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Abstract. During cell differentiation or metabolic
switch, cells undergo profound changes in gene
expression. These events are accompanied by complex
modifications of chromosomal components and nu-
clear structures, including covalent modifications of
DNA and chromatin up to topological reorganization
of chromosomes and genes in the nucleus. To various
extents, all these levels of organization appear to
contribute to the stability and heritability of tran-
scription programmes and define what is meant as the

epigenomic level of gene regulation. Indeed, damage
or perturbation of epigenome components may lead
to deviations from a determined cellular programme,
resulting in severe developmental disorders and
tumour progression. Most recent data also suggest
that tissue regeneration and transdifferentiation are
controlled by epigenetic functions. Thus, the epige-
nome provides the molecular basis for the preserva-
tion and also for the plasticity of cell identity.
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Introduction

As the development of eukaryotic organisms pro-
ceeds, chromatin and nuclear structure domains
undergo structural modifications and profound topo-
logical reorganization. The complex of these modifi-
cations appears to integrate the DNA-based coding
potential of the genome as they guarantee the mitotic
stability of transcription patterns and preservation of
cell identity. Thus, each level of chromosome organ-
ization, from nuclear compartimentalization all the
way through the topological order of DNA elements
in the nucleus, the packaging of DNA around nucle-
osomes and covalent modifications of histone tails and
DNA constitutes the epigenome [1, 2] (Fig. 1).

The various developmental programmes drive cells
through a series of intermediate states, involving the
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programming and reprogramming of cell fates, the
plasticity of cell-cell interactions and the maintenance
of tissue homeostasis.

Epigenome modifications are established early in
development and differentiation, but they can also
occur later, either by random change or under the
influence of the environment [3, 4]. In normal
development, germ cells undergo major epigenetic
‘reprogramming’, involving the removal and substitu-
tion of epigenetic marks and, in the sperm, of bulk
histones [4]. Upon fertilization, many gametic marks
are replaced with embryonic marks and this is a crucial
step for the success of early development [5, 6]. Once
established and characteristic of epigenome function,
a given pattern of modifications should not be
changed, unless a specific signal is received that
reprogrammes certain transcription patterns. In the
adult, misregulation of epigenetic functions leads to
alterations in epigenome organization, and this has a
role in impacts on tumour progression and stem cell
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Figure 1. Schematic representation of different levels of epige-
nome structure organization. (A) Posttranslational modifications
of histones are differentially interpreted by cellular factors and are
involved in the propagation of the transcriptional state through cell
division [51, 52]. DNA methylation is typically associated with a
repressed chromatin state [19, 20] and seems to play a role in
preventing gene reactivation [21]. (B) The establishment of
chromatin boundaries between promoters and regulatory ele-
ments, the formation of topologically distinct chromatin domains,
could play a fundamental role in maintaining patterns of silenced or
activated genes. (C) The positioning and spatial compartmental-
ization of chromosomes and chromosomal domains plays a central
role in gene expression [194—-196]. In particular, physical tethering
of genomic loci to the nuclear pore complex (NPC) controls their
epigenetic activity [158, 215, 216, 219, 220]. In many cases,
components of transcriptional silent chromatin are responsible
for the positioning to the nuclear periphery [227].

renewal. In addition, mechanisms that control dedif-
ferentiation [7] and change of fate, as in transdiffer-
entiation [8—10], primarily involve reprogramming of
the epigenome [11, 12]. Thus, investigation of the
mechanisms that control epigenome function are
particularly timely in the light of potential applica-
tions in tissue repair and regenerative medicine.

Epigenome and reprogramming

DNA methylation

Epigenetic changes include reversible DNA methyl-
ation, a postreplication modification predominantly
found in cytosine of the dinucleotide sequence CpG
[for a review see ref 13]. CpG residues are usually
clustered in ‘CpG islands’ at or near gene promoters
[14]. In mammals, analysis of the distribution of DNA
methylation reveals that, whereas the majority of
cytosines in the context of the CpG dinucleotide are
methylated in somatic tissues, CpG islands typically
remain unmethylated [15]. In addition, a considerable
number of genomic methylated CpGs exist in trans-
posable elements, which are frequently found in
intronic regions [16]. Differential methylation of
CpGs is tightly linked to flanking promoter activity.
Mammals have two types of DNA methyltransferases
(DNMTs): the essential, de novo methyltransferases
DNMT3A/B and the maintenance methyltransferase
DNMT1. De novo methylation occurs rarely during
normal postgastrulation development, but is seen
frequently during the setting of imprinting centres at
some permanently silenced genes and at genes
methylated during ageing and carcinogenesis [17,
18]. In vertebrates, DNA methylation is typically
associated with a repressed chromatin state [19, 20]
(Fig. 1), and seems to play a role, together with other
histone modifications, in preventing gene reactivation
[21].

From the mechanistic point of view, DNA methylation
can inhibit gene expression by blocking the access of
transcriptional activators to their binding site on DNA
[22, 23] or by recruiting transcriptional co-repressors
[e.g. histone deacetylases (HDACs)]. Added to this,
methyl-CpG-binding proteins (MeCPS) mediate tran-
scriptional repression by recruiting heterochromatin-
specific proteins to methylated DNA [24-29]. Thus,
DNA methylation may trigger a cascade of modifica-
tions that contributes to epigenetic silencing. Con-
versely, in plants, a case has been made for histone
methylation preceeding DNA methylation [30]. Thus,
the question is open whether DNA methylation is in
all cases epistatic to histone modification. Interest-
ingly, with the exception of plants [31], to date no de-
methylases have been identified. This would in part
explain the fact that DNA methylation appears to be
the most stable mark in the epigenome.

The role of DNA methylation in higher order
structures applies to the chromatin-boundary-ele-
ment-binding protein (CTCF) in the regulation of
the mouse Igf2/H19-imprinted locus. In this context, a
differentially methylated CpG acting as boundary
element can either block or allow interactions be-
tween an enhancer and its promoter when placed
between the two elements [32, 33]. CpG methylation
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blocks the binding of CTCF to DNA, thus allowing a
distal enhancer to stimulate promoter activity across
an inert boundary site. Conversely, CTCF can bind the
unmethylated boundary element determining a bina-
ry switch dependent on DNA methylation of the Igf2
gene, which is expressed exclusively from the paternal
allele [33, 34]. As CTCF is a ubiquitous factor, it is
likely that this type of regulation involving topological
restriction of enhancer activity would be used at many
sites in the genome. However, a possible direct role of
DNA methylation in global genome organization
remains to be established.

Finally, the epigenetic system based on DNA meth-
ylation is widespread among protists, plants, fungi and
animals and it does not seem to strictly correlate with
genome complexity [35]. An important exception is
Drosophila in which the existence of this system has
been questioned for a long time [36]. Nevertheless, it
has been demonstrated that the Drosophila methyl-
DNA-binding proteins MBD2/3 [37] exist and interact
specifically with CpT/A methylation, showing a role in
suppressing pericentric position-effect variegation
(PEV) [38]. An attractive hypothesis could be that
DNA methylation could have evolved as a defence
mechanisms acting against the invasion of genomes by
transposable elements. Its relics in the mammalian
genome, such as Alu, SINE and LINEs, might be
primary sites for DNA methylation. As repetitive
elements account for almost the 50% of the genome, a
major impact of DNA methylation through these
sequences on genome organization can be hypothe-
sized.

