within the 
Igf2R gene. It has been shown that the AIR transcript (or its transcription) is 
required for paternal repression, not only of Igf2R, but also for two flanking 
genes in the placenta (130). The mechanism of this kind of regulation is still 
unclear, and it is surprising that the repressive effect of the antisense tran-
script extends even to non-overlapping genes. The involvement of ncRNAs 
is reminiscent of X-chromosome inactivation so one possibility is that they 
could act in a way similar to that of the Xist RNA. Further investigation are 
needed in order to understand the mechanistic links between this two epige-
netic type of regulation 
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Regulation at the Igf2/H19 

IGF2 and H19 are two genes separated by ~100 kb from each other located 
in a cluster of imprinted genes at the distal end of chromosome 7. 

Igf2 encodes the insuline-like growth factor 2, while H19 encodes a non-
translated RNA whose function is not clear (figure 5). 

This two genes exhibit reciprocal imprinted expression: Igf2 is expressed 
from the paternal allele and H19 from the maternal allele. Their spatio-
temporal expression is strikingly similar, and takes predominantly place in 
the developing fetus, decreasing later during the first three weeks of postna-
tal development. 

The tissue-specific patterns of expression depend on a shared set of en-
hancers and in endodermal tissues the deletion of the enhancers located in 
3’of the H19 gene results in loss of both Igf2 and H19 expression (131). A 
differentially methylated region (methylated on the paternal allele) located 2 
kb upstream of the H19 gene has been target of intense investigation during 
recent years. Its function has been shown to be critical for the reciprocal 
imprinting status of the two loci. Deletion of a 1.6 kb fragment in this DMR 
leads for example to reactivation of H19 and loss of Igf2 expression upon 
paternal transmission. The paternal methylation at this region, also referred 
to as imprinting control region (ICR,) is now acknowledged as the primary 
imprinting mark. As mentioned earlier this methylation mark is erased in 
PGCs to be later re-established during spermatogenesis with different dy-
namics of reacquisition on the two alleles (62).  
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Having recognized the pivotal role of the ICR in the reciprocal imprinting 
of Igf2 and H19, the next issue has been to understand the mechanism by 
which these expression profiles are caused. 

Structural studies have mapped four DNase hypersensitive sites on the 
maternal allele in correspondence of short GC repeats (132). Further investi-
gation has shown that these sites are recognized by the insulator protein 
CTCF in a methylation sensitive manner and (27).

Based on these and similar observations a role for the ICR as an insulator 
was proposed:  in vitro studies using episomal minigene constructs con-
firmed the enhancer-blocking properties of the DMR. For the Igf2 gene the 
mechanism could be visualized as this: on the maternal allele the binding of 
CTCF to the ICR leads to the establishment of the insulator function, block-
ing the access of the Igf2 promoters to the enhancers located downstream of 
H19; on the paternal allele the methylation of the ICR prevents the CTCF 
binding and the setup of the insulator function, leaving the Igf2 promoters 
free to interact with the enhancers. The importance of the CTCF interaction 
on the ICR for the establishment of an active insulator is confirmed by in 
vivo studies where the maternal inheritance of point mutation of the CTCF 
target sites leads to reactivation of the silent maternal Igf2 gene (123, 128).

Concerning the H19 gene the role of the ICR is essential during early em-
bryogenesis for the acquisition of the methylation mark that will progres-
sively spread into the H19 promoter and gene, leading to the silencing of the 
paternal allele (133, 134).

Three other differentially methylated regions are present in Igf2. These 
are not primary DMRs in the sense that the methylation is acquired only 
during early postimplantation development. DMR0 overlaps with the placen-
tal promoter and is maternally methylated. DMR1 and 2 are paternally me-
thylated and contain a methylation-sensitive silencer and activator respec-
tively.

