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Preface

Although their scopes definitely overlap, the terms epigenesis and epigenetics
are commonly used in different contexts. Epigenesis is etymologically derived
from genesis and as such includes everything that touches upon development.
Its scope is extremely wide and covers not only somatic, but also mental
development. It is not surprising that its oldest and most rudimentary formu-
lation dates back to early embryologists. The term epigenetics is a more recent
and apparently more focused concept since it explicitly refers to genes and
chromosomes and via which mechanisms this genetic information can be
heritably repressed, or activated, in specific lineages or transmitted from one
generation to the next.

In parallel with our increasing understanding of gene function, it became
overwhelmingly obvious that not everything, albeit hereditary, is defined by
the DNA sequences of our genes as we can now read them in complete
genomic databanks. In the limited context of this book, we will examine how
modifications of DNA and associated proteins can heritably impinge on its
packaging into chromatin and subsequently on fundamental DNA transac-
tions – replication and transcription – which marks the first step towards
gene expression.

The first chapter by P. Varga-Weisz gives a comprehensive survey of the
already highly documented field of chromatin assembly and remodeling fac-
tors which accompany DNA replication and the deposition of new nucleo-
somes. It also emphasizes the key role of PCNA in the general problem of epi-
genetic inheritance and reviews the role of some of the above factors in the
hereditary transmission of chromatin states. This same issue is tackled by
Déjardin and Cavalli who question how Polycomb- and trithorax-induced
chromatin states can be maintained across a specific differentiation program,
allowing cells to remember their identity throughout.

The next chapter by Caron and coworkers addresses the specific problems
posed by sperm chromatin, histone modification and histone variants, the
role of transition proteins in histone removal and subsequent protamine
deposition, and the reorganization of chromatin after meiosis.

Chromatin modifications are central to the problem of dosage compensa-
tion raised by the presence of two copies of the X chromosome in females.
There are three known epigenetic mechanisms which can compensate for this



allelic imbalance and thus achieve comparable levels of X chromosome genes
in males and females. In mammalian organisms, a mechanism has evolved to
inactivate one copy of the X chromosome and this very peculiar mechanism is
reviewed by Cohen and coworkers. The reciprocal possibility is to upregulate
the single X copy in males. This is the mechanism chosen by Drosophila where
hypertranscription is achieved by an RNA protein-containing compensation
complex which is described in detail in the chapter by Taipale and Akhtar. The
intermediate possibility, i.e., downregulating to 50 % expression both X copies
in females, as is the case in the nematode Caenorhabditis elegans, has not been
considered in this book.

In many instances, be they physiological or pathological, DNA methylation
is the causal event in gene silencing. Razin and Kantor give a general survey of
the various facets of this mechanism and its involvement in genomic imprint-
ing and in disease, of which cancer provides many well-documented exam-
ples. The chapter by Ballestar and Esteller follows along this latter line and
focuses on epigenetic mechanisms leading to cancer and raises the possibility
of therapeutic reactivation of silenced genes.

Developmental regulation of the b-globin gene cluster has been a long-
standing, highly relevant model to study the influence of chromatin structure
on gene expression. However, the recognition of epigenetic control of devel-
opmental b-globin gene expression has only recently emerged and this new
aspect is reviewed by Chakalova and coworkers.

The last two chapters cover genomic imprinting, i.e., the fact that some
(few) genes are expressed from only one parental allele, and this is the last, but
not least, facet of epigenetic regulation.Weber and coworkers give an in-depth
analysis of this mechanism in mammals which they adequately place in an
evolutionary perspective. Köhler and Grossniklaus conclude with a compre-
hensive review of this phenomenon in plants.

Philippe Jeanteur
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Chromatin Remodeling Factors 
and DNA Replication

Patrick Varga-Weisz

Abstract Chromatin structures have to be precisely duplicated during DNA
replication to maintain tissue-specific gene expression patterns and special-
ized domains, such as the centromeres. Chromatin remodeling factors are key
components involved in this process and include histone chaperones, histone
modifying enzymes and ATP-dependent chromatin remodeling complexes.
Several of these factors interact directly with components of the replication
machinery. Histone variants are also important to mark specific chromatin
domains. Because chromatin remodeling factors render chromatin dynamic,
they may also be involved in facilitating the DNA replication process through
condensed chromatin domains.

1
Introduction

Inheritable traits are not only encoded in the sequence of DNA, but also deter-
mined by factors ‘on top’ of the DNA, the epigenetic information (‘epi’ is clas-
sical Greek for ‘on top’). Epigenetic phenomena play an important role in the
maintenance of gene expression patterns through cell generations, for exam-
ple in tissue-specific gene expression. A striking example of epigenetic regu-
lation is found in X-chromosome inactivation in mammalian cells, where one
of the two X chromosomes is maintained in an inactive, highly condensed
state throughout development. In many organisms epigenetic regulation is
mediated by DNA methylation, but epigenetic phenomena are also found in
organisms where DNA methylation does not take place. The eukaryotic
genome is packaged and organized by a plethora of proteins forming the
superstructure chromatin that is a major facet of epigenetics. It is very impor-
tant, therefore, for chromatin structures to be faithfully duplicated during
DNA replication to maintain epigenetic information. There is accumulating
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evidence that chromatin remodeling factors play a key role in facilitating and
regulating DNA replication through chromatin and the propagation of epige-
netic information during DNA replication. This chapter summarizes our cur-
rent knowledge about chromatin remodeling factors that have been linked
directly to the DNA and chromatin replication process.

2
Chromatin and Chromatin Remodeling Factors

2.1
Chromatin

The most abundant of chromatin proteins are the histones that together with
DNA assemble the basic building block of chromatin, the nucleosome. The
nucleosome is basically a spool, a histone octamer around which 147 base
pairs of DNA are wrapped in almost two superhelical turns (reviewed in
Luger 2003). The octamer is composed of two H2A-H2B dimers interacting
with a core of an H3-H4 tetramer. In the human genome, nucleosomes occur
on every 180 base pairs of DNA on average, forming periodic arrays (‘beads-
on-a-string’ fiber). Histone H1 interacts with the linker DNA at the entry–exit
point of the nucleosome and stabilizes higher levels of folding of nucleosome
arrays. Little is known about the molecular mechanisms of further levels of
compaction of the chromatin fiber, but proteins that regulate fiber–fiber
interactions, such as heterochromatin protein 1 (HP1), cohesins, condensins
and topoisomerases, play an important role in chromatin organization
(reviewed in Gasser 1995).

The existence of different levels of chromatin folding or organization is evi-
dent at the microscope level in interphase nuclei, where one can differentiate
between the highly condensed structures called heterochromatin and the
more ‘loose’ euchromatin (Hennig 1999). Heterochromatin and related struc-
tures have been clearly linked to gene silencing (Wallrath 1998). One refers to
a gene as silenced when it is shut-off through subsequent cell generations.

Nucleosomes occlude much of the surface of the DNA wrapped around
them and limit the access of many factors. In this way, chromatin is involved
in the regulation of many processes, including transcription activation. Our
understanding of chromatin received a major boost with the discovery of
enzymes that render chromatin highly dynamic and facilitate access of cellu-
lar factors to the DNA. These enzymes, chromatin remodeling factors, are
involved in all processes of DNA metabolism and are integral parts of the
transcription regulatory machinery (reviewed in Narlikar et al. 2002). Two
major classes of chromatin remodeling factors can be distinguished: histone
modification enzymes and ATP-dependent chromatin remodeling factors.

P. Varga-Weisz2



2.2
Histone Modification Enzymes

Histones are evolutionarily highly conserved proteins and yet there is clear
evidence that nucleosomes act as mediators of epigenetic information
(reviewed in Jenuwein and Allis 2001). Epigenetic information is stored via
chemical modifications of the histones, especially in their N-terminal tails
which span about 25 amino acids. The histone tails protrude from each his-
tone out of the nucleosome core body and can be recipients of many alter-
ations, including acetylation, phosphorylation, methylation,ADP-ribosylation
and ubiquitination. These various modifications occur at multiple sites within
the tails and result in a great nucleosome heterogeneity. Figure 1 illustrates
some of these modifications in histones H3 and H4. An idea has been devel-
oped that histone modifications form a ‘bar code’ for each nucleosome, which
defines and regulates its interactions with other chromatin components and
carries information about the transcriptional status of the gene that it is part
of (Strahl and Allis 2000).

Enzymes that mediate histone modifications have been identified only rel-
atively recently, and many of them are important transcriptional regulators.
Histone acetyltransferases (HATs) have usually been linked to transcriptional
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Fig. 1. A summary of characterized modifications of residues on mammalian histones H3
and H4. The extended rod symbolizes the N-terminal tail-domain. Lysine residues can be
mono-, di- and tri-methylated. Lysine 9 methylation of histone H3 is associated with tran-
scriptional repression and is not compatible with acetylation of the same residue (which is
linked to transcriptional activation)



activation, whereas histone deacetylases (HDAcs) have a major role in tran-
scriptional repression. However, this is an oversimplification, and there are
examples where a HAT is involved in gene silencing (see below) or an HDAc
in activation (de Rubertis et al. 1996). Often, these enzymes are found in com-
plexes with other proteins that facilitate histone acetylation or deacetylation
within the nucleosome (Grant et al. 1997; Tong et al. 1998).

The complexity of the histone code is illustrated by the different functional
associations of histone methylation. Methylation of lysine 9 (K9) of histone
H3 by the histone methyltransferase (HMT) SU(VAR) 3–9 and its homologues
is linked to heterochromatin formation and gene silencing, whereas methyla-
tion of lysine 4 (K4) is linked to transcriptional activity (see, for example,
Noma et al. 2001, reviewed in Grewal and Elgin 2002). In addition, in budding
yeast, dimethylation of K4 is linked to potential transcriptional activity,
whereas trimethylation of the same residue occurs when the gene is actually
actively transcribed (Santos-Rosa et al. 2002).

2.3
ATP-Dependent Chromatin Remodeling Factors

The nucleosome is a relatively stable entity.A class of enzymes use the energy
gained by ATP-hydrolysis to move or disrupt nucleosomes efficiently. These
enzymes are usually complexes of diverse proteins, but they have in common
ATPases that resemble a specific class of DNA helicases. Helicase activity has
not been demonstrated for any of these ATPases, but there is evidence that
they function by distorting DNA structure to some degree (Havas et al. 2000).
Figure 2 illustrates the major classes of well-characterized nucleosome
remodeling ATPases and some of their complexes. SWI2/SNF2-type ATPases
are highly conserved and are involved in transcriptional regulation, the
Drosophila homologue is called Brahma, and mammalian cells contain two
closely related homologues, Brg1 and Brm. The nucleosome remodeling
ATPase Mi2 and its related proteins have been linked to transcriptional
repression; they are found in complexes containing histone deacetylases.
ISWI (Imitation Switch) was originally identified in Drosophila where it is the
core of the NURF, CHRAC and ACF chromatin remodeling complexes. In
mammalian cells there are two isoforms of ISWI called SNF2H and SNF2L.
Several recent reviews cover the biology and biochemistry of ATP-dependent
nucleosome remodeling factors (Becker and Hörz 2002; Narlikar et al. 2002).
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3
Chromatin Structure and DNA Replication

Chromatin limits the accessibility to DNA, and this raises the questions: How
does the replication machinery interact with chromatin? Does replication
occur through nucleosomes? Does it disrupt chromatin structure? These
questions have been studied extensively in the SV40 system. SV40 is a double-
stranded DNA animal virus whose DNA is packaged by nucleosomes. Firing
of DNA replication in this system is dependent on the binding of T-antigen to
the origin of replication from where replication initiates. If the origin is occu-
pied by a nucleosome, DNA replication firing is prohibited and necessitates
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Fig. 2. Summary cartoon of the best characterized human nucleosome remodeling
ATPases with their specific domain architecture and their respective complexes. Brg1 and
Brm are highly related to the yeast SWI2/SNF2 and STH1 ATPases. The complexes formed
by Brg1 and Brm are very similar. However, Brg1 is also found in a complex containing a
protein called Polybromo (BAF180) instead of BAF250 and this complex may be the mam-
malian counterpart of the yeast RSC complex (reviewed in Muchardt and Yaniv 2001). ISWI
interacts with a number of different large proteins, forming distinct complexes with diverse
biological functions. This scheme does not include recently identified ISWI complexes with
cohesin subunits (Hakimi et al. 2002) and with TBP-related factor (Hochheimer et al. 2002).
The CHRAC complex differs from ACF by the presence of a pair of histone-fold proteins
that enhance the nucleosome sliding and chromatin assembly activity of the ACF1/ISWI
core complex. (Kukimoto et al. 2004)



nucleosome remodeling to facilitate DNA replication (Alexiadis et al. 1998).
Crosslinking DNA by psoralen allows the identification of nucleosomal DNA
structures on single molecules by electron microscopy. This approach visual-
ized the disruption and reformation of the nucleosomal array structure at the
replication fork of SV40 (Gasser et al. 1996): The passage of the replication
machinery destabilizes the nucleosomal organization over a distance of
650–1,100 base pairs. In front of the fork, an average of two nucleosomes are
disrupted. On daughter strands, the first nucleosome is detected at about 260
base pairs from the elongation point. Thus the disruption of the nucleosomal
array structure by the replication machinery is confined to relatively small
segments of chromatin. However, newly replicated chromatin is characterized
by an altered structure compared to the parental chromatin or chromatin of
non-replicating cells. This altered structure shows greater nuclease sensitiv-
ity, indicating a more open chromatin structure (Cusick et al. 1983; Pulm and
Knippers 1984). Newly replicated chromatin then matures into a more com-
pact structure by a process that is so far poorly characterized (Schlaeger et al.
1983). It is likely that changes in histone modifications are part of this process
(see below). The limitations of the chosen model systems leave many ques-
tions unanswered that are relevant in somatic cells of higher eukaryotes: How
does the replication machinery interact with higher orders of chromatin
structures, such as heterochromatin? How does the replication machinery
bind to chromatin?