Histone code(s)

The nucleosome is the elementary unit of chromatin
packaging that comprises two H2A-H2B histone
dimers and an H3-H4 tetramer wrapped around 146
bp of DNA [for reviews, see refs. 39, 40]. Histone H1
binds 20 additional base pairs and contributes to
further DNA/chromatin compaction. The amino and
carboxy termini of the histones (histone ‘tail’), pro-
truding from the nucleosome, play an essential role in
controlling the folding into a higher-order structure,
and are the target for posttranscriptional modifica-
tions (Fig. 1A), including acetylation [41, 42], meth-
ylation [43, 44], phosphorylation [45], ubiquitination
[46], sumoylation [47], carbonylation [48], PARyla-
tion [49, 50] and others. Adding to the complexity is
the fact that the histone tail can carry more than one
acetyl or methyl marks at certain amino acid residues.
It is now well known that posttranslational modifica-
tions of histones play a central role in transcriptional
regulation and are potentially involved in the prop-
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agation of the transcriptional state through cell
division [51, 52]. These covalent modifications are
defined as epigenetic ‘marks’ because they have the
potential to produce a specific epigenetic genotype
[reviewed in ref. 53].

After Bryan Turner’s seminal observation which first
revealed that Drosophila hyperactive and active X
chromosomes, and later mammalian active amd
inactive X chromosomes showed a different histone
modification profile [54, 55], Jenuwein and Allis [1]
proposed that the variety of histone modifications
could represent a ‘code’ that would considerably
extend the informational potential of the genetic
DNA code [see also refs. 2, 56]. Two models were
proposed to explain how histone modifications might
alter transcriptional states. One model envisioned a
structural role for the modifications such that the
resultant charge density of the histone tails would
impact on their interactions with the DNA. For
example, acetylated histone tails would be expected
to propagate a more open chromatin state. The second
model proposed that histone modifications might
affect transcription by serving as recognition sites for
the recruitment of effector modules. Thus the differ-
ently modified histone tails would induce different
interaction affinities for chromatin-associated pro-
teins, determining gene activation or repression, or
cell proliferation or differentiation. The histone code
hypothesis has been actively debated in the literature
[57]. Genome-wide changes in gene expression were
measured on yeast strains in which one, two or three
lysines of histone H4 had been substituted with
arginine, mimicking the positively charged, nonacety-
lated lysine state [58]. This study revealed that only
the lysine 16 mutation had specific consequences
independent of the mutational state of the other
lysines [58]. For the lysine 5, 8 and 12 mutations, there
were cumulative effects of increased transcription that
correlated with an increase in the total number of
mutations, suggesting a charge effect on expression
more than a lack of a specific histone mark.

Recent studies have shown that site-specific combi-
nations of histone modifications correlate well with
particular biological functions. For example, in mam-
mals as well as in Drosophila, the tri-methylation of
H3K9m3 together with the lack of H3 and H4
acetylation correlates with long-term transcriptional
repression [43, 59-64]. In yeast, as well as in human
and mouse, H3K4m3 correlates with onset of tran-
scription [65-68], while H3K4m?2 resides elsewhere in
the vicinity of active genes [65, 69]. In yeast, H2BK 123
ubiquitination precedes H3K4 and H3K79 methyla-
tion, determining open chromatin and thus active
transcription [70, 71]. In the case of histone modifi-
cations, however, there exist clear exceptions with
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different or even opposing biological consequences.
For example, the generally inhibitory H3K9 methyl-
ation can in some cases be associated with actively
transcribed genes [64, 72, 73], and histone acetylation
can be inhibitory rather than stimulatory for tran-
scription [74], depending on the cellular environment.
Detailed genomic mapping of methylated H3K4 in
human and mouse revealed that in most cases the
H3K4-methylated sites are punctate, overlapping
precisely active genes, whereas the human HOX
clusters contain large H3K4 methylated regions that
encompass multiple active genes also covering non-
coding regions [65]. The broad profile of H3K4
distribution through the HOX locus could be ex-
plained by intergenic transcription specific for this
locus that might be required for the maintenance of
Hox gene expression, as seen in Drosophila [75,76]. It
has been additionally shown that a regulated sequen-
tial activation of intergenic transcripts in epigenome
structure accompanies the collinear opening of the
human HOXA cluster and that this process involved
specific changes in epigenome structure of the locus
[77]. Thus, intergenic transcription may contribute to
epigenome reprogramming.

It appears that instead of a universal histone code
there are clear patterns of histone marks that can be
differentially interpreted by cellular factors, depend-
ing on the gene locus and the cellular context. In a
recent report, Bruno Amati and colleagues per-
formed a systematic analysis of histone modifications
in the human genome and correlated the profile
obtained by chromatin immunoprecipitation with
the in vivo binding activity of the Myc transcription
factor [78]. The striking conclusion of this work is
that Myc interaction with its DNA target sites
appears to require a specific chromatin structure
that is characterized by H3K4/K79 methylation and
the pre-engaged basal transcription machinery. Thus
the chromatin context can be determinant for tran-
scription factor binding but is clearly not the only
determinant.

An important question concerns the role that, DNA
sequence might play in epigenetic regulation. By using
a computational approach, Widom and coworkers
tested a nucleosome-DNA interaction model to
predict the genome-wide organization of nucleosomes
in yeast [79]. The results show that the yeast genome
appears to have an intrinsic nucleosome organization.
Indeed, their algorithm, based on DNA sequence, can
predict 50% of the nucleosome positions, which is
higher than the 35% expected by chance. Interest-
ingly, the most stable nucleosomes would be found
immediately downstream of the TATA box and in
intergenic regions, but not at functional DNA-binding
sites for transcription factors. This is interesting,

Epigenome and reprogramming

because histone occupancy could be diagnostic for
regulatory regions in the genome. This conclusion
would imply a central role for the DNA sequence in
regulating nucleosome organization, and thus as a
fundamental part of the epigenome. However, these
data may not have an adequate level of resolution
because they were produced with a bias of 30—35 nt,
whereas the exact position of a nucleosome is
determined by 3 nt. It remains unclear if the position
of nucleosomes is determined by remodelling ma-
chines or if these act on a default state situation. Most
importantly, the stability and the degree of histone
modification (e.g. mono-, di- or tri-methylation)
depend on the constitutive presence of specific
enzymes and factors that actively counteract opposing
forces in the nucleus. What are the factors and the
mechanisms that allow the correct action of these
enzymes at specific sites in the chromosome ? Recent
reports claim that various DNA elements in the
genome, including epigenetic DNA modules like
Polycomb response elements (PREs) appear to be
nucleosome-free (see below) [63, 80, 81]. Thus, the
possibility exists that certain mechanistic aspects of
the recruitment of epigenetic functions at specific sites
in the genome would ultimately be directed by DNA
sequence.