Very interestingly it has been observed that the deletion of DMR1 leads 
to reactivation of the maternal Igf2 even in the presence of a potentially 
functional insulator. Another interesting observation is that when the mater-
nal H19 ICR is deleted, the DMR1 and DMR2 becomes methylated on the 
otherwise unmethylated maternal alleles. It looks therefore as the unmethy-
lated maternal ICR is needed for methylation protection of the DMR1 and 2 

Considering the distances involved, this kind of data suggests the pres-
ence of direct physical contacts between the various elements by formation 
of chromatin loops. Accumulating evidence indicate the existence of such 
interactions that act under the control of epigenetic marks (135). This emerg-
ing scenario is starting to clarify the molecular basis of the insulator function 
at the Igf2/H19 loci but it provides also a first step in understanding the 
functional hierarchy between regulatory elements controlling whole gene 
clusters and how some sequences (like ICs) seem to be able to control the 
epigenetic marks at several loci.  
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Aims of the present investigation 

The works included in this thesis represent an investigation of the structural 
and functional properties of the mouse H19 Imprinting Control Region. 
Main focus is on the regulation of H19/Igf2 locus by the insulator protein 
CTCF and on the reprogramming of the ICR in the male germline. 
The possibility to improve existing methods for the analysis of chromatin 
templates was investigated was investigated and resulted in the development 
of a new technique. 
The specific aims of the investigations are outlined below: 

Does the chromatin organization of the H19 ICR influence its in-
sulator function? (paper I) 
Is the interaction of CTCF at the H19 ICR essential for the 
monoallelic expression of the imprinted genes Igf2 and H19 in 
vivo? (paper II) 
Does this interaction play a role in maintaining the methylation 
status of the H19 ICR? (paper II) 
Do the functions of the H19 ICR depend on additive effect of all 
the CTCF sites or can they be retained in the event of the loss of 
any of the site? (paper III) 
Which factors are involved in the transition from maternal to pa-
ternal imprint at the H19 ICR which takes place during spermato-
genesis? (paper IV) 
Can new tools with increased sensitivity, resolution and versatil-
ity be divised for the analysis of chromatin factors and their 
modifications? (paper V) 

.
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Results and discussion 

Paper I 

Previous reports revealed that some of the CTCF target sites in the mouse 
H19 ICR are flanked by positioned nucleosomes. Given the observation that 
these target sites have been shown to be necessary for the insulator function 
we decided to investigate how CTCF binding, nucleosome positioning fea-
ture and the insulator function are related to each other. 

It had been shown previously that the ICR sequences downstream of the 
BclI site are covered by positioned nucleosomes. Using indirect end label-
ling of Mnase digested chromatin from mouse liver we were able to show 
that this feature extends to the whole ICR including the portion 5’ to the BclI 
site. Successively we wanted to test if this was an intrinsic feature of the 5’ 
part of the ICR, so we made a construct by inserting a 1.4 kb sequence (from 
bp -3389 to -4798 from the cap site of H19 gene) in a previously described 
pREPH19A construct, transfected and propagated it in Hep3B cell line for 
two months. The chromatin analysis shows that although this region is or-
ganized in a nucleosomal structure these nucleosomes display no position-
ing.

This result indicates that nucleosome positioning sites must be restricted 
to the 3’ portion of the ICR, and allows us to exclude that the vector may 
contribute with any nucleosome positioning feature. The presence of two 
target sites even suggests that CTCF is not a nucleosome positioning factor. 

To analyze the positioning feature of the 3’ portion of the ICR we created 
mutated constructs with neutral fragments of 80, 160 or 240 bp inserted in 
the ICR and analyzed the chromatin structure following transfection and 
stable propagation in Hep3B cells. The elsewhere described pREPH19A 
vector was the basis for a modified pREPH19B (containing a wild type H19 
ICR between the SV40 enhancer and the promoter of the H19 gene) and all 
mutated pREPH19mutB vectors. 