Several studies indicate a close link between the DNA replication machin-
ery and the establishment of specific chromatin structures such as hete-
rochromatin (see, for example, Ehrenhofer-Murray et al. 1999; Zhang et al.
2000; Ahmed et al. 2001; Nakayama et al. 2001). The impact of chromatin
structure on DNA replication is most evident through its role in regulating the
replication programme, the coordinated, ordered firing of replication units
(replicons) throughout the genome (reviewed in Bailis and Forsburg 2003;
McNairn and Gilbert 2003). There is a correlation between the timing of repli-
cation with chromatin structure and gene activity: usually, active genes are
replicated early in S phase, whereas heterochromatin and silenced genes are
replicated late in S phase. The role of chromatin components in establishing
replication timing has been studied in budding yeast, where deletion or mis-
targeting of various regulators of chromatin structure cause an alteration of
the replication timing of specific loci (Stevenson and Gottschling 1999; Cos-
grove et al. 2002; Vogelauer et al. 2002; Zappulla et al. 2002). The timing of
replication itself is in turn a major determinant of gene activity and chro-
matin structure (Zhang et al. 2002).
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4
Chromatin Assembly

DNA replication-coupled chromatin assembly is essential for epigenetic
inheritance through the propagation of chromatin states. The duplication of
chromatin requires the assembly of new nucleosomes onto the nascent chro-
matin. Chromatin assembly occurs immediately after DNA replication.
Parental histones are segregated onto the two nascent DNA duplexes ran-
domly (Sogo et al. 1986; Gruss et al. 1993; reviewed in Gruss and Sogo 1992;
Krude 1999), and these ‘parental’ histones may transmit information about
the chromatin structure of the template to the daughter strands. However, at
least half of the complement of histones has to be supplied from newly syn-
thesized ones.

Nucleosomes can be assembled in vitro by mixing histones with DNA in
high levels of salt (~ 2 M NaCl) and then slowly lowering the salt concentra-
tion by dialysis. This procedure prevents the non-specific aggregation of his-
tones with DNA, which would otherwise occur through strong charge interac-
tion. Alternatively, acidic polymers such as polyglutamic acid or RNA can
mediate nucleosome assembly in vitro. In the cell, histone chaperones play an
important role in this process. A critical part of their function is to neutralize
the charges on the histones, thus preventing non-specific aggregation with
DNA (Akey and Luger 2003).

4.1
Histone Chaperones

Several proteins with histone chaperone activity have been identified that
mediate nucleosome assembly under physiological conditions, and all of
these proteins are highly charged (reviewed in Akey and Luger 2003). Many
histone chaperones show a preference in the interaction with either the his-
tone H3-H4 tetramer, such as chromatin assembly factor-1 (CAF-1; Kaufman
et al. 1995), antisilencing function 1 protein (ASF1; Tyler et al. 1999), or his-
tone regulatory A (HIRA) (Ray-Gallet et al. 2002), while others preferentially
interact with the H2A-H2B dimer, such as nucleosome assembly protein-1
(NAP-1; Ishimi et al. 1987). Therefore, several histone chaperones may be
involved in the sequential assembly of the nucleosome particle, for example
histones H3/H4 are deposited first by CAF-1, and the nucleosome is then
completed by the deposition of two H2A/H2B dimers carried by NAP-1. His-
tone chaperones may also have roles in the nuclear import of histones, histone
storage (e.g. nucleoplasmin in the frog oocyte), sperm decondensation and
transcriptional activation (reviewed in Akey and Luger 2003). In fact, an
important principle one should keep in mind is that factors involved in nucle-
osome assembly may just as well catalyze nucleosome disassembly, and in this
way may be involved in transcriptional activation. This principle has been
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illustrated in vitro with the histone chaperone nucleoplasmin that facilitates
transcription factor binding on nucleosomal templates (Chen et al. 1994;
Owen-Hughes and Workman 1996). For some histone chaperones, including
CAF-1 and ASF1, a role in epigenetic phenomena has been demonstrated (see
below). Figure 3 illustrates chromatin assembly at the replication fork by the
two major processes involved, histone transfer from the parental DNA strand
and deposition of newly synthesized histones by histone chaperones CAF-1
and ASF1.

P. Varga-Weisz8

Fig. 3. Pathways of nucleosome assembly at the replication fork. Half of the histone com-
plement is provided by histone transfer from parental DNA to both new DNA strands.
These histones may carry modifications that transmit epigenetic information to the newly
synthesized DNA. The rest of the histones are derived from a newly synthesized pool that
carries specific acetylation patterns on histones H3 and H4 (stars) mediated by a cytoplas-
mic acetyltransferase. Deposition of these histones is facilitated by chaperones such as
CAF1 or ASF1 for H3/H4 or NAP1 for H2A/H2B. CAF-1 is tethered directly to the replication
site by its interaction with the sliding clamp of PCNA



4.2
Chromatin Assembly Factor 1, 
a Replication-Coupled Histone Chaperone

One of the most intensely studied histone chaperones is CAF-1. It contains
three subunits (p150, p60 and p48 in human) and is required for deposition of
newly synthesized histone H3/H4 tetramers specifically onto replicating DNA
(Smith and Stillman 1989, 1991), either during S phase or during nucleotide
excision repair (Gaillard et al. 1996). This deposition is followed by H2A/H2B
association with the H3/H4 tetramer,which is mediated by other histone chap-
erones such as NAP-1 (Ito et al.1996).Co-localization of CAF-1 with DNA repli-
cation and repair foci supports its role during chromatin replication and DNA
repair (Krude 1995; Marheineke and Krude 1998; Martini et al. 1998). CAF-1 is
evolutionarily conserved and homologues have been described in yeast,plants,
insects and vertebrates. In budding yeast, CAF-1 was purified in a complex
(known as CAC) with histones H3 and H4,where H4 has an acetylation pattern
similar to that of newly synthesized histones (Kaufman et al. 1995; Verreault et
al. 1996). CAF-1 interacts with proliferating cell nuclear antigen (PCNA, a cen-
tral molecule in the replication process; see below) and is targeted to replica-
tion sites through this interaction (Shibahara 1999).

4.3
CAF-1 Functions in the Inheritance of Chromatin States

Even though there is evidence for an essential role of CAF-1 in cell prolifera-
tion and genome stability in animal cells (Quivy et al. 2001; Hoek and Stillman
2003; Ye et al. 2003), deletion of CAF-1 in budding yeast is not lethal. In this
organism, CAF-1 deletion uncovers its role in epigenetic inheritance: without
CAF-1 gene silencing at telomeres, mating type loci and ribosomal DNA is
impaired (Enomoto et al. 1997; Kaufman et al. 1997; Monson et al. 1997;
Enomoto and Berman 1998; Smith et al. 1999). Telomeres, mating type loci
and ribosomal DNA, are normally organized into heterochromatin-like struc-
tures, which may point to a role of CAF-1 in heterochromatin assembly. In
budding yeast, the CAC1 gene coding for the p150 homologue is required for
the normal distribution of the telomere-binding protein Rap1 within the
nucleus (Enomoto et al. 1997). Rap1 protein binds to telomere DNA repeats
and controls telomere length and telomeric silencing. The perturbation of
Rap1p localization reflects defects in the organization of telomeric chro-
matin. In cells lacking CAF-I, the silent mating type loci are derepressed par-
tially and CAF-I contributes to the maintenance but not the re-establishment
(after a transient derepression) of silencing of these loci (Enomoto and
Berman 1998).

Together, these data suggest that CAF-I plays a role in generating specific
chromatin structures in vivo (Enomoto et al. 1997). In higher eukaryotes,
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CAF-1 may also play a role in heterochromatin assembly and gene silencing.
This is seen, for example, in a mammalian cell culture model designed to
monitor DNA methylation-dependent gene silencing and its reversal to gene
activation upon DNA demethylation. Expression of a truncated version of the
human p150 subunit of CAF-1, but not the full-length subunit, dramatically
increased the frequency at which transcriptional silencing of a reporter gene
was reversed in this system (Tchenio et al. 2001). This suggests that the trun-
cated p150 acts in a dominant negative manner and that mammalian CAF-1
has a role in the maintenance of silencing. CAF-1 is associated with hete-
rochromatin component HP1 in mammalian cells and it has been shown to
mediate the chromatin deposition of HP1 during chromatin assembly in vitro
(Murzina et al. 1999). In plants, CAF-1 subunits are also involved in epigenetic
regulation of gene expression. This is observed in the apical meristems,
groups of cells that give rise to post-embryonic tissues (such as shoots and
roots). CAF-1 subunit homologues of p150 and p60 are the gene products of
FASCIATA1 and 2 (FAS1 and FAS2) that are essential for the cellular and func-
tional organization of both shoot and root apical meristems (Kaya et al. 2001).
Mutants in the FAS genes show a non-uniform misexpression of key genes
involved in the control of the stem cells (Kaya et al. 2001). This non-uniform,
‘variegated’ phenotype, whereby genes are misregulated in a clonally inheri-
table manner, is often observed when components of chromatin are mutated.

4.4
Histone Chaperone ASF1

ASF1 was initially identified as a gene product that affects transcriptional
silencing (Le et al. 1997). The characterization of activities involved in repli-
cation-dependent chromatin assembly lead to the identification of fly and
human homologues of ASF1 as histone H3/4 chaperone that deposits newly
synthesized histones onto replicated DNA (Tyler et al. 1999; Munakata et al.
2000). ASF1, in complex with newly synthesized histones (RCAF complex),
collaborates synergistically with CAF-1 in chromatin assembly in vitro (Tyler
et al. 1999; Mello et al. 2002). Whereas deletion of ASF1 in budding yeast
results in no significant impairment of silencing, the disruption of both ASF1
and CAF-1 function enhances the silencing defects of CAF-1 deletion, and this
points to a cooperative role of both factors in the assembly of silent chromatin
(Tyler et al. 1999; Krawitz et al. 2002). In Drosophila the p105 subunit of CAF-
1, the fly homologue to human p60, interacts directly with ASF1 in vitro and
co-localizes in polytene chromosomes consistent with a functional synergy
between these factors (Tyler et al. 2001). Furthermore, mutations of ASF1 also
counteract gene silencing of a reporter gene that has been placed close to a
heterochromatic environment in the fly (Moshkin et al. 2002).
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4.5
Histone Chaperones and Heterochromatin Replication

CAF-1 is apparently involved in chromatin assembly throughout the genome,
both in euchromatin and heterochromatin (Taddei et al. 1999), and this may
be true for ASF1, too. How could histone chaperones that seem to be involved
in chromatin assembly in general affect gene silencing at particular loci? One
suggestion that has been put forward is that such factors ensure rapid and
efficient chromatin assembly and in this way reinforce heterochromatin
maintenance (Enomoto and Berman 1998; Kaya et al. 2001). If chromatin
assembly is delayed or impaired during the replication of heterochromatin,
factors that counteract heterochromatin formation, such as transcription fac-
tors, may have an opportunity to bind and win the upper hand, e.g. by recruit-
ing histone acetyltransferases. Because chromatin states are inheritable, this
disrupted state would then be perpetuated in subsequent rounds of chro-
matin replication. It has been also argued that the lack of transcription within
heterochromatin domains makes these structures more vulnerable to defects
during chromatin assembly compared to transcriptional active chromatin,
where transcription-coupled chromatin assembly or remodeling may allow
the ‘repair’ of chromatin assembly defects during DNA replication (Mello and
Almouzni 2001). Another possibility might be that specific histone chaper-
ones mediate the preferential deposition of histone variants that in turn
define specific chromatin structures.

4.6
Histone Variants

Histone variants differ from the canonical histones to various extents. This
may involve a few amino acids (e.g. H3.3 versus the ‘canonical’ H3.1) or sub-
stantial domains outside of the histone fold structure (e.g. CENP-A, macro
H2A). Histone variants mark specific chromatin domains, such as the cen-
tromere (CENP-A), the inactive X chromosome (macro H2A; Costanzi and
Pehrson 1998) and transcriptionally active regions (Histone H3.3), and are of
great functional importance, deletion of some having grave consequences on
the viability of the organism (for example, see van Daal and Elgin 1992, and
below).

The importance of histone variants has been demonstrated by their role in
centromeres, which are the chromosome domains at which the kinetochore
assembles to separate sister chromatids at mitosis. Centromeres are marked
by a unique histone H3-like protein (reviewed in Sullivan 2001), named
CENP-A in human cells (Earnshaw et al. 1986; Palmer et al. 1991), Cse4p in
budding yeast (Stoler et al. 1995) and Cid in Drosophila (Malik and Henikoff
2001). CENP-A and its homologues play essential roles in centromere func-
tion, but the precise role is unclear (reviewed in Mellone and Allshire 2003).
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CENP-A interacts with histones H2A, H2B and H4 to form a nucleosome-like
structure (Yoda et al. 2000). How is the association of CENP-A limited to the
centromere? Analysis of the timing of centromere replication and expression
of CENP-A protein in some organisms led to the proposal that CENP-A depo-
sition is regulated by its distinct, timed expression, away from the bulk his-
tone H3 expression and deposition (Shelby et al. 1997; Csink and Henikoff
1998). However, there is evidence that targeting of CENP-A to centromeres
does not require centromere replication (Shelby et al. 2000; Ahmad and
Henikoff 2001; Sullivan and Karpen 2001; Ouspenski et al. 2003). It has been
suggested that heterochromatin provides a special, spatially segregated
domain for CENP-A deposition (Henikoff et al. 2000). HIRA is a histone chap-
erone related to the budding yeast proteins Hir1p and Hir2p (Lorain et al.
1998) and acts in replication-independent chromatin assembly (Ray-Gallet et
al. 2002). Interestingly, in budding yeast the Hir proteins and CAF-1 are
required for proper deposition of the CENP-A homologue, Cse4 (Sharp et al.
2002). However, a specific chaperone for CENP-A has not been identified yet.