In conclusion, the concept of a global and absolutely
‘deterministic’ role for histone modification that
would exclude the contribution of DNA sequence in
epigenetic regulation remains a matter of debate.

Writers and readers of the histone ‘codes’

Chromatin modifiers that are able to ‘read’ the histone
code and to bind covalent modifications of specific
nucleosomes represent a fundamental layer of epige-
netic gene regulation (Fig. 1A). These factors contain
conserved motifs that can recognize a specific histone
modification and are thought to regulate the folding of
chromatin structure, to maintain an epigenetic state.
The conserved proteins heterochromatin protein 1
(HP1) and Polycomb (Pc) provide two well-studied
examples. The HP1 protein binds H3K9m2/3 histones
through its chromodomain. HP1 self-dimerizes [82]
and forms a complex that includes HDACs and the
histone methyltransferase Suv39h [83, 84]. This com-
plex can trigger the formation of a higher-order
structure and/or a spreading of heterochromatic
silencing (PEV). The HP1 protein is primarily asso-
ciated with silent centromeric heterochromatin and
telomeres and is crucial for chromosome condensa-
tion and mitotic stability [85-87]. The SUV39H1-
HP1 complex is not only involved in heterochromatic
silencing but also has a role in repression of euchro-
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matic genes by the retinoblastoma protein (Rb) [88]
and other co-repressors including origin recognition
complex 2 (ORC2) [89]. However, HP1 was also
reported to be associated with chromosomal puffs in
Drosophila where it seems to exert a function on the
transcription of heat shock genes after induction [90].
Thus, HP1 may have multiple functions in chromatin,
perhaps linked to different histone modification
states. Recently, proteins containing a Jumonij C
(JmjC) domain were shown to have histone demethy-
lase activity [91]. This activity, by demethylating
H3K9m3, might compete with silencing mechanisms
present at heterochromatic regions. This finding is
crucial because it suggests that modifications in the
genome are most likely the result of a regulated
equilibrium between opposing forces and not simply
the perpetuation of a default state. This would result in
a tight control but a dynamic degree of plasticity for
the cell.

Stabilization of constitutive heterochromatin com-
partments is necessary for proper chromosome seg-
regation, inhibiting potentially deleterious recombi-
nation between homologous repetitive sequences, and
it participates in the developmental regulation of
specific genes. Thus initiation and maintenance of
heterochromatic structures appears to be an essential
aspect of genome physiology. Recent work indicates
that heterochromatin formation depends also on
RNAIi components acting in chromatin, that would
trigger histone methyl transferase (HMT) recruit-
ment, H3K9 methylation and Swi6/HP1 binding [92].
In tune with an RNA-dependent mechanism, it has
been shown that low levels of transcription are
required at ‘silent’ heterochromatic sites to produce
the substrate for the RNAi machinery acting co-
transcriptionally with RNA polymerase II (Pol II)
[93]. Thus, we are confronted with an apparent
paradox, as transcription through a silent locus
would be required to keep that locus silenced. Strik-
ingly, the yeast Swi6/HP1 protein was shown to recruit
Epel, a JmjC domain protein that appears to counter-
act HMT activity, allowing Pol II to move along
heterochromatic domains [94]. Thus, Swi6/HP1 may
be a fundamental switch molecule that would fine-
tune the initiation and maintenance of heterochro-
matin by determining the rate of movement of Pol II.
Thus regulated transcription would control hetero-
chromatin compartments.

The establishment of distinct chromatin domains can
be achieved through incorporation of nucleosome-
binding, non-core histone proteins, such as the linker
histone H1, HP1 and poly(ADP-ribose) polymerase 1
(PARP-1). PARP-1 is the most abundantly expressed
member of a family of proteins that catalyse the
transfer of ADP-ribose units from NAD™ to target

Review Article 1047

proteins [95, 96]. Early biochemical studies suggested
that PARP-1 might be implicated in the decondensa-
tion of chromatin by PARylating histones and desta-
bilizing nucleosomes [50]. Further studies have dem-
onstrated PARP-1-dependent accumulation of poly-
anionic poly(ADP-ribose) (PAR) at decondensed,
transcriptionally active loci in native chromatin [97].
These data support a model whereby PARP-1 pro-
motes chromatin decondensation by PARylation of
histone H1. More recent studies indicate that PARP-1
has specific nucleosome-binding properties that can
alter transcription by altering chromatin structure, in a
manner similar to the linker histone H1 [98]. The
incorporation of PARP-1 into chromatin promotes
the formation of higher-order chromatin structures
that localize to discrete transcriptionally repressed
chromatin domains in vivo [98]. In the presence of
NAD™, PARP-1 autoPARylates and dissociates from
chromatin, resulting in the formation of decondensed,
transcriptionally active chromatin structures [98].
Thus PARP-1 appears to be an important regulator
that can facilitate both the compaction and decon-
densation of chromatin depending on the physiolog-
ical signal available.

Pc is the founder member of the Polycomb group
(PcG) of proteins, which control the repressed state of
developmentally regulated genes in an epigenetic
manner [99]. The evolutionarily conserved PcG act in
large complexes that are able to write and to read the
histone code: Polycomb repressive complex 1 (PRC1)
and PRC2 (also known as ESC-E[Z]) [100, 101]. The
PRC2 complex contains an intrinsic HMTase activity,
enhancer of zeste [E(z)], that preferentially tri-
methylates H3-K27, which in turn recruits Pc
[102-104]. In fact, in vitro the chromodomain of Pc
protein has the highest affinity for H3K27m3 and Pc
binding to chromatin is impaired in E(z) mutants,
suggesting a direct role for H3K27m3 in Pc function in
vivo [102, 103].

In Drosophila, the PcG proteins exert their function
via specialized modular DNA elements called PREs
that, in combination with core promoters, are neces-
sary to prevent changes in early determined tran-
scription states of developmentally regulated genes
[105, 106]. Characteristic of PREs is that upon the
switch to the repressed or activating modes, deter-
mined during early embryogenesis, they stably main-
tain promoter states throughout development and
adulthood [105]. Bioinformatic analysis of PcG
binding sites led to the identification of a sequence
motif able to generate predictive patterns of PRE
distribution in the Drosophila genome [107]. Inter-
estingly, the same sequence is found at core promot-
ers, suggesting that these may contain ‘weaker’ PRE
consensus sequences [107, 108]. Indeed, PcG com-
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plex(es) interact in vivo with PREs and core pro-
moters [109-111].