The chromatin analysis of the pREPH19mutB1 construct, containing an 
80 bp insertion between the two NHSS sites of the 3’ICR showed a new 
distribution of the nucleosomes, but only downstream of the insertion. This 
was irrespective of the orientation of the insertion. The same results were 
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obtained with the 160 and 240 bp fragments inserted at the same site (con-
structs pREPH19mutB2 and 3 respectively). This observation suggested the 
presence of a nucleosome positioning signal upstream of the insertions 
(which we successively named NPS2). 

When the 80 bp fragment was inserted upstream of NHSS III no effect on 
nucleosome positioning could be seen on either side of the insertion. We 
identify therefore another nucleosome positioning signal (NPS1) as located 
close to the insertion.  

It is also interesting to note that in the case of the pREPmutB1 the rear-
rangement of the nucleosomes involves only a few nucleosomes. This is due 
to the presence downstream of a G-repeat sequence has been shown to have 
positioning properties and can therefore be identified as NPS3  

The insulator function of the H19 ICR requires a positioned nucleosome 
pattern.

It was earlier proposed that the insulator function is linked to the nu-
cleosome positioning observed at the H19 ICR. To address this issue we 
tested if the ICR retained the insulator function in the pREPmutB1 construct 
were NHSS IV is covered by a nucleosome. 

As it has been shown that both target site III and IV are separately capable 
of insulation it was necessary to generate the pREPH19mutB1* containing a 
mutated (and non functional) site III. 

Analysis of the reporter gene expression, after transfection and stable 
propagation, show a severely impaired insulator function compared with the 
control plasmids pREPH19A (with the wild type ICR) and pREPH19S1 
(with a point muted site 3). Very interestingly when the same analysis was 
performed in transiently transfected clones the insulator activity was re-
tained. 

These observations clearly shows that the positioning of the nucleosomes 
is required for an intact insulator function and suggests that a precise distri-
bution of the CTCF target sites in the linker regions may be critical. We 
wanted therefore to test if the presence of nucleosomes on the target sites of 
the ICR could prevent the binding of CTCF in a chromatin reconstitution 
assay. We reconstituted a 178 bp fragment with site 4 positioned in the mid-
dle. Very strikingly gel retardation assay confirmed the inability of the re-
constructed chromatin to bind CTCF compared to the free DNA fragments. 
Our paper establish a clear link between the insulator function and the chro-
matin structure at the  H19 ICR and indicates that the precise allocation of 
the CTCF target sites in the linker regions may play a critical role in this 
process.

Although this work does not address the mechanism governing the pre-
cise positioning of the nucleosomes it allows us to a series of considerations.  
Many lines of evidence for example seem to rule out a role for CTCF as a 
nucleosome positioning factor: we have already mentioned the absence of 
positioning in the 5’ ICR in spite of the presence of CTCF target sites; the 
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NPS does not include NHSS IV; the nucleosomes are positioned even in the 
pREPH19mutB*; the paternal allele, that does not exhibit the NHSS sites is 
also organized in positioned nucleosomes. 

The transient transfection data indicates that the strong binding affinity of 
CTCF to the DNA is able to outcompete the nucleosome. Nevertheless, these 
positions can be occupied by nucleosomes in stably propagated chromatin.  
It appears therefore as the interaction of CTCF at the ICR is a post-
replicative event. This is not a trivial observation as it implies that rear-
rangements of the chromatin, already at the “bead-on-a-string” level possess 
the potential to regulate the CTCF occupancy and possibly  thereby the insu-
lator function. 
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Paper II 

Showing that CTCF interacts only with the maternal allele and that the insu-
lator function is regulated by CpG methylation, previous works had sup-
ported the proposal that the complex between CTCF and the H19 ICR is 
responsible for the methylation-sensitive insulation of the maternal Igf2. 