4.7
DNA Replication-Independent Chromatin Assembly

Chromatin assembly occurs independently of DNA replication during DNA
repair, recombination and transcription. Replication-independent chromatin
assembly involves histone variants such as H2A.Z and H3.3 that are synthe-
sized throughout the cell cycle rather than just in S phase. Specific histone
chaperones (Ray-Gallet et al. 2002) and chromatin remodeling factors
(Mizuguchi et al. 2004) mediate the deposition of these ‘replacement his-
tones’. Indeed, deposition of the major histone H3 (H3.1) is coupled to DNA
replication and possibly DNA repair, whereas histone variant H3.3 serves as
the replacement variant for the DNA-synthesis-independent deposition path-
way (Ahmad and Henikoff 2002a,b). H3.1 and H3.3 assembly complexes have
recently been purified and shown to contain distinct histone chaperones,
CAF-1 together with H3.1 for DNA-synthesis-dependent nucleosome assem-
bly and HIRA with H3.3 for DNA synthesis-independent nucleosome assem-
bly. Strikingly, these complexes possess one molecule each of H3.1 or H3.3 in
association with H4, suggesting that histones H3 and H4 exist as dimeric
intermediates in nucleosome formation (Tagami et al. 2004). This finding may
provide new insights into how epigenetic information could spread from the
parental to the daughter DNA strands during DNA replication (Tagami et al.
2004): if the histone transfer from the parental strands to the daughter strands
also occurs with dimeric units of H3/H4, then this would possibly facilitate
the transmission of epigenetic information by ensuring the presence of ‘old’
histones in every daughter nucleosome. The ‘old’ H3/H4 dimers would then
enforce their modification pattern onto the new units by recruiting the rele-
vant enzymes. For example, H3 K9 methylation could be enforced by the
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recruitment of the histone methyltransferase SU(VAR)3–9 that forms a com-
plex with HP1 that in turn binds to the methylation site of an ‘old’ H3 tail.

5
Histone Modifications and Chromatin Replication

5.1
Histone Deacetylation During Chromatin Replication

Histone modifications are important determinants of heritable chromatin
states such as heterochromatin whose domains are marked by the overall
underacetylation of histone H4 (Jeppesen and Turner 1993; O’Neill and
Turner 1995; Belyaev et al. 1996; Braunstein et al. 1996). The incorporation of
newly deposited histones into the nascent chromatin, therefore, necessitates
the resetting of the modification status of these histones to match the parental
situation. Newly synthesized histone H4 is acetylated at lysines 5 and 12
(Sobel et al. 1995) and deposited in this form throughout the genome
(reviewed in Annunziato and Hansen 2000). The role of this acetylation is
unclear and is apparently not required for chromatin assembly per se (Shiba-
hara et al. 2000). These histones have to be deacetylated after deposition to
maintain the heterochromatin-specific signature. In fact, the transient depo-
sition of histone H4 acetylated at K5 and K12 within heterochromatin and its
subsequent deacetylation has been well documented in mammalian cells
(Taddei et al. 1999). Inhibition of deacetylation leads to a disruption of hete-
rochromatin structure with subsequent consequences on genome stability
(Ekwall et al. 1997; Taddei et al. 2001). The responsible deacetylase in mam-
malian cells has not been identified, but the specific accumulation of HDAC2
at replication sites during the late stages of S phase, when heterochromatin is
replicated, proposes a likely candidate (Rountree et al. 2000). Histone deacety-
lases have been shown by genetic means to be essential for centromeric gene
silencing in fission yeast, supporting a role in heterochromatin assembly
(Grewal et al. 1998; Bjerling et al. 2002). One key reason why histone deacety-
lation may be important for heterochromatin assembly around the cen-
tromeres is that it allows the subsequent methylation of key lysine residues of
histone H3, thus creating a specific binding site for HP1 and mediating hete-
rochromatin assembly (see below).

5.2
Histone Acetylation at the Replication Site

The re-establishment of the acetylation state of nucleosomes after DNA repli-
cation requires both deacetylation and acetylation of specific lysine residues
on newly incorporated histones. Histone modifying enzymes interact with
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replication proteins such as the Origin Recognition Complex (ORC) that
marks replication origins in eukaryotes and the Minichromosome Mainte-
nance Complex (MCM), a multisubunit helicase composed of proteins
MCM2–7 involved in DNA replication. In budding yeast, a histone acetyl-
transferase called Sas2 (something about silencing 2) acetylates lysine 16 of
histone H4 and is important to counteract gene silencing at the HMR locus
and the rDNA but has opposite effects on silencing at the HML, and telomeric
loci (Meijsing and Ehrenhofer-Murray 2001; Osada et al. 2001). Indeed, a
mutation in histone H4 replacing K16 with R has a phenotype very similar to
that of the sas2 deletion (Meijsing and Ehrenhofer-Murray 2001; Osada et al.
2001). This HAT interacts with the large subunit of CAF-1 (Cac1p) and ASF1
(Meijsing and Ehrenhofer-Murray 2001; Osada et al. 2001). These findings
suggest that the role of Cac1p in epigenetic inheritance may be, at least in
part, a result of its interaction with Sas2. In human cells, a highly related
acetyltransferase named HBO1 (Histone acetyltransferase Bound to ORC 1)
interacts with the DNA replication proteins ORC1 (Iizuka and Stillman 1999)
and MCM2 (Burke et al. 2001). In Drosophila a protein called Chameau is the
fly counterpart of HBO1 according to sequence analysis, and this putative his-
tone acetyltransferase operates in epigenetic silencing mediated by pericen-
tromeric heterochromatin and the Polycomb group transcriptional repres-
sors (Grienenberger et al. 2002). The transcriptional co-activator p300 is yet
another factor with histone acetyltransferase activity that interacts with a
central component of the DNA replication and repair machinery, PCNA, and
this interaction has been specifically linked to nucleotide excision repair-cou-
pled DNA synthesis (Hasan et al. 2001). Together, these findings illustrate a
close link between the replication machinery and histone acetyltransferases
involved in gene regulation. Caveats to this interpretation may be that histone
modifying enzymes may also modify other components of chromatin includ-
ing the replication machinery itself, and that replication proteins such as the
ORC complex may have functions outside of DNA replication (see, for exam-
ple, Prasanth et al. 2002; Bailis and Forsburg 2003).

6
ATP-Dependent Chromatin Remodeling Factors 
in Chromatin Replication

6.1
ISWI Complexes in Chromatin Assembly in Vitro

Crude extracts of frog oocytes and early Drosophila embryos support the effi-
cient assembly of chromatin in vitro. The analysis of these chromatin assem-
bly systems identified an ATP requirement for the creation of regular, periodic
nucleosomal arrays (Glikin et al. 1984; Almouzni and Méchali 1988; Becker
and Wu 1992) which led to the identification of a role of ATP-dependent
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nucleosome remodeling factors in chromatin assembly. The requirement is
demonstrated by a partial digestion of the reconstituted chromatin with
micrococcal nuclease that preferentially cleaves between nucleosomes. Such a
digest will result in a ladder of DNA fragments representing mono-nucleo-
somes, di-nucleosomes, etc. in native chromatin. In the absence of ATP during
chromatin assembly, only a ‘smear’ of DNA of non-discrete size distribution
will be observed following digestion (see, for example, Varga-Weisz et al.
1997).

Fractionation of Drosophila extracts lead to the purification of ISWI (Imi-
tation Switch)-containing chromatin remodeling complexes as mediators of
the ATP-dependent nucleosome array formation (Ito et al. 1997; Varga-Weisz
et al. 1997). ISWI is a member of a family of ATPases that are involved in var-
ious aspects of chromatin remodeling. ISWI was subsequently found to be the
core ‘engine’ of various complexes supporting nucleosome assembly in organ-
isms ranging from budding yeast, frog to human (see above and Fig. 2;
reviewed in Längst and Becker 2001).

ISWI itself is a potent nucleosome remodeling factor in vitro, and the
major activity of this ATPase seems to be the sliding of nucleosomes along
DNA without a major disruption of the nucleosome structure (reviewed in
Längst and Becker 2001; see also Fazzio and Tsukiyama 2003). ISWI is found
in complexes with subunits that enhance and regulate its nucleosome remod-
eling activity, including the ACF1 subunit in ACF (ATP-dependent Chromatin
remodeling and assembly Factor) and Chrac (Chromatin Accessibility; Ito et
al. 1999; Eberharter et al. 2001), NURF301 in NURF (Nucleosome Remodeling
Factor; Xiao et al. 2001), TIP5 in NorC (Nucleolar remodeling Complex;
Strohner et al. 2001) and RSF1 in RSF (Remodeling and Spacing Factor; Loy-
ola et al. 2001). WSTF (Williams Syndrome Transcription Factor) is strongly
related to ACF1 and it interacts with ISWI to form nucleosome ‘spacing’ factor
WICH (WSTF-ISWI chromatin remodeling factor; Bozhenok et al. 2002; Mac-
Callum et al. 2002; see Figure 2 for a summary of human ISWI complexes).
While most ISWI complexes mediate chromatin assembly in vitro, they also
render chromatin accessible to incoming proteins (Varga-Weisz et al. 1997),
and this allows gene activation by transcription factors (Ito et al. 1997; LeRoy
et al. 1998) or DNA replication firing by T-antigen on chromatin templates
(Alexiadis et al. 1998). RSF, composed of the RSF1 subunit and human ISWI
isoform SNF2H, was originally identified as a factor that facilitates transcrip-
tion from chromatin templates. It mediates chromatin assembly and nucleo-
some spacing without the assistance of histone chaperones and, indeed, RSF1
interacts with histones directly (Loyola et al. 2001, 2003). In contrast to RSF,
ACF, composed of ACF1 and ISWI, requires additional histone chaperones
such as NAP1 or CAF-1 for chromatin assembly (Ito et al. 1997, 1999). Once
ACF initiates chromatin assembly on a DNA molecule, it will be ‘committed’ to
this template and assemble nucleosomes in localized arrays (Fyodorov and
Kadonaga 2002). This observation supports a ‘tracking’-type mechanism by
which this complex moves along the DNA during chromatin assembly. How
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could an ATP-dependent chromatin remodeling factor such as ACF or RSF be
involved in the formation of periodic nucleosomal arrays? Figure 4 illustrates
two possible models based on ideas developed in two reviews on this subject
(Varga-Weisz 1998; Haushalter and Kadonaga 2003).

P. Varga-Weisz16

Fig. 4. Schematic representation of two possible, mutually non-exclusive, mechanisms by
which ISWI complexes may be involved in ATP-dependent chromatin assembly. These
models are based on ideas developed in two reviews on this subject (Varga-Weisz 1998;
Haushalter and Kadonaga 2003). In the iterative-annealing model, defects that arise during
the early steps in nucleosome assembly, such as unbound DNA within the nucleosome,
chaperones associated with histones or gaps between nucleosome, are ‘repaired’ by the
transient, repetitive disruption of DNA–histone interactions. This allows the removal of
kinetic traps that may arise in the early steps of nucleosome assembly. The same transient
disruption of histone–DNA contacts may drive nucleosome movement along the DNA,
which would be important in the creation of regular nucleosomal arrays. Regular arrays, in
turn, may be required for formation of the higher order fiber structure. In the direct depo-
sition model, deposition of nucleosomes is directly connected to translocation of the chro-
matin remodeling factor along the naked DNA. This could be mediated by formation of a
specific DNA structure, such as a DNA loop, during the tracking motion, and would facili-
tate the processive formation of nucleosome arrays



6.2
ISWI Complexes and Their Role in Chromatin Replication in Vivo

ISWI complexes have a role in chromatin assembly, but they also render chro-
matin accessible. What in vivo function does their ‘dual role’ reflect? ISWI is
essential in Drosophila and genetic deletion of ISWI leads to global alterations
of chromosome structure, whereby the male X chromosome that is subject to
dosage compensation is especially affected (Deuring et al. 2000). The role of
ACF1/ISWI and WSTF/ISWI complexes has been studied in chromatin
assembly extracts from frog eggs (Demeret et al. 2002; MacCallum et al. 2002).
Here, depletion of ISWI from the extracts affected nucleosome spacing, but
not DNA replication or chromosome condensation. Genetic deletion of ACF1
confirms the role of ACF1-ISWI complexes in chromatin assembly in early fly
embryos (Fyodorov et al. 2004): extracts prepared from ACF1 -/- fly embryos
are somewhat impaired in chromatin assembly and the chromatin of these
embryos shows some, albeit minor, global changes in nucleosome spacing or
density. Homozygous deletion of ACF1 is lethal to 75 % of the mutant fly
embryos, but 25 % surprisingly escape with only minor defects and are fertile
and essentially normal. Mutant fly embryos that survive show alterations in
polycomb and pericentromeric heterochromatin-mediated gene silencing
that reflect changes in chromatin structure. Some of these changes are in line
with a defect in chromatin assembly, while others point to a role in counter-
acting chromatin condensation. One reason why ACF1/ISWI complexes are
important in the formation of regular nucleosomal arrays in the very rapidly
dividing early fly and frog nuclei may be that these organisms lack a canoni-
cal linker Histone H1 (Dimitrov et al. 1993; Ner and Travers 1994) that may
mediate nucleosome spacing in somatic cells.

In mammalian cells, ACF1 interacts with the SNF2H isoform of ISWI
(LeRoy et al. 1998, 2000; Bochar et al. 2000; Poot et al. 2000) and appears to be
targeted specifically to replication foci in pericentromeric heterochromatin in
mouse and human cells (Collins et al. 2002). SNF2H is also targeted to these
foci (Collins et al. 2002). Depletion of ACF1 by RNA interference impairs pro-
gression through the late stages of S phase, when the pericentromeric hete-
rochromatin is replicated (Collins et al. 2002). This impairment can be allevi-
ated when the cells are treated with the DNA methylation inhibitor
aza-deoxycytidine at doses that cause a specific decondensation of hete-
rochromatin (Haaf 1995; Collins et al. 2002). These results imply a role of
ACF1 in facilitation of DNA replication through condensed chromatin. Deple-
tion of SNF2H causes a general impairment in S phase progression that again
can be alleviated by aza-deoxycytidine treatment (Collins et al. 2002). It is not
clear how the ACF1/SNF2H complex facilitates DNA replication through het-
erochromatin. One could imagine that this factor is involved in setting up
functional origins of replication within condensed chromatin or that it facili-
tates the rapid access of the replication machinery to the DNA within hete-
rochromatin. Interestingly, the SWI/SNF complex is important for the func-

Chromatin Remodeling Factors and DNA Replication 17



tion of specific origins of replication in budding yeast (Flanagan and Peterson
1999). One could also imagine that the ACF1/ISWI complex assembles a chro-
matin structure that on one side is condensed but on the other side is readily
‘unzipped’ to allow DNA replication.