Genome-wide analyses performed in different labo-
ratories have shown that ChIP on CHIP binding
profiles of PcG proteins correlate with those obtained
for H3K27m3 [112]. These data strongly suggest a role
for H3K27m3 in long-range effects mediated by PcG
proteins. Moreover, upon activation, changes in
epigenome structure take place at core PREs and
the active promoters only [63, 113]. However, these
studies also show that, at least in Drosophila, histone
methylation alone could not be sufficient for the
recruitment of Pc [113]. Indeed, the sharp binding
profile of the E(z) HMT responsible for the H3K27
methylation does not correlate with the broad profile
of H3K27m3 distribution. In addition, the strong Pc
binding peaks at PREs are often associated with low
values in the histone methylation profile, probably
due to low levels of nucleosome occupancy [113].
Recent work by Verreijzer and co-workers showed
that DNA sequence and a specific subset of DNA-
binding factors appear to be the primary determinants
for the recruitment of the PRC1 complex to PREs
[81]. These results indicate a role for DNA sequence
also in Pc-mediated epigenetic silencing.

PcG proteins are found in discrete bodies in the
nucleus [114, 115]. The molecular nature and regu-
lation of Pc bodies remain to be elucidated. Broader
biochemical analysis of the PRC1 complex revealed
interactions of PcG proteins with general transcrip-
tion factors (GTFs), condensins, topoisomerase IT and
RNAIi components [109, 116, 117; F. Cernilogar, A.
Breiling and V. Orlando, unpublished]. The latter
appears to influence chromosomal pairing and PcG-
mediated long-term memory [118]. Moreover, in vivo
analysis by 3C and FISH-I show that PREs give rise to
amultiloop superstructure that is required to maintain
silencing (C. Lanzuolo et al., unpublished). Thus other
mechanisms are likely to complete the function of
PcG proteins that act at higher levels of chromosomal
organization (see below).

Recently, the HMT enhancer of zeste 2 (EZH2) was
shown to interact in vivo and in vitro with DNMTs.
This interaction is needed to bring DNMTs to EZH2
target promoters, and depletion of EZH?2 impairs this
recruitment, leading to derepression of target genes
[119]. Although we already knew that functional
DNMT1 is required for the formation of intact PcG
bodies [120], this is the first direct evidence that links
PcG-mediated repression to DNA methylation [119].
Thus the hierarchy between writers and readers can be
different from one case to another.

A further important aspect concerns the intracellular
regulation of enzymatic activities linked to the epi-
genome. In particular, EZH?2 function appears to be
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controlled transcriptionally and posttranscriptionally.
A number of reports indicate that that hyper-expres-
sion of EZH?2 causes tumour progression [121]. Two
intriguing examples are provided by recent findings
about the HMT EZH?2. Levels of H3K27m3 and
EZH?2 enzymatic activity were shown to be dependent
on the phosphoinositide 3-kinase-Akt (PI3K-Akt)
signalling pathway [122]. In mammals, the EZH2/
PRC2 complex was found to localize also in the
cytoplasm of the T cell and its function was required
for actin polymerization and cell differentiation [123].
However, to date, the putative cytoplasmic target of
the EZH2 complex remains unknown. Thus, complex
gene networks contribute to the control of HMTs that
might initiate in the cytoplasm and end in chromatin.
Importantly, the identification of signalling pathways
that control chromatin structure may provide the
entry key for farmacological control of epigenome
reprogramming (see below).

Histone dynamics and chromatin opening

While methylation of H3K27 and H3K9 is often
associated with transcriptional silencing, the same
modification of K4 of histone H3 is recognized by
structurally distinct protein domains that mediate
opposite biological functions [124-130]. Recent work
reveals that the plant homeodomain (PHD) is a highly
specialized methyl-lysine-binding domain [125, 126,
128, 130], able to read the H3K4me3 mark. This PHD
domain is present in multiple chromatin-associated
proteins [131], often in conjunction with a bromodo-
main, a module that recognizes acetylated histone
tails, first identified in the Brahma protein, the motor
protein of the SWI/SNF remodelling complex
[132-134]. A precise hierarchy between remodelling
and histone modification was recently established,
providing a proof-of-concept for readers and writers
in chromatin. The role of the PHD domain of the
nucleosome-remodelling factor NURF was shown to
be essential for faithful activation of developmental
genes in guiding the remodeller onto chromatin
through the H3K4me3 mark [130]. Alterations in
this NURF/H3K4me3 binding compromise spatial
control of Hox gene expression during Xenopus
embryonic development [130]. Conversely, the PHD
domain of the tumour suppressor protein ING2
(inhibitor of growth) recognizes both H3K4me3 and
H3K4me?2 and represses proliferation genes [128]. In
response to DNA damage, ING2 stabilizes the binding
of histone deacetylase complexes that, by removing
the nearby acetylation marks, trigger the formation of
a closed chromatin structure in which the genes are
then repressed [128]. This pathway constitutes a new
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mechanism by which H3K4me3 functions in repres-
sion.

In addition to covalent histone modifications, there is
another mechanism that has been implicated in tran-
scriptional regulation and in the control of epigenome
inheritance: histone replacement [for a review see ref.
135]. All eukaryotic genomes encode four conserved
core histones that package bulk chromatin, but a
fraction of chromatin contains one or more variant
isoforms of the canonical histones. Some variants
exchange with the pre-existing histones during devel-
opment and differentiation [136-139], by a mecha-
nism called replication-independent nucleosome as-
sembly [for a review see ref. 140]. This replacement
often results in the variants becoming the predom-
inant species in the differentiated cell. These obser-
vations have led to the suggestion that the histone
variants have specialized functions regulating chro-
matin dynamics. In Drosophila, the H3 and H3.3
histones are extremely similar, differing by only four
amino acid residues [141]. The histone H3.3 variant
localizes to gene-rich chromatin in Drosophila cells
[142] and on transcriptionally active genes [143-145].
High resolution mapping of nucleosome variants
confirms that there is a clear association between
H3.3 and covalent histone modifications associated
with active chromatin [146], even at the level of single
genes. Moreover, this H3 variant is enriched for the
presence of ‘marks’ that reflect transcriptional com-
petence, such as di- and tri-methylation of K4,
acetylation of K9, K18 and K23, and methylation of
K79 [147].

In several organisms, H2AZ, a histone H2A variant, is
essential for correct development and is involved in
the activation of gene expression [148—150]. Studies
in yeast indicate that Htzl, the yeast orthologue of
H2AZ, localizes within euchromatic regions, flanked
by heterochromatin, restricting the spreading of silent
chromatin [151]. In particular, Htzl occupies the
promoters of both active and inactive genes in
euchromatin [152]. Importantly, gene activation pro-
motes Htzl loss, while gene repression promotes its
deposition [153, 154]. The incorporation of Htz1 at
inactive promoters has been proposed to serve as a
stable epigenetic mark, keeping promoters in a re-
pressed state until the appropriate activation signal is
received [153, 154]. In mammals, H2AZ, found at
pericentric and heterochromatic regions [138, 155], is
also involved in the maintenance of facultative
heterochromatin confining HP1a to specific regions
[156]. Thus, replication-independent assembly, in
addition to covalent histone modification, could be
one of the epigenetic mechanisms essential for the
propagation of transcriptionally programmed chro-
matin [142, 143, 145].
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Epigenetic regulation and chromosomal 3D
interactions

An emerging aspect of the complexity of the epige-
netic information concerns the role that cis-trans
interactions, occurring between different regulatory
elements of the genome, their topological organiza-
tion and their association with specific components of
the eukaryotic nucleus, might play in maintaining
transcriptional programs [157-159]. Genes with
highly complex expression patterns are controlled by
alarge set of enhancers, insulators or repressors, which
are often located at a considerable distance from the
regulated gene. Thus, the establishment of chromatin
boundaries between promoters and regulatory ele-
ments, the formation of topologically distinct chro-
matin domains, could play a fundamental role in
maintaining patterns of silenced or activated genes
(Fig. 1B).