In order to directly test this idea we generated a transgenic mouse line 
(named 142 from the positive clone) where we replaced the endogenous wild 
type with a mutant ICR through homologous recombination. The mutated 
ICR contained three CTCF target sites where the sequence GTGG was 
changed into ATAT (eliminating the nucleotide essential for the CTCF con-
tact). The mutations also create an EcoRV site useful to discriminate the 
mutant from the wild type allele during the analysis. Site 3 was ignored as it 
does not show any nuclease hypersensitivity or in vivo footprint.  

To test the effect of the mutations on CTCF binding in vivo we performed 
chromatin immunoprecipitations on formaldehyde cross-linked chromatin 
from E14.5 embryos of heterozygous crosses, followed by PCR amplifica-
tions. Using the polymorphic EcoRV site created by the mutation we were 
able to detect precipitation of the maternal wild-type allele only, while the 
mutated ICR could not be detected in either paternal or maternal inheritance 
indicating that the mutations abrogate the CTCF binding. 

To see how the presence of the mutations in the ICR affected the insulator 
function we analyzed next the imprinting status of the Igf2 and H19 genes. 
RT-PCRs were performed on tissues from 1 day old mice. The transmission 
of the mutation from the mother showed a clear activation of the Igf2 allele 
while no effect was observed in the paternal transmission. The imprinting 
status of the H19 gene remained unaltered. 

We next analysed whether the absence of CTCF would have any effect on 
the methylation status of the ICR. Analysis using the methylation-sensitive 
enzyme HhaI followed by southern blot hybridization with a probe covering 
all the 4 target sites were performed on parental alleles that were discrimi-
nated by a polymorphic site present on the mutated 142* allele but not in the 
wild type SD7 ICR. The results showed a substantial increase in the methy-
lation levels upon maternal inheritance. We confirmed this result by bisul-
phite sequencing of site 3 in heart and liver. 

Our work demonstrates two basic points: (i) intact CTCF target sites are 
needed to interpreter the differential methylation at the H19 ICR allowing 
the “reading” of the unmethylated state of the maternal ICR and thereby 
setting up and maintaining the insulator function that represses the maternal 
Igf2 allele; (ii) CTCF participate in maintaining a methylation free domain at 
the ICR in somatic cells. 
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An important consideration follows in regard to the establishment of the 
imprinting marks in the male germline that is that CTCF would need to be 
removed from the maternally derived H19 ICR during spermatogenesis.
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Paper III 

The mouse H19 harbours 4 binding sites for CTCF, and as we have shown, 
mutation of three of them leads to loss of the insulator function and loss of 
methylation protection. Next we investigated if these functions depend on 
some additive effect of all the CTCF sites or if they can be retained even in 
the event of the loss of any of the site. 

To answer to these questions we created a knock-in mouse with only one 
mutation at site 4 (line 121* from the clone number) 

The imprinted status of the Igf2 gene was assayed by RT-PCR in one-day 
neo-natal mice, both after maternal and paternal transmission of the muta-
tion. Contrary to the expectations, considering the ability of site 3 to act as a 
chromatin insulator in episomal assays, we observed biallelic expression of 
Igf2 upon maternal transmission of the mutated allele, while no changes 
were observed after paternal transmission. This loss of imprinting was con-
firmed by Northern blot analysis, that even showed a higher level of total 
Igf2 expression when the mutation is inherited maternally, consistent with 
biallelic expression. 

We reasoned that the loss of imprinting observed could possibly reflect a 
particularly high affinity of site 4 towards CTCF. We therefore performed 
competitive band shift assays were we labelled fragments containing site 1, 
site 3 or site 4 and tried to compete them out with a cold site 4 fragment. 
Surprisingly our experiments showed a higher affinity. Surprisingly our ex-
periments showed that the affinity of site 4 was weaker than those of site 1 
and 3 and can account for the LOI observed at the Igf2 locus. 