The suggested role of ACF1 and ISWI in heterochromatin replication in
mammalian cells is not necessarily in contradiction to those findings
obtained from the experiments with frog egg extracts (Demeret et al. 2002;
MacCallum et al. 2002) where it was shown that these complexes do not have
a role in DNA replication through chromatin per se. This is because chro-
matin assembled in these extracts lacks the heterochromatin structures found
in somatic nuclei. However, findings of the effect of ACF1 on DNA replication
in Drosophila are in marked contrast to those obtained from mammalian cell
culture. Here homozygous deletion of the ACF1 gene results in an apparent
accelerated S phase progression that has been linked to a more loose chro-
matin structure, similar to the accelerated S phase obtained after deletion of a
histone gene cluster (Fyodorov et al. 2004). These findings may point to sub-
stantial differences between the embryonal Drosophila cells that have been
studied and the mammalian cells in culture. More studies are needed in both
systems to obtain a comprehensive picture of ACF1 function and mechanism
of action.

WSTF is also targeted to replication foci in pericentromeric heterochro-
matin (Bozhenok et al. 2002). An extraction protocol using a detergent and
high salt (350 mM NaCl)-containing buffer allowed visualization of a general
retention of WSTF and SNF2H in replication foci throughout S phase. Fur-
thermore, there is strong evidence that WSTF is targeted to these sites by
interacting with PCNA and, then, in turn recruits SNF2H (Poot et al.,
unpubl.).WSTF depletion leads to a more condensed structure of newly repli-
cated chromatin and a general increase in markers of heterochromatin, such
as HP1. This is accompanied by a delay in S phase progression.

ISWI (SNF2H) is also found in association with subunits of cohesin, a con-
served four-subunit complex that mediates sister chromatid interaction dur-
ing mitosis. The role of ISWI here is to facilitate the binding of cohesin to het-
erochromatin (Hakimi et al. 2002). These findings are consistent with the dual
function of ISWI-chromatin remodeling factors observed in vitro in both
chromatin assembly and chromatin accessibility. A recent study on the func-
tion of the yeast CHRAC complex supports this notion: whereas earlier stud-
ies pointed to a role of subunits of this complex in the assembly of repressive
promoter structures of specific genes (Goldmark et al. 2000; Kent et al. 2001),
it can also counteract heterochromatin at telomeres by maintaining a more
open configuration (Iida and Araki 2004).

ATP-dependent nucleosome remodeling factors may alter chromatin struc-
ture not only through their direct action on nucleosomes, but also by mediat-
ing changes in histone and DNA modifications. Indeed, recent findings sup-
port an important role of ISWI complexes in specifying histone modifications
for transcription in budding yeast (Morillon et al. 2003) and mammalian cells
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(Santoro et al. 2002; Zhou et al. 2002). Furthermore, a factor related to ISWI is
required for global DNA methylation and histone H3 K9 methylation in the
pericentromeric heterochromatin in mammalian cells (Dennis et al. 2001; Yan
et al. 2003).

In conclusion, the studies of ISWI and ACF1 function highlight the possible
close link between processes that are involved in chromatin assembly and
those that may actually counteract chromatin structure. What unifies both
processes is that they impart a dynamic nature to chromatin.

7
The Assembly of Higher Order Chromatin Structures

The assembly of ordered, periodic nucleosome arrays mediated by ISWI com-
plexes could be necessary for the formation of higher order chromatin struc-
tures. This may be because such ordered nucleosome arrays facilitate the cor-
rect folding of the fiber and/or the interaction of chromatin proteins that are
involved in higher order structures.

Histone H1 has a major role in the stabilization of higher order folding
structures of the chromatin fiber (Thoma and Koller 1977). Further levels of
chromatin compaction may depend on the interaction of chromatin fiber
segments with distal segments. An important protein that may mediate these
interactions is HP1 and its homologues, conserved from fission yeast (where
it is called Swi6) to human. HP1 proteins are important for heterochromatin
formation around the centromeres (pericentromeric heterochromatin) and
at telomeres and affect position-effect variegation, a form of transcriptional
silencing that depends on the spread of heterochromatin (reviewed in Gre-
wal and Elgin 2002). The interaction of HP1 with heterochromatin is regu-
lated by the methylation of histone H3 at lysine 9, which is mediated by his-
tone methyltransferase SU(VAR)3–9 and its homologues (SUV39H1 and
SUV39H2 in mammals, Clr4 in fission yeast; Rea et al. 2000; Bannister et al.
2001; Lachner et al. 2001; Peters et al. 2001). HP1 interacts with the ORC
complex in Drosophila and this interaction is required to load HP1 to hete-
rochromatin (Pak et al. 1997). Swi6p, the fission yeast homologue of HP1,
interacts directly with DNA polymerase a and there is evidence that this
interaction is required to mediate Swi6-dependent silencing (Ahmed et al.
2001; Nakayama et al. 2001). Swi6 is important for chromosome cohesion
between replicated sister chromatids by mediating the interaction of cohesin
with centromeres (Bernard et al. 2001; Nonaka et al. 2002). It is not known
whether SU(VAR)3–9 and its homologues are cell cycle-regulated. The func-
tional interaction of Swi6 with centromeres and its role in cohesion is cou-
pled to S phase through the action of the hsk1 kinase, the Cdc7-related
kinase in fission yeast that regulates replication initiation (Bailis et al. 2003).
This may be through direct phosphorylation of Swi6 by the kinase. This
finding illustrates how a cell cycle regulator may be involved in the coordi-
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nation of the assembly of higher order structures of the chromatin fiber with
progression through S phase.

The association of HP1 with heterochromatin depends on an unidentified
RNA component (Maison et al. 2002), and, indeed, HP1 associates with RNA
directly (Muchardt et al. 2002). This RNA connection may be linked to the role
of the RNA interference pathway in gene silencing mediated by Swi6, Clr4 and
its homologues (Volpe et al. 2003; Pal-Bhadra et al. 2004; Verdel et al. 2004).
However, specific non-coding RNA molecules may also have a structural role
in establishing higher order chromatin, as, for example, the Xist RNA in the
inactive X chromosome (reviewed in Brockdorff 2002), and RNA may be part
of chromatin remodeling factors themselves, for example, the dosage com-
pensation complex in Drosophila (Akhtar 2003). It will be insightful to find
out how the expression and localization of these non-coding RNAs are linked
to the cell cycle and chromatin assembly.

8
PCNA, a Central Coordinator of Epigenetic Inheritance

How is chromatin replication coupled to the DNA replication process? One
important facet in this process is clearly PCNA. PCNA is an essential proces-
sivity factor for replicative DNA polymerases by assembling a closed ring
structure (a sliding clamp) around the DNA duplex, but it interacts with many
factors that have a role in DNA replication, including Okazaki fragment pro-
cessing, DNA repair, translesion DNA synthesis, DNA methylation, chromatin
remodeling, chromatin assembly and cell cycle regulation (reviewed in Maga
and Hubscher 2003). PCNA is, therefore, a central coordinator of the DNA and
chromatin replication process. PCNA is involved in epigenetic inheritance in
yeast by marking replicated DNA and recruiting CAF-1 (Zhang et al. 2000).
Mutations in PCNA disrupt silencing of an integrated gene near the telom-
eres. PCNA mutations in Drosophila also affect position-dependent silencing
(PEV; Henderson et al. 1994). DNA methylation, important for the inheritance
of repressed chromatin structures in higher eukaryotes (Kass and Wolffe
1998), is maintained through replication by the interaction of the DNA
methyltransferase DNMT1 with PCNA (Leonhardt et al. 1992). We find that a
WSTF/ISWI complex is also recruited by PCNA, but, unlike CAF-1 and
DNMT1, it seems to be involved in the maintenance of open chromatin struc-
tures (Poot et al., unpublished). This may suggest that WSTF facilitates or pro-
motes epigenetic inheritance of transcriptionally active chromatin. How all
the PCNA-interacting proteins access PCNA in a coordinated manner and
how PCNA organizes their function in DNA and chromatin replication are
important unresolved questions in molecular biology.
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9
Mechanisms of Epigenetic Inheritance 
Through Chromatin: Conclusion

In this chapter, we have described key components of the mechanisms of
propagation of chromatin states through DNA replication. These include his-
tone modifications and the responsible enzymes, histone chaperones, chro-
matin remodeling factors, RNA components, DNA methylation and the DNA
replication machinery itself. Some of the known interactions suggest path-
ways by which histone modifications (for example, histone methylation at K9
of H3) recruit factors [e.g. HP1-SU(VAR)3–9 complexes] that propagate the
same modification at adjacent sites. The segregation of parental histones to
the daughter DNA strands during DNA replication may, therefore, mediate
maintenance of the histone code of specific domains. One requirement for
this scenario is that the dispersal of the parental histones to the new DNA
strands has to be kept localized. One could imagine a molecular conveyor belt,
possibly consisting of the DNA replication machinery itself, histone chaper-
ones and remodeling factors, which secures the localized transmission of his-
tones.

What may become obvious from this chapter is that while we know several
components that are involved in epigenetic inheritance, we are far from
understanding the mechanisms of this important aspect of biology. This is
likely because, unlike the duplication of DNA, there is no single mechanism
that mediates the duplication of chromatin states, but many different mecha-
nisms exist, depending on chromatin domain, organism and function. This
field will remain a major intellectual challenge for the foreseeable future.
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Epigenetic Inheritance of Chromatin States
Mediated by Polycomb and Trithorax Group
Proteins in Drosophila

Jérôme Déjardin, Giacomo Cavalli

Abstract Proteins of the Polycomb group (PcG) and of the trithorax group
(trxG) are involved in the regulation of key developmental genes, such as
homeotic genes. PcG proteins maintain silent states of gene expression, while
the trxG of genes counteracts silencing with a chromatin opening function.
These factors form multimeric complexes that act on their target chromatin
by regulating post-translational modifications of histones as well as ATP-
dependent remodelling of nucleosome positions. In Drosophila, PcG and trxG
complexes are recruited to specific DNA elements named as PcG and trxG
response elements (PREs and TREs, respectively). Once recruited, these com-
plexes seem to be able to establish silent or open chromatin states that can be
inherited through multiple cell divisions even after decay of the primary
silencing or activating signal. In recent years, many components of both
groups of factors have been characterized, and the molecular mechanisms
underlying their recruitment as well as their mechanism of action on their
target genes have been partly elucidated. This chapter summarizes our cur-
rent knowledge on these aspects and outlines crucial open questions in the
field.

1
Introduction

In multicellular organisms, homeostasis is a fundamental process. Regulation
of this phenomenon implies that biological relationships among different
highly specialized tissues or between tissues and environment must maintain
constant responses to dynamic conditions. Homeostasis is essential for viabil-
ity and it involves multiple layers of regulation, including maintenance of cell
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fate. In many cases, once a cell engages a specific differentiation program, it
must remember its identity after each cell cycle. Differentiation and/or cellu-
lar fate choices are the result of developmental cues that essentially take place
at the transcriptional level. Early stimuli that sculpt gene expression are often
transient, but once a cell is committed to a specific differentiation program,
gene expression profiles must be maintained. Thus, cellular specialization is
the consequence of establishment and maintenance of specific patterns of
gene expression. Unscheduled cell death, transformation or developmental
abnormalities are often the result of defects in this memory process. One of
the best examples of this phenomenon is the establishment and maintenance
of specific patterns of homeotic gene expression in Drosophila. Homeotic
gene expression profiles are responsible for the specification of the antero-
posterior axis in all metazoans. In Drosophila, a transient cascade of tran-
scription factors provided maternally (i.e. already present as a stock in the egg
before fertilization) or produced zygotically by gap, pair-rule and segment
polarity genes is responsible for the establishment of such patterns (Ingham
and Martinez Arias 1992). Most of these transcription factors act only tran-
siently and disappear at the onset of gastrulation. However, patterns of
homeotic gene expression are stable through development and during adult
life. Thus, there is a mechanism that relays the action of early transcription
factors after their disappearance. This mechanism is able to memorize states
of gene expression and to faithfully reproduce these patterns through many
rounds of cell division. Failure in the maintenance process leads either to
embryonic death if these defects occur early or to developmental abnormali-
ties (named homeotic transformations) if these defects are less profound
and/or occur later. Genetic screenings for homeotic transformations in
Drosophila led to the identification of two counteracting groups of genes. The
Polycomb group (PcG) is necessary for the maintenance of the repressed
state, while the trithorax group (trxG) is necessary for maintenance of the
active state. These genes are normally ubiquitously expressed and encode
nuclear factors that assemble in distinct multi-subunit complexes that are
conserved from Drosophila to mammals (Otte and Kwaks 2003). PcG and trxG
proteins act directly on chromatin to regulate their target genes. In
Drosophila, this is achieved by recruiting PcG and trxG proteins to specific
chromosomal elements termed PcG or trxG response elements (PRE/TRE).
However, several issues are still poorly understood: first, how these ubiqui-
tous factors are properly targeted to their response elements in tissue- and
developmental stage-specific manners; second, how they act on their target
genes to maintain a repressed or an active transcriptional state; and third,
how they maintain memory of chromatin states through many rounds of cell
division. This chapter aims to summarize the current understanding of these
issues.
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2
Proteins of the Polycomb Group of Genes

Based on genetic screens using deficiencies covering a fraction of the
Drosophila genome, the PcG might include up to 40 members (Jürgens 1985).
To date, only 16 members have been molecularly characterized and these
members can be biochemically separated into three main categories depend-
ing on their presence or absence in the two complexes described to date: the
Polycomb Repressive Complex 1 (PRC1) and the Extra SexCombs/Enhancer
of Zeste [ESC/E(Z)] complex and its derivatives. Table 1 lists all the character-
ized PcG factors, their involvement in distinct biochemically characterized
complexes and notable protein domains and their respective functions.