Insulators have been implicated in defining the
junctions between structural domains [160]. DNA
elements with insulator function are found in most
eukaryotes, suggesting that these elements (but not
their sequence) have a conserved role in organizing
transcriptional domains. Two classes of insulators
have been identified that differentially affect tran-
scriptional processes: (i) enhancer blockers, which
prevent enhancer-dependent transcription when
placed between an enhancer and promoter and (ii)
insulator barriers, which impede the spread of hetero-
chromatin emanating from an initiation site [160].
Evidence suggesting a role for insulators in higher-
order chromatin structure has been provided by the
analysis of the gypsy insulator present in about 25
specific locations in the Drosophila genome [161].
Gypsy insulators, separated at a distance in the
genome, may come together and form large insulator
bodies in the nucleus during interphase. These aggre-
gates represent higher-order structures of chromatin
implicated in the regulation of gene expression [161].
Global changes in transcription, induced by a heat
shock, determine a dramatic modification in the
distribution of the insulator proteins and DNA [161,
162]. Using FISH analysis of high-salt-extracted
nuclei, it has been shown that DNA sequences located
between two gypsy insulators form a loop in inter-
phase nuclei, while placement of a new insulator in the
middle of the loop results in the formation of two
smaller loops [162]. These higher-order chromatin
structures are dependent on functional insulator
proteins and an intact nuclear matrix [162]. Thus,
chromatin loop formation may be a mechanism used
by insulators to functionally compartmentalize the
genome [163].

Recent work by the Grewal laboratory analysed the
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function of the yeast inverted repeat (IR) insulator
that flanks the mat locus and defines a sharp chroma-
tin modification boundary [164]. The IR element
contains a B-box, the high-affinity binding site for the
RNA pol III transcription initiation factor TFIIIC.
The B-box was shown to be essential for boundary
function along with TFIIIC and the production of
intergenic transcripts from the IR element. Important
information was provided by the genome-wide and
immunofluorescence analyses of TFIIIC in vivo. ChIP
on CHIP revealed a distinct pattern of 67 loci
dispersed throughout euchromatic regions of the
genome, in which high levels of TFIIIC were present
but pol IIT was absent. Immunofluorescence revealed
five to 10 TFIIIC bodies that localize to the nuclear
periphery in proximity to the nucleolus. Importantly,
DNA sequences of the mat region, centromeres and
the 67 loci were found in these TFIIIC bodies. The
latter finding is reminiscent of the localization of other
insulator proteins that were proposed to establish
chromatin loops to define independent domains of
transcriptional activity [160]. In mammals, about
500000 copies of Alu repeats, which account for 5%
of the genome content, contain B-box sequences
[165]. This large fraction of potential TFIIIC-binding
sites indicates a potential role for at least a fraction of
Alu elements in the spatial organization of the
mammalian genome.

Bringing cis elements together: looping

The looping model also has been adopted to describe
the multiple regulatory mechanisms of transcription
occurring at complex loci like the homeotic gene
clusters. The Drosophila bithorax complex (BX-C)
contains three homeotic transcription units, Ultra-
bithorax (Ubx), abdominalA (abdA) and Abdomi-
nalB (AbdB), each regulated in cis by 60-80 kb of
DNA, including promoters, enhancers and insulators.
The spatially restricted expression patterns of the
homeotic genes, set in the early embryo, are main-
tained by the PcG and trxG bound at PREs [106]. A
key aspect of PRE function is its ability to interact
with homeotic gene promoters [108]. It has been
shown that an insulator can block interactions be-
tween an enhancer and its promoter when placed
between the two elements. Conversely, two flanking
insulators can induce enhancer-promoter interactions
[166]. Similarly, one insulator located between a PRE
and the promoter can block the spreading of PRE-
bound proteins, but two neighbouring insulators
facilitate the association of PRE-bound PcG com-
plexes with the promoter [167]. This suggests a
looping mechanism where the pairing between two
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insulators might bring the target promoter in contact
with PRE-associated PcG proteins [166, 167].
Endogenously, insulators, which often overlap PREs,
can contribute to the network of cis interactions
between PREs and BX-C gene promoters. Recently,
direct looping between BX-C regulatory regions in
both the active and the repressed state has been
described. RNA FISH analysis suggests that distal
enhancers often loop to the AbdB promoter region
and frequently associate with the AbdB transcription
unit located on the homologous chromosome [168].
On the other hand, in transgenic flies, the targeting of
the Dam methyltransferases (Dam) to the Fab-7
insulator results in a strong methylation signal at the
AbdB promoter, suggesting a long-distance physical
interaction between distal regulatory elements [169].
The formation of this loop is dependent on the
repressed state of AbdB. Thus, physical insulator/
insulator or insulator/promoter interactions suggest
that epigenetic DNA elements might create higher-
order structures relevant for the epigenetic inheri-
tance of homeotic genes.

Due to technical limitations, it is not possible to
distinguish between stable or transient interactions
between regulatory elements. Other technologies, like
Fluorescence resonance energy transfer (FRET) or
Fluorescence Recovery After Photobleaching
(FRAP) suggest that any interaction in the nucleus
is highly dynamic [170]. This confirms the intrinsic but
dynamic metastable nature of active or inactive genes.
In the cell, PRE function appears to be strictly
dependent both on cis and frans interactions. A
typical, physiological feature of PREs is that its
silencing function is enhanced by trans interactions
among chromosomes [171, 172]. Indeed, it was
postulated that the maintenance of silencing would
require the concerted action of ‘strong’ and ‘weak’
PRE:s present in cis in the BX-C [173]. Using in vivo
microscopy, it has been shown that one of the BX-C
PREs, Mcp, is able to mediate physical interactions
between distant chromosomal regions [174]. Strik-
ingly, trans-sensing effects were reported, in which a
PRE construct would lose its epigenetic function in
subsequent fly generations, when combined in the F,
with specific deletions of the corresponding endoge-
nous element [171].

In mammals, the transcription factor promyelocytic
leukaemia zinc finger (PLZF) might be one of the
trans-acting factors that mediates the formation of
higher-order structures to control the expression of
homeotic genes. Indeed, PLZF mediates the tran-
scriptional repression of HoxD genes in vivo, directly
binding Hox regulatory elements and tethering the
PcG protein Bmil [175]. Moreover, it mediates the
formation of DNA loops in vitro, holding together
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distant PLZF-binding sites located within the home-
otic cluster [175].