Considering that the mutation of site 4 leads to loss of the insulator func-
tion we wanted to analyse the methylation pattern of the ICR. Similarly to 
what we describe in paper II we analyzed DNA from neonatal tissues ob-
tained from reciprocal crosses between mutant and SD7 mice performing 
restriction digestion with the methylation sensitive enzyme HhaI followed by 
southern blot hybridizations.  Paternal transmission did not influence the 
normal methylation pattern of the ICR, but maternal transmission led to 
various degree of gain of methylation on the maternal allele depending on 
the tissue analyzed. The strongest effect was observed in heart, lung and 
muscle tissue, a moderate acquisition of methylation in liver and kidney 
tissue while no effect was seen in brain.  

We further analyzed the methylation changes in the maternally derived 
mutant ICR in greater detail using bisulphite mutagenesis. As expected site 4 
showed gain of methylation, again to a varying degree according to the type 
of tissue, but more surprisingly we observed a clear gain of methylation at 
site 3, in some case even in association to an unmethylated site 4. 

As our results seemed to point in that direction we wanted to try the pos-
sibility of physical interactions between CTCF-DNA complexes. We tried 
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this possibility using CTCF band shifts with site 3 and site 4 both independ-
ently and in combination. We did not observe any interaction of the single 
sites by themselves, but when they were reacted together an additional low –
mobility band could be seen. Elution and purification of this band confirmed 
that it contained both site 3 and site 4. This apparent contradiction can be 
explained by the different zinc-finger utilization by CTCF at different sites 
and the different protein-protein interaction potential of the remaining parts 
of the molecule.  

Next we tested whether CTCF is able to interact with itself in vivo. A 
pHHC-myc plasmid was transfected into COS 7 cells and cell lysates were 
used for coimmunoprecipitation with an anti-myc-tagged antibody. The 
analysis of the immunoprecipitation with the anti-myc-tagged  CTCF anti-
body revealed the presence of two bands, one upper band of 175 kD repre-
senting the myc-tagged CTCF and one lower band of 130 kD representing 
the endogenous CTCF from the COS cells. These observations indicate that 
two CTCF molecules can interact in living cells. 
The presence of several CTCF sites has been observed in the regulatory re-
gions of higher eukaryotes. Here we show that the mutation of a single 
CTCF target site in the H19 ICR leads to LOI and clearly indicate that the 
CTCF target sites in the H19 ICR cooperate to manifest both insulator activ-
ity and methylation protection. We demonstrate that CTCF-DNA complexes 
have heterologous dimerization potential and that this potential is regulated 
by DNA binding in vitro and. We therefore propose that the CTCF target 
sites physically interact in a cooperative manner and that this interaction is 
necessary to insulate the maternal Igf2 from downstream enhancers. 
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Paper IV

In paper II we have demonstrated that the methylation free domain of the 
maternal H19 ICR in somatic cells requires intact sites for the chromatin 
insulator protein CTCF. Moreover it is also known that the dynamics of me-
thylation acquisition are not equivalent for the two alleles during male game-
togenesis, with the maternal allele completing its acquisition later than the 
paternally inherited one. 

We therefore reasoned that this asynchrony in the reprogramming of the 
two alleles may be the result of the differential epigenetic status of the two 
alleles and would require the removal of CTCF from the maternal ICR. In-
terestingly previous screenings had discovered a CTCF paralogue expressed 
exclusively during spermatogenesis and named Boris. This gene shares the 
same zinc finger domain with CTCF and consequently the same potential 
DNA binding sites. 

Our aim has been to investigate the relationship between these factors 
during the transition between maternal to paternal imprint on the maternally 
derived allele. 