2.1
PcG Complexes

While first members of the PcG of genes were cloned over 10 years ago, their
characterization as components of distinct chromatin complexes is quite
recent. Early studies suggested that most PcG members were building a single
Polycomb complex (Simon et al. 1992). However, detailed genetic and bio-
chemical evidence indicates that this is not the case. In particular, two distinct
PcG complexes were characterized (see Table 1). Only 7 of the 16 character-
ized PcG members are integral components of one of the two complexes. Of
the remaining nine, some have been shown to interact directly with compo-
nents of the two main complexes, suggesting that PcG complex composition
may vary in different target genes or in different tissues. Also, some members
of the two main complexes were shown to interact with partners that are not
known to play a direct role in regulating gene expression. For instance, the PH
protein, a main component of PRC1 (see below) was shown to make distinct
smaller complexes.Association of a PH isoform with Topoisomerase II as well
as the Barren proteins (Lupo et al. 2001) links the PcG to components involved
in regulation of chromosomal architecture and condensation. Moreover, PH
protein has been recently shown to form a complex containing molecular
chaperones (Wang and Brock 2003). These examples suggest that diverse PcG
complexes may participate in different types of cellular functions.

2.1.1
The ESC-E(Z) Complex

Since ESC function is required early during development, targeting of the
ESC/E(Z) complex is often viewed as the first temporal event in PcG-mediated
repression (Ingham 1983; Struhl and Akam 1985). Several variants of this
complex have been purified, which all contain the ESC and E(Z) proteins.
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Table 1. Characterized proteins of the PcG, their symbol name and functional or biochem-
ical features (see text for details)

Full name Symbol Biochemical properties/notable domains

PRC1
Polycomb PC Chromodomain responsible for binding

trimethylated K27 of histone H3
Polyhomeotic PH Zinc finger, SPM (SAM) domain that

binds to SCMa

Posterior sex combs PSC Zinc finger, HTH domain; interacts with
PC and PH

dRing/sex combs extra – Ring domain
Sex comb on midleg SCM SPM domain that allows interaction with

PHa

Heat-shock protein cognate 4 HSC70-4 Protein chaperoneb

ESC-E(Z) complex
Extra sex combs ESC WD40 repeats
Enhancer of zeste E(Z) SET domain that methylates histone H3

on lysines 27 and 9
Suppressor of zeste 12 SU(Z)12 Zinc finger,VEFS box
Polycomb-like PCL Ring domain, PHD domain
Rpd3 – Drosophila homologue to HDAC1

Other characterized PcG members
Suppressor of zeste 2 SU(Z)2 ‘Homology region’ (with Psc and Bmi-1)

containing a RING finger motifc

Pleiohomeotic PHO Zinc finger that binds to DNA at
‘GCCAT’; a conserved domain (aa
118–172) interacts with PC

Pleiohomeotic-like PHOL Zinc finger homologous to that of PHO
that binds to the same DNA motif as
PHO

Additional sex combs ASX Zinc finger, Q-rich domain
Cramped CRM Genetically interacts with PCNA, A-rich

domaind

Enhancer of Polycomb E(PC) Q-rich domain, A-rich domain
dMi-2 – PHD fingers, chromodomains, ATPase

domain, HMG-like motif, myb-like motif

Other factors that may show PcG features
Pipsqueak PSQ BTB-POZ domain, Psq domain; binds to

‘GAGAG’ DNA motif
Corto – Chromodomain; reported to interact

with E(Z), ESC and GAFe

Dorsal switch protein 1 DSP1 HMG box proteinf

Relevant references that are not discussed in the text are listed here:
a Peterson et al. (1997)
b Mollaaghababa et al. (2001)
c Brunk et al. (1991)
d Yamamoto et al. (1997)
e Salvaing et al. (2003)
f Decoville et al. (2001)



Originally, a 600-kDa complex was isolated (Ng et al. 2000; Tie et al. 2001). This
complex was shown to contain the ESC and E(Z) proteins as well as the
Drosophila HDAC1 homologue Rpd3, the histone binding protein p55 and the
Su(Z)12 PcG member (Czermin et al. 2002; Muller et al. 2002). In contrast to
the other proteins, Rpd3 may be loosely associated with this complex
(Kuzmichev et al. 2002). Later, a larger complex of 1 MDa was purified and
shown to contain the PCL protein in addition to the members cited above (Tie
et al. 2003). This is consistent with previous two-hybrid data, showing a direct
interaction between PCL protein and E(Z) (O’Connell et al. 2001). The appar-
ent discrepancy in composition of the ESC/E(Z) complex probably depends
on its dynamic composition during development (Furuyama et al. 2003). In
particular, the ESC product is deposited into the egg, and expressed only dur-
ing embryogenesis. Thus, at larval stages the complex undergoes a major
compositional change (Furuyama et al. 2003). How this change affects its reg-
ulatory function remains to be studied.

2.1.2
The Polycomb Repressive Complex 1

This large complex, first isolated in the laboratory of Robert Kingston, may
take the relay from the early acting ESC/E(Z) complex in order to ensure
maintenance of chromatin memory after disappearance of ESC. When iso-
lated from Drosophila mid–late embryos, the size of PRC1 is approximately
2 MDa (Shao et al. 1999). PRC1 includes more than 30 identified polypeptides,
including Polycomb, Polyhomeotic, Posterior Sex Combs, Sex Comb on Mid-
leg (PC, PH, PSC, SCM) and dRing. dRing has been recently identified as being
encoded by the formerly identified Sex combs extra (Sce) PcG gene (Fritsch et
al. 2003). In addition to these main PcG members, PRC1 was shown to contain
stoichiometric amounts of several TBP Associated Factors (TAFs) and the
Zeste transcriptional activator protein (Saurin et al. 2001). Zeste is a
sequence-specific transcription factor that was originally classified as a mem-
ber of the trxG because of its ability to activate the Ubx gene both in vitro and
in vivo (Biggin et al. 1988; Laney and Biggin 1992). Using co-immunoprecipi-
tation experiments, it was previously proposed that PC, PH and PSC interact
(Strutt and Paro 1997; Kyba and Brock 1998). Moreover, immunostaining of
polytene chromosomes using antibodies directed against PC and PH proteins
showed a perfect co-localization, again suggesting a possible involvement of
these factors in a complex in vivo (Franke et al. 1992). However, the Polycomb-
like protein (PCL) also perfectly co-localizes with both PC and PH (Lonie et
al. 1994) while it was not found in PRC1, suggesting a loose or a later associa-
tion of this protein to the complex. The fact that PCL is a component of the
ESC-E(Z) complex (Tie et al. 2003) may provide a link between ESC-E(Z) and
PRC1 complexes.
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2.1.3
Other Identified PcG Proteins and Partners

The other characterized members still remain to be assigned to any biochem-
ical complex, or to a specific function in the framework of the known com-
plexes. The Pleiohomeotic protein (PHO) and, more recently, the PHO-like
product (PHOL) are the only members of the PcG shown to bind to DNA at a
specific DNA binding motif (Brown et al. 1998, 2003; Fritsch et al. 1999). Con-
sistent with the high degree of conservation in the Zinc finger domain
responsible for DNA binding between PHO and PHOL, it was shown that
PHOL binds to the same DNA sequences as PHO (Brown et al. 2003), suggest-
ing a redundant function for these two factors.

In the early embryo, at a stage where PcG repression still does not occur, the
PC, PH, ESC, E(Z), PHO, Rpd3 and the GAGA Factor (GAF, a member of the
trxG) proteins interact (Poux et al. 2001b). This work provides evidence for an
early physical interaction between members of the two known PcG complexes
and members not yet assigned to any of them and it suggests that contacts
between these components may be important for establishment of PcG-medi-
ated silencing. Moreover, the PHO protein was shown to be capable of direct
interaction with the PC protein (Mohd-Sarip et al. 2002), providing a link
between a sequence-specific PcG member and PRC1. Although YY1, the
human PHO homologue was shown to interact with EED, a human ESC
homologue (Satijn et al. 2001), no such interaction was found in Drosophila,
thus leaving open the question whether PHO may link both complexes via a
joint recruitment. The function of some other proteins that were originally
assigned to the PcG is even less understood. For instance, the two proteins
E(PC) and ASX (Table 1) might be classified in the PcG genetically, and on the
basis of their partial co-localization with PC in polytene chromosome stain-
ing experiments (Sinclair et al. 1998a,b). However, ASX seems to have a dual
function, as some mutations in the Asx gene also enhance trxG phenotypes,
and since this protein has tissue-specific functions via specific cofactors
(Dietrich et al. 2001). Moreover, both ASX and E(PC) proteins interfere with
the phenomenon of Position Effect Variegation, a gene silencing phenomenon
that depends on heterochromatin components and does not involve the other
members of the PcG (Sinclair et al. 1998b). Thus, the molecular dissection of
the function of these two factors, and perhaps other proteins associated with
the PcG, may uncover intriguing links between PcG members and other cellu-
lar functions.
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2.2
Targeting of PcG-Mediated Repression

2.2.1
PcG Response Elements

PcG targeting requires the presence of a chromosomal element termed PcG
Response Element (PRE) at the target locus. PREs are believed to nucleate PcG
association to chromatin and they are continuously required during develop-
ment to anchor PcG proteins to their target genes (Busturia et al. 1997). In
Drosophila, PREs are DNA sequences ranging from a few hundred to several
thousand base pairs. They have been characterized using transgenic
approaches where PREs were cloned close to the mini-white gene marker
(expression of the white gene is responsible for the Drosophila red eye colour).
Flies bearing such constructs usually display variegated eye colour, and
homozygous flies for these transgenes often show lower mini-white expres-
sion than heterozygous individuals. This phenomenon is termed Pairing Sen-
sitive Silencing. Moreover, the PREs present in these constructs induce ectopic
binding sites for PcG proteins in polytene chromosomes (Fauvarque and
Dura 1993; Chan et al. 1994; Kassis 1994; Zink and Paro 1995; Hagstrom et al.
1997; Shimell et al. 2000; Mishra et al. 2001). Polytene chromosome studies
indicate the existence of more than 100 loci bound by PcG proteins, and the
low resolution of this technique does not exclude that several PcG binding
sites may in fact contain more than one autonomous PRE. For example, there
are at least six PREs in the BX-C that are concentrated in only one PC signal in
polytene chromosomes. Similarly, the ph locus contains two distinct PREs,
whereas only one cytological signal can be detected. In vitro studies reveal
that many PcG proteins do not bind to specific DNA sequences (Francis et al.
2001). Thus, other factors may probably link PcG proteins to PREs. An attrac-
tive hypothesis would be that early acting factors that initiate the pattern of
repression recruit PcG proteins. For instance, the early gap repressor Hunch-
back has binding sites in the bxd PRE regulating the Ubx expression. Using a
two-hybrid assay, Hunchback was shown to interact with dMi-2, an ATP-
dependent chromatin remodelling enzyme shown to belong to the PcG (Kehle
et al. 1998). However, bxd-mediated repression of Ubx was shown to be inde-
pendent of Hunchback itself, indicating that this may not be the only mecha-
nism of PcG recruitment (Poux et al. 1996).

PRE alignments revealed no common organization at the sequence level
but identified three consensus motifs. The first is GCCAT and this motif is
specifically bound by PHO (Brown et al. 1998; Mihaly et al. 1998), the fly
homologue of the mammalian YY-1 transcription factor (Atchison et al.
2003). This motif was recently shown to be also bound by PHOL (Brown et al.
2003). Mutation of PHO motifs in transgenic PRE has been reported to abol-
ish pairing sensitive silencing effects or maintenance of repression in a num-
ber of transgenic assays (Fritsch et al. 1999; Busturia et al. 2001; Mishra et al.
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2001). The other conserved motif is the GAGAG sequence, which is a binding
site for the GAGA factor (GAF) encoded by the Trithorax-like gene (Trl). This
sequence is also bound by the Pipsqueak protein, another BTB-POZ factor
with PcG features (Hodgson et al. 2001; Huang et al. 2002). Mutation of
GAGAG motif in transgenic PREs has also been reported to be critical for
repression (Busturia et al. 2001; Mishra et al. 2001). It has been suggested
recently that GAF association to chromatin may facilitate the binding of PHO
at its consensus sites (Mahmoudi et al. 2003). Finally, a third motif, YGAGYG
(where Y can be C or T), constitutes a binding site for the Zeste protein and is
often found associated to PHO and GAF sites at a subset of PREs. Although
Zeste was originally classified as a member of the trxG, mutation of Zeste
binding sites at the Ubx promoter in a minimal transgenic context led to the
hypothesis that Zeste is important for the maintenance of the PcG repressed
state of Ubx in tissues where Ubx is normally silent (Hur et al. 2002). Further-
more, Zeste was found present in stoichiometric amounts in PRC1 (Saurin et
al. 2001). Recent in vitro data show that Zeste might favour the PRC1-depen-
dent inhibition of chromatin remodelling mediated by a recombinant human
SWI/SNF complex (Mulholland et al. 2003). However, mutation of Zeste sites
at a well-characterized PRE does not affect PcG-mediated repression or
recruitment in vivo (Déjardin and Cavalli 2004).

As PREs are complex modular elements (Horard et al. 2000), understand-
ing the molecular principles of their action is a challenging task. While PHO
and GAF binding motifs are necessary for silencing in transgenic experi-
ments, their presence seems to be insufficient. Indeed, an array containing
repeated PHO and GAF binding sites from a minimal PRE of the engrailed
gene failed to produce detectable pairing-sensitive repression (Americo et al.
2002). This result suggests either that the precise spacing between binding
motifs is important, or that there are other recruiter motifs yet to be discov-
ered. Indeed, some PRE fragments containing neither GAF nor PHO binding
sites are still able to recruit PC in vitro (Horard et al. 2000). Conversely, muta-
tions in pho, pho-like, Trl or z genes do not induce complete loss of PcG pro-
teins from their targets (Brown et al. 2003), strongly suggesting that other fac-
tors contribute to recruitment of PcG proteins.