Direct evidence for physical association between
mammalian chromosomal regulatory regions in vivo
has been found for the murine B-globin gene cluster
[176, 177]. When actively expressed, the cis-regula-
tory elements of the S-globin locus are in proximity in
the nuclear space, forming a compartment termed the
active chromatin hub (ACH) [176, 177]. The tran-
scription factors GATA-1 [178] and EKLF [179] are
required for ACH formation, while CTCF regulates
the local balance between active and repressive
chromatin marks [180]. These studies suggest that
transcription factors, together with insulators, can play
an essential role in the three-dimensional organiza-
tion of gene loci.

Regional co-ordination of gene expression is also
found in many imprinted gene clusters in the mam-
malian genome and is regulated by imprinting control
regions (ICRs) [181, 182]. One of these clusters
contains the paternally expressed Igf2 and the mater-
nally expressed H19 gene. Both genes share the same
enhancers, and the ICR is located in the 5’ flank of the
H19 gene. Using the 3C technique [183], Reik and
colleagues demonstrated that on the paternal chro-
mosome, the DMR?2 loops out to interact with the
methylated ICR. This event would push the Igf2
promoter to contact the H19 enhancer, triggering Igf2
transcription. On the maternal chromosome, another
differentially methylated region, DMRI, interacts
with the unmethylated ICR, partitioning the Igf2
promoter into a silent loop. This configuration inhibits
Igf2 transcription, promoting instead H19 transcrip-
tion [184]. This structure, maintained also during
mitosis [185], depends on the binding of CTCF to the
maternal ICR [186], which prevents de novo methyl-
ation [187, 188]. In the absence of CTCEF, the binding
site becomes methylated and can no longer bind
CTCEF, reverting the higher-order structure of the
region from a ‘maternal’ (repressed) to a ‘paternal’
(active) conformation of the Igf2 gene [186]. Recently,
it has been shown that CTCEF, in addition to its role
mediating the formation of chromatin loops, also
promulgates trans interactions between specific tran-
scriptionally active regions of chromosomes 7 and 11
[189].

Further evidence for a role of chromatin loop
structures for the transcriptional status of chromatin
domains has been reported for the DIx5 and DIx6 loci,
which are target sites for MeCP2. The higher-order
structure at the DIx5—DIx6 locus consists of different
looped domains, which reflect the transcriptional
status of the genes. Chromatin immunoprecipitation-
combined loop assays showed that MeCP2 mediates
the formation of the silent 11-kb chromatin loop at the

Review Article 1051

DIx5-DIx6 locus. This loop was absent in chromatin
of brains of Mecp2-null mice, and DIx5-DIx6 inter-
acted with far distant sequences, forming distinct
active chromatin-associated loops. These results show
that MeCP2 regulates transcription by promoting the
formation of a silent-chromatin loop [190].

The special AT-rich-sequence-binding protein 1
(SATBI1) is a transcriptional regulator controlling
gene expression that is essential in the maturation of
the immune T cell [191]. This factor binds to the
nuclear matrix attachment regions of DNA, where it
recruits histone deacetylase and represses transcrip-
tion through local chromatin remodelling [192].
Recently, a role for SATBI1 in the formation of active
higher-order structure has been suggested [193].
Upon Ty2 activation, SATB1 induces the formation
of a unique transcriptionally active chromatin struc-
ture at the cytokine locus. In this structure, chromatin
is folded into numerous small loops, all anchored to
SATBI, indicating that SATB1 functions as a cell-
type-specific ‘genomic organizer’.

The role of nuclear architecture: large-scale
chromosomal interactions

Several studies have described changes in large-scale
chromatin organization upon transcriptional activa-
tion and repression. In mammals during lymphocyte
differentiation, the Ikaros repressive complexes de-
termine repositioning of inactive genes (e.g. globin
genes) at pericentromeric heterochromatin [200].
This spatial organization is a feature of the cycling
lymphocytes that is acquired by resting non-cycling
cells to repress specific genes, as they enter the cell
cycle [201]. These seminal observations led to a model
in which association with pericentric heterochromatin
would be a condition for maintenance of gene silenc-
ing [200, 201].

The gene-dense major histocompatibilty complex
locus has been reported extend away from chromo-
some territories, and the incidence of this correlates
with transcription from the region [202]. A similar
result has been seen for the genes of the epidermal
differentiation complex [203]. Targeting of the tran-
scriptional factor VP16 to a specific chromosomal site
determines changes in large-scale chromatin including
unfolding of heterochromatin and recruitment of
transcriptional machinery [204]. On the other hand,
in vivo HP1 targeting has an opposite effect on large-
scale chromatin conformation, determining enhanced
tri-methylation of H3K9 and local condensation [205].
Using an integrated cytological system observed in
real time, Janicki et al. [144] investigated how gene
expression co-ordinated spatially and temporary in
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living cells. From the time that a gene is induced until
after the rate of transcription has peaked, local
decondensation is accompanied by profound changes
in chromatin composition. They found a dynamic loss
of HP1 and concomitant reduction of levels of H3K9
methylation and a recruitment of the histone variant
H3.3. These results suggest that higher-order chroma-
tin structure could play a role in transcriptional
regulation, ensuring heritable gene expression.

A further example was provided by studies on the
spatial-temporal regulation of the mammalian HoxB
cluster. In mouse ES cells, a fully repressed HoxB
cluster would occupy a defined and restricted small
area of the nucleus. Upon collinear activation of the
HoxB cluster, triggered by the retinoic acid morph-
ogen, active HoxB genes loop out of the repressed
chromosome territory [157]. This event was also
observed along the anterior-posterior axis of devel-
oping mouse embryos, in neural tube nuclei [206]. This
relocalization does not precede HoxB expression. As
proposed by Bickmore and colleagues, Hox genes
could migrate, after their transcriptional activation, to
foci enriched in RNA pol II. Importantly, in the same
study, it was shown that in trichostatin A (TSA)-
treated ES cells, hyperacetylation of the mammalian
HoxB cluster was not sufficient to either activate
HoxB genes or to relocate modified regions of the
cluster away from heterochromatic domains [157].
These findings strongly suggest that relocation of
clustered genes occurs when Hox genes are actively
transcribed. The key question to be answered is what
are the factors that determine the change of positions
inside the nuclei.