We extended this analysis to a third factor, the SNF2 family chromatin 
remodelling factor LSH, that has been shown to be essential for the estab-
lishment of correct methylation patterns and is expressed during spermato-
genesis. 
Using chromatin immunoprecipitations we were able to show that all three 
factors interact with the maternally inherited allele. Similarly to what is ob-
served for CTCF, band shift analysis with a wild type or point mutated ver-
sion of CTCF target site 3 (described in paper II) proved that in vitro binding 
of Boris depends on an intact ICR. This proved not to be the case for Lsh 
which was not able to retard the same fragment. 
Given its protective features in the soma we assumed that CTCF removal is 
required for the methylation acquisition on the maternal allele and we 
wanted to understand how the binding of Boris correlates with changes in 
methylation status. Using EMSA we show first that the binding of Boris in 
vitro requires an unmethylated ICR fragment. This observation was than 
extended in vivo by a bisulphite analysis of the immunoprecipitated chroma-
tin DNA. Our results show that the Boris-bound sequences are largely un-
methylated.

This indicates that the binding of Boris precedes the acquisition of the 
methylation mark on the maternal allele.  

Since Lsh did not bind to the ICR itself we investigated the possibility 
that CTCF and/or Boris recruited Lsh to the ICR. Co-immunoprecipitation of 
adult testis nuclear extracts showed enrichment of  CTCF, but not Boris, in 
the Lsh immunoprecipitate. 
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Our data indicated so far that the acquisition of methylation at the ICR on 
the maternally derived allele requires a Ctcf to Boris switch. In order to un-
derstand if Boris may play an active role in this process (for example re-
cruitment of components of the de novo methylation machinery), we studied 
the outcome of the maternal to paternal imprint switch in mice heterozygous 
for the CTCF mutations. Southern hybridizations of HhaI digested genomic 
DNA and bisulphite analysis showed that the methylation imprint was ac-
quired despite the mutations of the CTCF target sites. 
Our data support a model were the transition toward the paternal methylation 
pattern on the maternally derived allele during spermatogenesis will require 
the removal of the protective features of Ctcf on the ICR. This process in-
volves a Ctcf/Boris switch during differentiation of germ cells and prior to 
the methylation acquisition. The recruitment of the SNF2 remodelling factor 
Lsh to the ICR may play a role in promoting this switch. 

Finally the data is consistent with a passive role of Boris in the imprint 
switch as demonstrated by the normal methylation acquisition observed on 
alleles with mutated Ctcf target sites. 
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Paper V 

Chromatin Immuno-Precipitation assay (ChIP) has played a pivotal role to 
decipher patterns of epigenetic marks that govern gene transcription. Beside 
classical ChIP, several similar techniques are described in literature.   How-
ever common drawback to these approaches remains the poor sensitivity as 
micrograms of chromatin DNA are normally required for each assay. This is 
a severe limitation when rare biological samples (like biopsies, early embry-
onic stages etc.) are investigated or when the same analysis has to be per-
formed for more than one factor. Additionally, low resolution and repro-
ducibility problems are often encountered. 

To overcome the above mentioned limitations we have developed a new 
assay, named Chromatin immuno-linked ligation (ChILL). 

In this method a peptidic component (an antibody) is conjugated to a 
double stranded DNA (named nucleic acid reporter or DNA reporter) gener-
ating nucleoproteic probes. 

The nucleoproteic probe is added to the chromatin sample (previously 
treated with restriction enzymes) and upon interaction of the nucleoproteic 
probe with its target, the nucleic acid reporter (equipped with a compatible 
end for the restricted chromatin) is enzymatically ligated to the target DNA. 

Finally the presence of the analyte on the target DNA is mapped and 
quantified by PCR or other amplification system of the hybrid ligation prod-
uct, or by hybridization of the hybrid ligation product with complementary 
sequences.

In order to evaluate the sensitivity of the ChILL method compared to 
chromatin immunoprecipitation, we performed the two assays in parallel 
using the same amounts of imput material. 

In an analysis of CTCF occupancy at the mouse H19 ICR we observed a 
considerable increase in sensitivity in the ChILL compared to the ChIP 
analysis. The ChILL assay looks therefore as a promising alternative to the 
ChIP in those studies where increased sensitivity is required.  
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