In a chromatin context, the three-dimensional organization of DNA
sequence motifs may be critical for anchoring PcG complexes. Thus,
favourable configurations may be reached in different PREs, despite differ-
ent spacings between PHO, GAF and Zeste binding sites. This concept was
recently explored using computer-assisted genome-wide prediction of PREs
(Ringrose et al. 2003). This analysis showed that, while the presence in a
given sequence of PHO, GAF or Zeste binding motifs is not sufficient on its
own to predict any PRE, their combination in pairs could distinguish PREs
from Drosophila genomic sequences. Starting from a pool of known PRE
sequences, an algorithm was developed in order to discriminate PRE from
non-PRE sequences. This algorithm, tested on the 300 kb of the bithorax
complex (BX-C) locus, was able to blindly detect known PREs that were not
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originally included in the PRE training set. Extension of these studies to the
whole genome sequence from Drosophila led to the identification of 167
putative PRE sequences, and some of these candidates were functionally val-
idated by genetic and molecular studies. This work represents an important
advance in the mapping of new PcG targets but has some limitations. Indeed,
PRE sequences selected for the training set are known to be bound by the
PC proteins on polytene chromosomes. If the occurrence of PHO and GAF
binding sites by pairs was the only parameter to take into account, the algo-
rithm should have predicted a majority of loci that are actually bound by PC
on polytene chromosomes. However, about half of PC binding sites escape
prediction (for instance, the ph locus which is a strong cytological binding
site for PC was not predicted). It is likely that, in addition to the known
motifs, other DNA sites may be required to attract PcG binding proteins at
their target loci. Finding novel functionally important DNA motifs and feed-
ing them into this algorithm may be important to improve its future perfor-
mance.

2.2.2
Chromatin Determinants Associated with Targeting

The fact that most PcG proteins are ubiquitously expressed while their target
genes often display a specific pattern of expression indicates that PcG recruit-
ment might be a highly regulated process. In addition to PRE presence,
another requirement for PcG-mediated silencing is that the target gene must
be repressed at the time of onset of PcG function (Fig. 1a). This feature sug-
gests that PcG proteins are able to ‘sense’ whether chromatin of a given gene is
favourable to association or not. Thus, together with the presence of a PRE
sequence, other features typical of silenced chromatin may provide crucial
marks for nucleation and accumulation of PcG complexes.

A few years ago, David Allis proposed that many chromosomal proteins
with regulatory roles may be able to interpret the various post-translational
modifications of histones in a combinatorial manner, resulting in specific reg-
ulatory readouts and in the possibility of propagation of some of these chro-
matin marks through cell division. This hypothesis, defined as ‘the histone
code’ (Strahl and Allis 2000), has inspired many studies aimed at understand-
ing epigenetic mechanisms of chromosomal regulation. The three-dimen-
sional organization of the chromatin fibre relies on several mechanisms that
confer unique features to nucleosomal templates. Chromatin structure, and
thus function, can be modulated by covalent modification of histones
(Narlikar et al. 2002), by chromatin remodelling mediated by multiprotein
complexes that use the energy of ATP in order to displace nucleosomes on the
chromatin fibre (Becker and Horz 2002), and, finally, by other non-histone
proteins that are able to modify chromatin structure in a manner apparently
independent of ATP catalysis. The latter class of factors is less well character-
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Fig. 1a, b. PcG-dependent memory of the repressed state. a Establishment of PcG silencing
at homeotic genes requires that the target gene is silenced during early embryogenesis. In
the particular case depicted here, the target gene (green) is silenced by a transcriptional
repressor (TR) at the promoter. Transcriptional competence is, via an unknown mechanism
(arrows), sensed by distantly located cellular memory modules (CMM, red), which may
favour the binding of PHO and GAF, and possibly other early DNA binding activities (not
shown here). Thus, this step may be critical for switching an undetermined CMM towards a
PRE. b The maintenance process may occur in two phases: an early one, where PC, PH, ESC,
E(Z), PHO, GAF and Rpd3 may build a single complex. This early complex possibly marks
chromatin by Rpd3-mediated histone deacetylation and E(Z)-dependent histone methyla-
tion. Later, the maintenance phase occurs through the action of two distinct complexes. The



ized, but seems to include GAF (Tsukiyama et al. 1994; Leibovitch et al. 2002)
and HMG box-containing factors (Travers 2003).

Histone features can be dynamically modified by several covalent modifi-
cations, such as acetylation, phosphorylation, methylation, ADP-ribosylation
and ubiquitination. Among these different marks, histone methylation is the
best candidate to account for the relative stability of PRE-mediated silencing
through development. Indeed, in contrast to other modifications, methylation
is thought to be the most stable, as no demethylase activity has been isolated
to date.

Examination of PRC1 components does not suggest any enzymatic func-
tion that could account for the transcriptional silencing mechanisms
described above. In contrast, the ESC/E(Z) complex is endowed with histone-
modifying activities. First, the histone deacetylase Rpd3 was identified as a
component of an ESC/E(Z) complex, suggesting that this complex might
deacetylate its target chromatin in order to favour stable PcG recruitment (Tie
et al. 2001; Kuzmichev et al. 2002).

Moreover, the identification of SET [for Su(Var)3–9 E(Z) and TRX]
domain-containing proteins as histone methyl transferase enzymes (Rea et al.
2000) and the presence of such domain in the PcG member E(Z) suggested a
role for histone methylation in recruitment of PcG complexes to their target
elements. Indeed, the ESC/E(Z) complex was shown to methylate histone H3
at lysine 27 and, to a lesser extent, at lysine 9 (Cao et al. 2002; Czermin et al.
2002; Kuzmichev et al. 2002; Muller et al. 2002). Methylated H3 lysines can be
specifically recognized by chromodomain proteins. For instance, the hete-
rochromatin protein Su(Var)3–9 [Su(Var) stands for Suppressor of Variega-
tion] methylates histone H3 at lysine 9 via its SET domain, and this mark is
specifically recognized by the chromodomain of the Heterochromatin Protein
1 (HP1) (Lachner et al. 2001). A similar but distinct pathway applies to PcG
regulators: the chromodomain of PC binds stably to the histone H3 trimethy-
lated on lysine 27. PC binds to this mark with much higher affinity than to
trimethylated lysine 9 of histone H3, and, conversely, HP1 prefers this latter
mark to trimethylated lysine 27 (Fischle et al. 2003; Min et al. 2003). Moreover,
patterns of trimethylated lysine 27 and 9 correlate well with binding patterns
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ESC/E(Z) complex may undergo dynamic changes. PCL may become an integral compo-
nent of this complex and ESC is downregulated at the end of embryogenesis (marked by an
arrow). Again, E(Z) complexes mark chromatin by histone methylation. The PCL protein
may somehow interact with the Polycomb Repressive Complex 1 (PRC1). The latter may
interfere with the cross-talk between TAFs and RNA polymerase II. PRC1 may also inhibit
chromatin remodelling by inhibiting BRM Complex (BRM-C) action. PRC1 may be
anchored to the PRE by recruitment of PHO and other unknown factors (the ‘?’ labelled cir-
cle). This recruitment may be stabilized by an interaction between the chromodomain of PC
and methylated lysine residues on histone H3. For simplicity, nucleosomes, modified his-
tones or higher order chromatin structures are not represented in this scheme, and the pos-
sible role of non-coding RNA is not considered because of lack of detailed information



of PC and HP1 at polytene chromosomes, respectively (Fischle et al. 2003).
Thus, the specific chromodomains of PC and HP1 proteins are responsible for
their chromatin targeting specificity to a large extent. This is consistent with
the pioneering work of Platero and colleagues, in which the chromodomain of
HP1 was swapped with that of PC protein, with a re-localization of the
chimeric protein in polytene chromosomes as a consequence (Platero et al.
1995). Although these experiments suggest a role of E(Z) and histone methy-
lation in providing an anchor for PC and thus PRC1, it remains to be demon-
strated in vivo that trimethylation of histone H3 is sufficient to attract PcG
complexes to specific loci in chromatin.

How does the transition between the ESC/E(Z) and the PRC1 complexes
occur? In one view, GAF might favour PHO binding at the target PRE. PHO
might in turn recruit the ESC/E(Z) complex, which would methylate histone
H3 at lysines 9 and 27 at the site of recruitment (i.e. PRE containing accessible
PHO site). This modification might stably anchor PRC1 and maintain it at the
target chromatin. This rather simple view does not explain a certain number
of observations, such as the direct interaction between PHO and PC, and the
lack of interaction between PHO and components of the ESC/E(Z) complex in
Drosophila. On the other hand, ESC, E(Z), PC, PH, PHO, GAF and Rpd3 were
reported to interact in early embryos and, in particular, a transient interaction
between PC and ESC was observed (Poux et al. 2001b). This may provide a
functional link between the two apparently distinct activities observed later
in development and suggests an alternative scenario (Fig. 1b). Once PHO is
recruited at its target chromatin, it might directly contact the PC protein
(Mohd-Sarip et al. 2002). PC might then recruit the ESC/E(Z) complex
through a direct interaction with ESC. E(Z) would then methylate histone H3
and stabilize binding by PRC1. In this speculative view, specific DNA
sequences and histone modification marks would be required in order to
maintain silencing on chromatin. This might also explain the strong interplay
between PcG members that was originally suggested by genetic analysis.
However, even this scenario might be too simplistic, and in particular it does
not account for the fact that GAF and PHO may not suffice to recruit PcG pro-
teins and are likely to be assisted by additional factors.

In addition to recognition of histone methylation marks, chromodomains
were also shown to be able to interact with RNA. In Drosophila, one chromod-
omain protein involved in the regulation of the process of dosage compensa-
tion was shown to bind to a non-coding RNA, and this binding seems to be
important for its chromatin targeting (Akhtar et al. 2000). As the Polycomb
protein does contain a chromodomain that is necessary for its correct target-
ing to chromatin, it is tempting to speculate that an RNA moiety may be
involved in PcG silencing (or targeting). Indeed, there is a connection between
silencing mediated by the RNA interference (RNAi) machinery and by Poly-
comb (Pal-Bhadra et al. 2002). Thus, it would be interesting to explore in mol-
ecular terms this interplay: is the putative RNA moiety a product of RNAi? Are
PcG/trxG genes themselves regulated by small RNAs?
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Finally, some pieces of the puzzle may be missing. For instance, among the
known members of chromatin remodelling machineries, dMi-2 is important
for early stages of PcG function in silencing (Kehle et al. 1998), but molecular
evidence of its mechanism of action is still lacking. However, dMi-2 also con-
tains a chromodomain, suggesting that this protein may also be tethered to
PRE via recognition of methylated histones and/or RNA moieties.

2.3
Mechanisms of Repression

While PcG proteins are known and well characterized, their mechanisms of
action leading to stable repression remain elusive. Silencing of gene expres-
sion might involve multiple non-exclusive mechanisms. PREs might interfere
with activators by competing for binding to overlapping DNA sequences. PRE
silencing might also be achieved by altering chromatin architecture (for
instance by changing specific positions or the packing density of nucleo-
somes) in order to prevent access of specific regulatory elements to transcrip-
tion factors. Another mechanism may be to interfere with the RNA poly-
merase II machinery. This can be achieved at any of the multiple steps
involved in the processes of transcription initiation and elongation. Finally, a
way to prevent transcription may be to segregate target genes in nuclear com-
partments that are depleted from RNA polymerases.

2.3.1
Spreading or Looping?

The best characterized PREs are those from the BX-C homeotic locus. These
elements are located very far from the promoter of their target genes, an orga-
nization similar to that found for enhancers. How can PREs work from such a
distance? Two models for PRE action can be hypothesized. The first one
involves spreading from a nucleation site (i.e. the PRE) towards the regulated
promoter, coating the chromatin fibre in order to render it inaccessible. This
model is similar to the one proposed to account for telomeric silencing medi-
ated by SIR proteins in yeast, or for heterochromatin repression in Drosophila
and vertebrates. Consistent with this model, several studies have indicated
that chromatin accessibility is reduced at loci regulated by PREs (Schlossherr
et al. 1994; McCall and Bender 1996; Boivin and Dura 1998; Fitzgerald and
Bender 2001). On the other hand, other works failed to detect differences in
chromatin accessibility (Schlossherr et al. 1994). Moreover, core PRE
sequences display hypersensitivity to nuclease digestion, which argues for
chromatin accessibility at least locally, at the level of the PRE itself (Galloni et
al. 1993; Karch et al. 1994; Dellino et al. 2002). To date, there is still no evidence
arguing for an extensive spreading of PcG factors from the PRE to the pro-
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moter. Indeed, chromatin immunoprecipitation experiments suggest that PcG
proteins do not coat large chromatin domains uniformly, but may bind pref-
erentially to the promoter and the PRE, whereas the intervening chromatin
between these elements may be less enriched (Strutt et al. 1997; Orlando et al.
1998).

The second model for long-distance action of PREs proposes an interac-
tion with the promoter region through a looping mechanism, similar to that
proposed for enhancers in transcriptional activation (Bulger and Groudine
1999). This model is supported by the discovery that several TAFs and TBP
are present in PRC1 in stoichiometric amounts with Polycomb (Saurin et al.
2001), and by chromatin immunoprecipitation of PcG proteins, TBP and
TAFs at promoters of PcG target genes (Breiling et al. 2001). Thus, a complex
comprising PcG proteins and general transcription factors may bind PREs
and promoters at the same time. This would be consistent with a model
proposing that PREs may contact their cognate promoters via a looping
mechanism. A novel approach named Capturing Chromosome Conforma-
tion (Dekker et al. 2002) was used recently to demonstrate such a physical
interaction between enhancers and specific genes of the b-globin locus in
mouse (Tolhuis et al. 2002). It might be of interest to apply this technique for
PREs and promoters in order to directly demonstrate a physical proximity
between them.