Structural analysis of active versus inactive chromo-
somal domains reveals a less sharply defined picture
than expected. ChIP data on a variety of gene systems
and also analysis of chromatin modification depict a
scenario in which in many cases activators and
repressors co-habit, though at different levels, at the
same sites. Analysis of compact and open chromatin
fibres across the human genome by hybridization of
metaphase chromosomes and genomic microarrays
revealed that there is no simple separation of euchro-
matin and heterochromatin [207]. The same study
showed that many transcriptionally inactive genes are
in open chromatin fibres and vice versa. The conclu-
sions of these experiments are mirrored by the results
obtained by measuring the rate of transcription
initiation and the engagement with pol II sites of
active and inactive genes [208]. In this case, it was
shown that active globin genes are not active all the
time and that their relative active state is proportional
to the rate of association with pol II ‘factories’ in the
nucleus. Thus an On-Off mechanism appears to
regulate the ability of genes to be transcribed. Con-
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versely, certain silencing mechanisms appear to re-
quire transcription, and thus active pol II can be
present at silenced loci. This is the case of the
production of pol-II-dependent, non-coding tran-
scripts (subsequently processed by RNAI) that are
required for heterochromatin formation and mitotic
stability [93]. Other cases are also known in which
production of non-coding RNA that is transcribed
from an upstream region through the promoter of a
silenced gene is required to maintain silencing [209].
Thus regulated engagement with pol II foci and the
correct topological order of regulatory regions might
also determine the maintenance of gene silencing.
Finally, nuclear compartments defined by a high
concentration of specific factors could also play a
role in co-ordinating the expression of genes that are
co-regulated, but are separated by longer chromoso-
mal regions or are located on different chromosomes.
During differentiation of T cells, specific genetic loci
that regulate transcription of cytokine-encoding genes
associate physically in the nucleus through intra- and
inter-chromosomal interactions, suggesting that many
genes could share the same subnuclear compartment
in the nucleus thanks to their chromatin repertoire of
regulatory factors [210]. Emerging technologies like
circular chromosome conformation capture (4C)
coupled to microarrays might provide the ideal tool
to investigate the topological organization of specific
groups of genes in the eukaryotic nucleus [211]. There
are many other examples of nuclear compartments/
bodies whose function remains to be elucidated. In all
cases, nuclear structures appear to be highly organized
and dynamic at the same time.

Living in the centre or at the periphery

The positioning and spatial compartmentalization of
chromosomes and chromosomal domains play a
central role in gene expression [194-196] (Fig. 1C).
In interphasic nuclei, each chromosome appears to
localize in a limited and specific space that has been
defined as ‘chromosomal territory’ (CT) [197]. Chro-
mosomes with highest gene density are preferentially
disposed toward the nuclear interior, and gene-poor
chromosomes locate towards the nuclear periphery
[198]. However, individual human genes can be
transcribed from within the interior of chromosome
territories that are not located in the nuclear centre
[199], suggesting that the basal transcription machi-
nery can gain access to the chromosome interior.

The nuclear periphery is a complex structure that
includes large regions of condensed chromatin asso-
ciated with the nucleoskeletal lamina and the nuclear
pore complexes (NPCs). In Drosophila, chromosomal
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regions enriched in inactive chromatin are found in
close proximity to the nuclear lamina [212,213]. In the
same biologycal system, induction of gene expression
or active histone marks reduces the association with
the lamina [213].

Localization of genes at the nuclear periphery is not
strictly correlated with transcriptional repression
[158]. Many genes interact routinely with the NPC
basket and this represents an early step in gene
activation [214] (Fig. 1C). In particular, boundary
elements interact with the NPC and various proteins
involved in nuclear-cytoplasmic traffic, such as the
exportins Cselp, Mex67p, and Loslp, block spreading
of heterochromatin by physical tethering of the HML
locus to the NPC. These data demonstrate that
physical tethering of genomic loci to the NPC controls
their epigenetic activity. Genome-wide analysis of
DNA-binding patterns for 14 transport proteins of the
nuclear pore reveals that different NPC components
bind different subsets of genes and that there is a
relocalization of genes to the NPC upon transcrip-
tional induction [215, 216].

In order to equalize the levels of X-chromosome-
specific gene products in the cell to those present in
females, Drosophila males activate a mechanisms
called dosage compensation [217]. This mechanism
involves the male-spectrum lethal (MSL) multimeric
complex that hyperactivates the X chromosome by
acetylating chromatin [218]. Components of the NPC
were shown to be required for the correct localization
of the dosage compensation complex (MSL), con-
firming that a subnuclear position has an active role in
determining optimal gene expression levels of sex
chromosomes [219]. Some evidence supports the idea
that the NPC plays a role in faciliting RNA export.
Indeed the association between active genes and
components of the NPC is mediated by nascent RNA,
because it is lost upon treatment with RNase [215].
Interestingly, anchoring to the NPC also requires the
3'-untranslated region (3'-UTR) of genes and appears
to be crucial for triggering gene activation [220]. Thus,
the association of genes with the NPC may play a key
role in transcriptional regulation, possibly by topo-
logically constraining repressed DNA segments or by
facilitating the transcriptional activation and/or RNA
export. However, the association of active genes/
domains with the NPC may not be the rule in all cases
[214]. Chromosome-wide data have estabilished that
only 40% of genes interact constitutively through
their promoter or intergenic region with the nuclear
basket. This interaction is independent of transcrip-
tion. Thus, it has been proposed that the connection
between promoter and the NPC would be an early
event involving gene activation.

In the budding yeast Saccharomyces cerevisiae, telo-
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meres are associated with the nuclear periphery via
the NPC [221, 222]. Components of the NPC are also
required for full repression of the silent mating type
loci [221, 223]. In yeast, telomere clustering is often
accompanied by anchoring at the nuclear envelope,
thus contributing to the global positioning of inter-
phase chromosomes. The clustering of telomeres in
budding yeast contributes to the repression of sub-
telomeric chromatin, conferring a telomere position
effect (TPE), which resembles the PEV nucleated by
centromeric repeats in flies [221, 223-226].

It remains to be determined which are the factors that
tether the repressed loci to the nuclear periphery. In
many cases, components of transcriptional silent
chromatin are responsible for the positioning to the
nuclear periphery. This is the case for yeast telomeres
that are driven to the periphery by the telomere-
associated proteins yKu and Sir4p, which also mediate
telomere-telomere interactions [227]. As mentioned
earlier, in Drosophila cells, the analysis of the
distribution of gypsy insulator bodies indicates that
they aggregate at a small number of nuclear locations
near the lamina, the outer layer of the nuclear matrix
[161] (Fig. 1C). Since the gypsy insulator complex is
present in the nuclear matrix fraction, it has been
suggested that components of the insulator interact
with the nuclear matrix, contributing to the tethering
of the looped DNA to the nuclear periphery [162].
Early observations identified RNA as an important
component of the nuclear matrix [162, 228]. In yeast,
mutations of components of the RNAi machinery
affect the clustering of telomeres [229]. In Drosophila,
it has been shown that the RNAi machinery influences
the higher-order nuclear organization of the gypsy
insulator and PRE function [230, 118], thereby
affecting its ability to control gene expression [230].
The RNAi machinery and noncoding RNA could play
a role in the control of nuclear architecture, although
the precise mechanism of action is not clear.

Reprogramming

Currently, in the hope also to find therapeutical
applications, one of the frontiers in biology is the
comprehension of what defines stemness and pluri-
potency. The founding concepts inspiring these efforts
return the scientific community to the classics of
embryology. Experiments by J.B. Gurdon showed that
at least two consecutive cycles of nuclear transplanta-
tions were necessary to allow cloned embryos from
tadpole nuclei to reach more advanced stages of
development [231]. These classic experiments antici-
pated investigation of the mechanisms by which
terminally differentiated cells might regain totipoten-
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cy and restart the life programme of a new individual
or part of it.

During early mammalian development, cells undergo
major epigenome ‘reprogramming’, involving the
removal of epigenetic marks (DNA methylation and
histone modification) followed by a de novo estab-
lished set of marks [4, 6]. This happens specifically
during germ cell differentiation and in the pre-
implantation embryo upon zygote formation. In
particular, large-scale rearrangements involving both
DNA and histone methylation and acetylation ac-
company the transition from fertilization to blastocyst
formation [181]. These events are crucial for the
success of the subsequent stages of development.
During germ cell differentiation, in particular in the
male germ line, profound changes take place in
chromatin composition with the substitution of his-
tone for protamins and polyamines. Upon fertiliza-
tion, a series of regulated and largely obscure events
occur so that the male genome rapidly regains the
nucleosomal structure and the process of zygote
formation is completed.

In somatic cloning, this process is bypassed or it does
not take place properly. Indeed, in this case, the extent
of erasure of epigenome components and marks is
very limited [233]. Mammalian nuclei become more
refractory to reprogramming with differentiation,
whereas blastocyst-derived ES cells and totipotent
cells in general support clone development at high
efficiency [234]. It is likely that defects in epigenome
reprogramming in cloned animals do not allow the
competence and stability of the transcription pro-
grammes required for normal embryogenesis and
development. Indeed, clones at various developmen-
tal stages and adults show dysregulation and persis-
tence of expression of many donor-specific genes, and
this might explain why cloned animals suffer from
different and severe abnormalities [235, 236]. Al-
though the transcriptome of nuclear-transfer-derived
ES cells appears to be indistinguishable from that of
fertilized-egg-derived ES cell lines, this programme
might not be stable and/or reflect a real competence at
the level of regulatory regions to transduce devel-
opmental signals in the correct manner [237]. In
addition, the contribution of transcriptome analysis
should also include the non-coding output of the
genome [238, 239]. Specific combinations of tran-
scription factors have been identified that enable
reprogramming [240]. However, microarray analysis
reveals that the real degree of reprogramming in these
cells is limited to 50% of the transcriptome if
compared to a normal ES cell. This suggests that a
proper combination of transcription factors must also
be integrated by changes in epigenome structure.

In general, complete erasure of the epigenetic mem-
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ory and restoration of normal gene expression occurs
only by passing through the germ line, as the offspring
of cloned animals do not seem to present abnormal-
ities [236]. Similarly, at least two rounds of ‘reprog-
ramming’ of somatic nuclei appear to be required in
order to allow efficient cloning [241, 242].

A key role in these processes appears to be played by
the epigenome. Indeed, recent evidence in favour of a
hyperdynamic chromatin structure in stem cells was
described [232]. Regaining this condition may provide
an opportunity window for signalling and transcrip-
tion factors to establish a new programme in the cell.
Transdetermination or reprogramming could be fav-
oured by changes in the epigenome. It is likely that
reduced activity of writers and readers, like PcG and
DNMT proteins, might have an impact on reprogram-
ming efficiency. Analysis of histone methylation in
nuclei of quiescent (G,) and proliferating B or T cells
revealed that G cells have markedly reduced levels of
all H3 and H4 modifications [243]. Interestingly,
nuclei from quiescent cells showed increased reprog-
ramming potential [243]. Similar results were ob-
tained in fibroblasts that were engineered to contain
reduced levels of DNMT. They appear to perform
better than fibroblast donors from normal blastocycts
[244].

Recent results suggest that signalling pathways are
essential for stem cell maintenance and reprogram-
ming [245-247]. In Drosophila, the frequency of
transdetermination is enhanced in PcG mutant flies
[248]. Moreover, downregulation of PcG function,
observed in transdeterminated cells, is directly con-
trolled by the Jun amino-terminal kinase (JNK)
signalling pathway [248]. During transdetermination,
the prerequisite for the change in cell fate is a change
in cell cycle regulation [249]. Indeed, different com-
ponents of the PcG have been implicated in the
regulation of cell proliferation [250-252], acting in
either potent activators or repressors of the cell cycle.
This suggests that the evolutionarity conserved PcG
complexes could also play a role in resetting cell cycle
regulation, resulting in transdetermination.

Another aspect concerns the changes in nuclear
architecture that accompany reprogramming. Follow-
ing on from Gurdon’s seminal experiments, recent
work by M. Mechali’s laboratory showed that the
efficiency of reprogramming of transplanted nuclei is
dependent on the replicative potential induced by
genome-wide reorganization and the average size of
the replicons [253]. Surprisingly, replicon size rear-
rangement requires mitosis and chromosome conden-
sation driven by topoisomerase II and is independent
of the passage through S phase. Previous reports
showed that in several organisms, the average size of
matrix-attached DNA loops and replicons regulated
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during early stages of development [254]. These
results establish a relationship between reprogram-
ming, mitosis, replicon size and DNA loop organiza-
tion. Identification of the master regulators that
control the mechanisms of replicon reorganization
might indicate a target for reprogramming of differ-
entiated cells.

Conclusion

Completion of the various genome projects has led to
the identification of the primary, monodimensional
structure of genetic information. This level of infor-
mation appears to be insufficient for a complete
understanding of how the networking among regu-
latory regions actually works. The contribution of
additional ‘coding’ levels hidden in the three-dimen-
sional structure of the chromosome and nuclear
structures appears to be a fundamental aspect for
the control of the quality and stability of genetic
programmes. Fundamental efforts by bioinformati-
cians and systems biologists are still necessary to
devise tools able to predict transcription factor target
sites in the genome and determine how these target
sequences actually act in the context of chromosome
and nuclear organization. The analysis of epigenome
structure may provide new databases that will inte-
grate the primary sequence information. This includes
genome-wide landscaping of histone modification, in
vivo binding site identification of transcription and
other chromosomal factors and three-dimensional
analysis of cis-trans interactions by 3C technology.
Another important aspect to be kept in mind is the fact
that in mammals, almost 98% of the RNA output of
the genome is ‘non-coding’. This represents the ‘dark
side of the genome’ that may well have an important
role in regulation of the epigenome, and whose
function still remains to be elucidated [238, 239].
What is clear is that each level of genome organization
in the nucleus appears to play a role in the quality and
quantity of gene regulation. Therefore, all efforts to
‘reprogramme’ cell fate must take into account all
these levels of complexity.

At the end of the process, many epigenomes are
formed by various components that modify chromo-
somal structures and contribute to the stability,
heritability and also plasticity of transcription pro-
grammes. In this way, the history of an individual can
be written into the genetic material. Thus, one can
imagine the genome as a highly complex sheet music
onto which many different flavours and colours can be
added and transmitted beyond the DNA sequence.
Most important, the harmony must last during the
entire lifetime of an organism and in some cases
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beyond. Here comes the epigenome, similar to a music
instrument that, depending on the composer, can play
endlessly infinite tunes.
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