2.3.2
Proposed Silencing Mechanisms

Artificial targeting of different PcG proteins to DNA leads to stable embryonic
repression of reporter genes (Müller 1995; Poux et al. 2001a). This suggests
that single PcG components can reconstitute a silencing machinery in vivo if
efficiently recruited. However, silencing is lost during larval stages, suggesting
that in addition to PcG recruitment, other events are required for mainte-
nance of the memory of chromatin states. One of these events may be repre-
sented by histone methylation. The histone methyl transferase activity from
the ESC/E(Z) complex has not been demonstrated to have any repressive
activity per se on chromatin. This complex may function primarily by
depositing a histone H3 methylation mark that may stabilize recruitment of
PRC1 on its target chromatin.

However, how does PRC1 repress chromatin? There is no evidence for enzy-
matic activities associated with PRC1. In vitro approaches have suggested that
a possible mechanism of action for PRC1 may involve inhibition of chromatin
remodelling (Fig. 1). Pre-incubation of a reconstituted nucleosomal array
with PRC1 inhibited remodelling mediated by a human SWI/SNF complex
(Shao et al. 1999).A Polycomb Core Complex (PCC) comprising only four PcG
members from PRC1 (PC, PH, PSC and dRing) and even the PSC protein alone
were also shown to be able to prevent hSWI/SNF-mediated chromatin remod-
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elling in vitro, albeit to a lesser extent than PRC1 (Francis et al. 2001). The
addition of Zeste into PCC strongly stimulates the ability of the resulting
PCC-Z to inhibit SWI/SNF action (Mulholland et al. 2003). These experiments
suggest that at least a part of the function of PcG proteins is to repress genes
via a modulation of chromatin at the level of nucleosome structure or posi-
tioning.

In addition, PcG proteins may interact directly with the promoter of their
target genes (Breiling et al. 2001; Saurin et al. 2001). This may occur in two dif-
ferent ways. First, as discussed above, via looping of the PRE. Mapping of spe-
cific interactions of some of the TAFs binding at promoters with components
of the PcG and identification of genetic interactions between the interacting
partners would be an important advance in this field. Second, if PREs are
located at regions overlapping the promoter of some target genes, PcG pro-
teins may physically interfere with the assembly of functional transcription
initiation complexes. In this context it is interesting to note that many of the
putative PREs predicted in silico by Ringrose and colleagues are indeed
located at or close to gene promoters (Ringrose et al. 2003).

PcG proteins may interfere with not only transcription initiation, but also
transcription elongation and, conversely, trxG members may be supposed to
stimulate the elongation process. This last point is supported by recent work
on the function of the TRX and GAF proteins. Transcriptional silencing may
thus be achieved by blocking transcriptional elongation. Again, while there is
no direct evidence for PcG-mediated inhibition of transcriptional elongation,
the presence of putative PREs in intronic sequences of the majority of target
genes (Ringrose et al. 2003) makes this possibility attractive.

Finally, regulation of nuclear compartmentalization of PcG target genes
may contribute to silencing. While there is no evidence for strong homolo-
gous interactions in mammals, homologous chromosomes are paired in
Drosophila (Hiraoka et al. 1993). As a consequence, PRE sequences are also
paired at the homozygous state, implying that such elements are closely
located in the nuclear space. For many transgenic PREs, silencing is more
robust when present at the homozygous state, a phenomenon known as the
pairing sensitive (or dependent) silencing effect (Kassis 2002). Moreover, even
in cis, multimerization of weak PRE sequences leads to a more robust mainte-
nance of silencing (Horard et al. 2000). In addition to homologous interac-
tions, long-distance association of PREs was also identified. In particular, a
transgenic PRE from the Fab-7 regulatory region of the homeotic gene
Abdominal-B can exert its full repressive effect only if the endogenous copy of
the Fab-7 is also present (Bantignies et al. 2003). The intensity/stability of
repression was correlated with a physical interchromosomal interaction
between the transgene containing the Fab-7 fragment and the endogenous
Fab-7. This observation suggests that natural PREs might co-localize in spe-
cific PcG nuclear compartments in order to stabilize repression. Altogether,
these observations suggest that PcG-dependent maintenance of silencing
occurs in a highly cooperative way: the more PRE sequences co-localize in a
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given region, the more favourable is PcG nucleation and the more efficient is
silencing. Foci of PcG factors can be observed in nuclei from embryos or SL2
Drosophila-cultured cells (Messmer et al. 1992). Thus, localization of target
genes in nuclear regions with a high concentration of PcG proteins may be an
important aspect of PcG-mediated gene regulation, although it is not known
whether PcG foci per se are able to exclude interaction of DNA with the tran-
scriptional machinery.

3
Proteins of the Trithorax Group

Identification of a group of genes whose products counteract the action of the
PcG proteins at homeotic genes originated the dichotomic view of the PcG
and the trxG displaying opposing effects at PREs/TREs. However, except for
the trithorax (trx) (Ingham 1983) and the absent, small, and homeotic discs 1
and 2 (ash1 and ash2) genes (LaJeunesse and Shearn 1995), whose products
seem to counteract specifically PcG-mediated repression and to share with
PcG proteins many of the targets, other members of the activating group
appear to be general transcriptional activators or co-activators. For such
members, counteracting the action of PcG at some of their target genes may
represent only one of the roles that these proteins have in genome function
regulation. In contrast to PcG genes, mutations of trxG genes (except for trx,
ash1 and ash2) do not lead to homeotic transformation by themselves,
although they suppress PcG phenotypes.

In general, when a given gene mutation produces homeotic gain-of-func-
tion or loss-of-function phenotypes, and when it interacts genetically with
known PcG/trxG genes, the corresponding gene is assigned to the trxG or the
PcG respectively. Mutations of members of a group can complement muta-
tions in members of the other one. However, by using genetic approaches,
Gildea and co-workers found mutations in some PcG genes (mainly supposed
to disrupt homeotic gene repression on their own) that did not complement
mutations in some trxG genes (Gildea et al. 2000). Moreover, some formerly
identified members of the trxG like Zeste or GAF are also able to mediate
some aspects of PcG-dependent silencing. Thus, it was proposed that genes
with ambiguous behaviour should be classified as ‘Enhancers of Trithorax
and Polycomb’ (ETP). Members of such a group would thus be required for
maintenance of silencing or activation, respectively, depending on the gene,
the tissue and the developmental stage under study. This classification is use-
ful for interpreting puzzling genetic evidence concerning phenotypes of sev-
eral genes, but it does not attempt to provide a molecular basis for the expla-
nation of their function. For this reason, we maintain in this chapter the
original classification of E(z) in the PcG, and of Trl and z in the trxG. Table 2
lists all characterized members of the trxG, their notable protein domains and
their involvement in distinct complexes.
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Like PcG factors, trxG proteins assemble into distinct complexes. Five main
complexes were described in Drosophila: the TAC1 complex containing TRX,
the Brahma complex that includes BRM and other members of the trxG,ASH1
and ASH2 complexes, which were not studied in detail, and lastly the FACT
complex containing GAF. As in the case of PcG complexes, distinct trxG com-
plexes contain proteins that are excluded from others. This suggests that, at
least at homeotic genes, distinct mechanisms that depend on different trxG
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Table 2. Characterized proteins of the trxG, their symbol name and functional or biochem-
ical features (see text for details)

Full name Symbol Biochemical properties/notable domains

TAC1
Trithorax TRX SET domain, PHD domain
CREB-binding protein dCBP Histone acetyl transferase
SBF1 – Protein phosphatase

BRM complex
Brahma BRM DNA-dependent ATPase, helicase domains;

SWI2/SNF2 homologue
Moira MOR Yeast SWI3 homologue
Osa – ARID DNA binding domaina

Snf5 related 1 SNR1 Interacts with TRX

GAF-FACT complex
GAGA factor GAF Zinc finger, BTB-POZ domain; interacts

with TRX
SPT16 – DNA unwinding
SSRP1 – HMG box domain

trxG members that build distinct complexes
Absent, small or ASH1 SET domain; histone H3 and H4 methyl
homeotic discs 1 transferase; interacts with dCBP
Absent, small, or ASH2 –
homeotic discs 2

Other characterized trxG members
Kismet KIS Chromodomain, SNF2-related domain, heli-

case domain, Myb-like domain
Modifier of mdg4 MOD BTB-POZ domain; participates in Gypsy

insulator functionb

Little imaginal discs LID ARID, PHD domainc

Zeste Z HTH and Leucine Zipper domains. Zeste
protein forms oligomers

Relevant references that are not discussed in the text are listed here:
a Vazquez et al. (1999)
b Gerasimova and Corces (1998)
c Gildea et al. (2000)



factors may cooperate to maintain the memory of active gene expression. In
contrast to PcG proteins of PRC1, most of the trxG members do contain pro-
tein domains with known enzymatic activity, suggesting that trxG-mediated
maintenance of transcription may occur through ‘active’ mechanisms. Similar
to the PcG, several genes classified as members of the trxG encode factors that
are not contained in any of the above complexes, and the lack of detailed stud-
ies does not allow us to conclude whether they act separately or in conjunc-
tion with any of the known complexes.

3.1
trxG Complexes

3.1.1
The Trithorax Acetylation Complex (TAC1)

The 1-MDa size complex TAC1 was purified from Drosophila embryos. This
complex contains three components: TRX, the Drosophila CREB-binding pro-
tein (dCBP) histone acetyl-transferase and the SBF1 anti-phosphatase protein
(Petruk et al. 2001). While most of the available TRX and SBF1 enter into the
formation of TAC1, only 5 % of the total dCBP is involved, consistent with the
fact that dCBP has many other roles besides regulation of trxG target genes.
Components of the TAC1 complex were shown to bind to a PRE/TRE and to
be required for activation of the Ubx gene in vivo (Petruk et al. 2001). More-
over, an indirect connection between TRX and histone acetylation was also
suggested by the finding that maintenance of the active state mediated by Fab-
7 was dependent on trx and correlated with hyperacetylation of histone H4
(Cavalli and Paro 1999).

3.1.2
The Brahma Complex

The BRM-containing complex is well characterized and its composition is
conserved from yeast to mammals. BRM is the fly homologue of the yeast
ATP-dependent chromatin remodelling enzyme SNF2, and most of its part-
ners are also found in the related mammalian BRM/BRG1 complexes. The
BRM complex seems to act predominantly, although perhaps not exclusively,
in transcriptional activation (Armstrong et al. 2002; Zraly et al. 2003). In the
fly complex, ten subunits have been identified (Kal et al. 2000). Besides BRM,
other characterized members are the SNR1, MOR and OSA proteins, which
are integral components of the complex and interact genetically with muta-
tions in the brm gene. At least in the case of SNR1, this protein may be specif-
ically required in some of the tissues and cell types, suggesting that more than
one BRM complex may exist in Drosophila (Zraly et al. 2003).
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3.1.3
The GAF–FACT Complex

GAF was suggested for a long time to act in maintaining the active state of
homeotic genes as well as of other genes, but its mechanism of action was
unknown. Recently, however, a complex named FACT (Facilitates Chromatin
Transcription) was purified as a partner of GAF (Shimojima et al. 2003), sug-
gesting that GAF may stimulate transcriptional elongation at least at some of
its target genes. FACT was previously shown to facilitate elongation by RNA
polymerase II in mammals (Orphanides et al. 1998) via its SPT16 and SSRP1
subunits. The interaction between GAF and FACT subunits was substantiated
by genetic analysis and they were shown to cooperate in vivo for the proper
activation of homeotic genes. The role of GAF in regulating transcriptional
elongation is consistent with earlier findings on the localization of this pro-
tein mapped by UV cross-linking followed by chromatin immunoprecipita-
tion on heat-shock inducible genes. Before heat-shock, GAF was present at the
promoter, while after heat-dependent induction of transcription it was found
throughout the transcribed region (O’Brien et al. 1995).

3.1.4
Other trxG Complexes and Partners

Using gel-filtration analysis, it was shown that ASH1 and ASH2 proteins form
two biochemically distinct complexes, but other members of these complexes
have not been identified (Papoulas et al. 1998).ASH1 interacts genetically and
physically with the histone acetyl transferase dCBP (Bantignies et al. 2000).
Moreover, ASH1 is itself a histone methyltransferase (Beisel et al. 2002; Byrd
and Shearn 2003), suggesting that at least in the case of the ASH1 complex, it
may have redundant composition and function with TAC1. Clearly, more
work is required on these complexes in order to understand their function.

3.2
Targeting of trxG Complexes at TREs

TREs are much less well characterized than PREs. Genetic experiments sug-
gest that PREs and TREs are in fact constituted of overlapping DNA
sequences (Tillib et al. 1999). This is further supported by the observation that
transgenic PREs are also responsive to trxG mutations (Fauvarque et al. 1995;
Cavalli et al. 1999; Horard et al. 2000). In addition, insertion of a bxd PRE-con-
taining transgene at some genomic loci induces an active chromatin state in
the construct that requires a wild type trx gene (Poux et al. 2002). Finally, PcG
and some trxG proteins co-localize in the same chromosomal regions. About
half of the TRX and ASH1 sites in polytene chromosomes are bound by PC
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(Chinwalla et al. 1995; Tripoulas et al. 1996). Chromatin immunoprecipitation
experiments have also shown that the same sequences in the BX-C are bound
by PC as well as TRX (Orlando et al. 1998).

This proximity of PREs and TREs is reflected by their dual ability to main-
tain active as well as silent chromatin states. For instance, the Fab-7 element
from the BX-C is able to maintain a PcG-dependent repressed chromatin state
in transgenic assays. However, the same element can be switched to a herita-
ble active state upon a transient embryonic pulse of transactivation (Cavalli
and Paro 1998). Because Fab-7 can integrate and maintain both chromatin
states depending on early and transient regulatory cues, it was termed Cellu-
lar Memory Module (CMM). Memory of the active state mediated by Fab-7
was shown to be dependent on trx (Cavalli and Paro 1999). Good candidate
regulatory factors responsible for recruitment of trxG proteins at TRE are
GAF and Zeste and their DNA binding sites.

GAF may participate in this function, since it co-immunoprecipitates with
TRX from embryonic extracts and GAF binding motifs are able to recruit
TRX in vitro at DNA sequences from the bxd PRE (Poux et al. 2002). Muta-
tions in the Trl gene can result in anterior homeotic transformations, a phe-
notype reminiscent of trxG mutations (Farkas et al. 1994). GAF regulates
nucleosome positioning at the promoter of heat-shock genes (Lu et al. 1993;
Leibovitch et al. 2002). Whether GAF plays a similar role at PRE/TRE
sequences remains to be evaluated, but these elements were found to be
DNase hypersensitive (Galloni et al. 1993; Karch et al. 1994), and these hyper-
sensitive sites correspond to a region bound by GAF (Karch et al. 1994; Cavalli
and Paro 1998). Chromatin opening by GAF might thus be important for
recruitment of some PcG and trxG proteins at PRE/TRE elements.

Zeste binding sites are also found at many PRE/TRE, but they are not crit-
ical for PcG recruitment at a minimal Fab-7 element (Déjardin and Cavalli
2004). Rather, they are involved in the stable recruitment of the BRM chro-
matin remodelling complex. Mutations of these sites selectively affect main-
tenance of the active state, suggesting that binding of Zeste at core PRE/TRE
is more likely to be involved in the trxG rather than the PcG response
(Déjardin and Cavalli 2004). This is consistent with previous analysis of
Zeste binding sites at the bxd PRE (Horard et al. 2000), and with the fact that
Zeste can contact the BRM complex in vitro via direct interactions with its
MOR and OSA subunits (Kal et al. 2000). TRX may cooperate with Zeste at
two levels in order to recruit the BRM complex. First, an interaction was
detected between TRX and the SNR1 protein, an integral component of the
Drosophila BRM complex (Rozenblatt-Rosen et al. 1998; Zraly et al. 2003).
Second, the protein domain named bromodomain, which is present in many
factors including the trxG protein BRM, was shown to recognize specifically
nucleosomes carrying acetylated histones (Hassan et al. 2002). The dCBP
protein present in the TRX-containing TAC1 complex may acetylate his-
tones, creating a binding site for the bromodomain of BRM. The BRM com-
plex might thus be recruited by three distinct activities: direct interaction
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between TRX and SNR1, TAC1-dependent histone acetylation and Zeste-
mediated recruitment.

How TRX itself is recruited is still unclear. Except for Zeste and GAF, no
other trxG members were shown to bind directly to DNA in a sequence-spe-
cific manner. Although previous work identified the AACAA motif in the bxd
element as important for the genetic response to a trx allele in a transgenic
context, no protein binding to this motif was identified (Tillib et al. 1999). Fur-
ther research will be required in order to understand the interplay between
activating/repressing sequences at PRE/TRE. Identification of sequence
mutations that selectively affect trxG or PcG response in these elements
would provide a good starting point for future investigations.

3.3
Mechanisms of Action

Three chromatin activities identified in trxG complexes may contribute to
maintain chromatin open. The first activity is deposition of histone modifica-
tions, such as histone acetylation and methylation, in particular of histone H3
at lysine 4. The second activity is chromatin remodelling by the ATP-depen-
dent BRM machinery.A third activity may be to remodel chromatin structure
in an ATP-independent manner (Fig. 2).

Histone acetylation may be carried by the TAC1 complex as well as the
ASH1 complex, both involving the histone acetyl transferase dCBP (Bantig-
nies et al. 2000; Petruk et al. 2001). Histone acetylation may open chromatin in
two ways. First, it may loosen histone to DNA associations by neutralization of
positive charges present at unmodified lysines at neutral pH, and this may
increase chromatin accessibility (Nightingale et al. 1998). This chromatin
opening may occur at promoters and in the coding regions. Indeed, an
intriguing finding shows that TAC1 is involved in regulation of heat-shock
genes via stimulation of transcriptional elongation (Smith et al. 2004). Sec-
ond, histone acetylation may provide signals to target other chromatin
remodelling components like the BRM complex which is able to loosen nucle-
osome positions on the DNA (see Sect. 3.2). Methylation of lysine 4 of histone
H3 is another hallmark of actively transcribed genes (Bernstein et al. 2002;
Zegerman et al. 2002; Schneider et al. 2004) and such activity was found in a
TRX-containing complex (Czermin et al. 2002) as well as in the trxG member
ASH1, which also contains a SET domain (Beisel et al. 2002; Byrd and Shearn
2003). How this mark may be translated into physical opening of chromatin is
not understood. One possibility is that some chromatin remodelling com-
plexes may associate to this mark through binding mediated by chromod-
omains, similarly to recognition of methylated lysine 9 and 27 of histone H3
by silencing proteins such as HP1 and PC. To date, only one member of the
trxG, Kismet (KIS), possesses a chromodomain. However, no complexes con-
taining KIS have been purified, leaving the possibility of trxG protein recruit-
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Fig. 2a, b. trxG-dependent memory of the active state. a This figure represents the same
CMM and target gene as in Fig. 1, but in a population of cells in which the gene is activated
by an early transcriptional activator (TA). This active status is sensed by the CMM, which
may favour recruitment of DNA binding factors such as Zeste and GAF. Therefore, the CMM
switches towards a TRE. b Maintenance of the active state is achieved through the action of
distinct trxG complexes, which act at multiple levels to maintain an active transcription.
TAC1 acts by modifying histone tails through acetylation (mediated by dCBP) and possibly
by methylation (mediated by TRX). TAC1 also stimulates the elongation of transcription.
GAF and FACT association also favours target gene expression by stimulating transcrip-
tional elongation. The BRM complex (BRM-C) may be recruited by Zeste and acetylated his-
tone tails. BRM-C may act at two levels: it may stimulate transcription by locally remodel-
ling chromatin and at the same time it may prevent PRC1 reassociation to the CMM



ment by histone methylation open. If KIS is not involved, trxG proteins might
be anchored to methylated lysine residues via other protein domains (Santos-
Rosa et al. 2003), or via trxG members yet to be discovered.

SWI/SNF-dependent remodelling is an important function encoded in
TREs. The molecular action of this complex is primarily to mobilize nucleo-
somes. This may be required to displace PcG complexes at PREs and to allow
access to the transcription machinery at promoters. In yeast, SWI/SNF was
shown to be dispensable for gene expression in the majority of cases. How-
ever, if these genes are located in a ‘closed’ chromatin conformation, SWI/SNF
becomes absolutely necessary for gene expression. In Drosophila, BRM has
been shown to act as a member of the trxG because it may be required to
counteract silencing effects due to PRE proximity. It is interesting to note that,
in contrast to the TRX protein, BRM and PC binding patterns on polytene
chromosomes are mutually exclusive (Armstrong et al. 2002). This may reflect
a direct competition between these two activities in vivo (Fig. 2), as was sug-
gested to be the case in vitro (Shao et al. 1999).

ATP-independent chromatin remodelling mediated by the GAF proteins
may cooperate with the above activities to open chromatin. The recent identi-
fication of FACT as a partner of GAF suggests that maintenance of an active
transcription may involve facilitating the elongation step of transcription.
Moreover, addition of FACT facilitated GAF-mediated chromatin remodelling
in vitro. Since this activity does not require ATP, it seems that different steps
may be taken to increase chromatin accessibility at trxG target genes.

The current view of trxG protein action is the maintenance of an active
state of transcription established by an early acting activator (Fig. 2). How-
ever, recent data suggest that TRX protein might also be required to directly
modulate/attenuate PcG-mediated silencing (Poux et al. 2002). Thus, multiple
trxG-dependent chromatin activities may be used differently at specific target
genes in order to achieve gene-specific regulation.

In addition to chromatin modification dependent on the interplay
between DNA binding proteins and chromatin complexes, non-coding RNAs
may also have important regulatory inputs in trxG pathways. In particular,
as well as Fab-7 other CMM were identified (Maurange and Paro 2002; Rank
et al. 2002). In the case of Fab-7, chromatin inheritance of activated states
was correlated with the appearance of a non-coding Fab-7 transcript. Other
non-coding RNAs were described all along the Drosophila BX-C (Bae et al.
2002; Rank et al. 2002). A striking observation is that such RNAs are
expressed co-linearly to homeotic genes, and their expression may occur
before homeotic gene expression starts (Bae et al. 2002). Thus, it was pro-
posed that tissue-specific non-coding transcription in the BX-C may be able
to prevent PREs from silencing while stimulating TRE function. Indeed,
when transcription is forced through a PRE, it perturbs PcG silencing (Ben-
der and Fitzgerald 2002; Hogga and Karch 2002). Thus, a model was sug-
gested in which transcription through PREs would leave an imprint, pre-
venting further PcG protein nucleation (Drewell et al. 2002; Rank et al. 2002;
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Orlando 2003). Whether such transcription is absolutely required to inacti-
vate PREs outside their domains of action, or whether non-coding RNA are
just a by-product of activation of homeotic enhancers (i.e. cryptic tran-
scription may start while the enhancers begin to search for their cognate
promoters) remains to be elucidated.

4
Modes of Inheritance

PcG and trxG proteins constitute a memory system that is able to faithfully
reproduce patterns of target gene expression through many cell divisions.
Although recent studies have significantly advanced our knowledge on the
molecular function and biochemical features of individual members or pro-
tein complexes of the PcG and the trxG, the molecular mechanism of mainte-
nance of chromatin structure through cell division is still unknown. An obvi-
ous hypothesis was that PcG or trxG proteins might remain bound to their
targets during S phase and mitosis. However, the current evidence does not
support this hypothesis, at least concerning mitosis. Only a small fraction of
PcG proteins, if at all, might be retained on mitotic chromatin (Buchenau et al.
1998; Dietzel et al. 1999). Thus, alternative mechanisms were proposed (Fran-
cis and Kingston 2001): (1) a component, yet to be identified, may stay on tar-
get chromatin during mitosis and specify re-assembly of an activating or a
repressing complex in daughter cells; or (2) covalent histone modifications
and in particular histone methylation could ensure inheritance. This might be
particularly attractive if, once specific patterns of histone modification are
established on chromatin, they could be maintained upon DNA replication
and mitosis. Semi-conservative segregation followed by restoration of origi-
nal patterns is known to function in the case of DNA methylation, but this
modification is unlikely to be crucial for maintenance of PcG-mediated
silencing in Drosophila (Lyko et al. 1999; Kunert et al. 2003). On the other
hand, recent work suggests that histone dimers in nucleosomes might also be
replicated in a semi-conservative manner during DNA replication (Tagami et
al. 2004). If this was true, and if ways of restoring chromatin modifications by
maintenance activities similar to maintenance DNA methyl transferases were
identified, this may be a key to explain memory of chromatin states.

In this context, it is also important to note that re-establishment of specific
chromatin patterns may be facilitated by the regulation of the timing of repli-
cation of PcG target loci. There is good evidence that chromatin replication
during the late S-phase is regulated in specific manners that may facilitate the
memory process (Collins et al. 2002). It has been recently shown that PRE-reg-
ulated loci were late replicating (Zhimulev and Belyaeva 2003). Thus, a late
timing of DNA replication, semi-conservative segregation of nucleosomal
modifications, and re-establishment of the marks after the DNA replication
process may provide a framework for maintenance of memory of chromatin
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states dependent on PcG and trxG proteins during DNA replication. For
instance, one might envisage that PcG proteins may compact their target
chromatin and make it late-replicating during the S-phase. Upon replication
of DNA, some PcG complexes might be displaced from chromatin. In theory
this would give a window of opportunity for transcription factors to bind
chromatin and counteract silencing. However, if PcG target chromatin is
replicated late, these factors might be already titrated away from the already
replicated chromatin, lowering the probability of competing with PcG factors
(Wolffe 1994). Moreover, if histone modifications can segregate semi-conser-
vatively and be faithfully re-established by maintenance machineries, PcG
proteins may be re-attracted to the replicated target chromatin via its recruit-
ing marks soon after the passage of the replication fork. Conversely, trxG pro-
teins may shift the timing of DNA replication of their target loci in addition to
deposing specific chromatin marks. Early replication during the S-phase and
copying the appropriate trxG type marks would attract trxG proteins back to
their target while making it unlikely for PcG proteins to be able to compete
with them.

If memory is based on transmission of histone marks, maintenance of
determined states through mitosis could be explained even if most PcG and
trxG proteins are lost, since the state of histones at their target elements is
likely to be conserved. Therefore, PcG and trxG proteins could bind to their
appropriately marked targets at the onset of the next G1 phase.

5
Concluding Remarks

The identification and analysis of the mechanisms leading to inheritance of
chromatin states through the two ‘bottlenecks’ imposed by DNA replication
and mitosis is certainly one of the most fascinating areas of PcG and trxG sci-
ence that remains to be explored. This field will certainly profit from advances
in the understanding of the tethering of PcG/trxG proteins as well as of the
action of these proteins at chromatin templates. However, understanding mol-
ecular memory might require novel approaches and techniques. One poorly
understood issue is the involvement of non-coding RNA components in addi-
tion to proteins and DNA sequences. These components clearly play a crucial
role in setting up heterochromatin, and they may be central in PcG-mediated
silencing as well. Another crucial area of investigation is the comparison of
PcG- and trxG-mediated gene regulation between Drosophila and vertebrates.
For instance, no sequences similar to Drosophila PRE/TRE could be identified
in vertebrates to date, although general mechanisms of homeotic gene regula-
tion are conserved. While there is a mammalian PHO counterpart (YY-1),
there are no identified mammalian homologues for GAF or Zeste. In the only
documented cases of PcG target elements in mammals, PcG recruitment is
dependent on sequence-specific binding factors that are not PcG or trxG
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members (Dahiya et al. 2001; Ogawa et al. 2002). Thus, if mammalian
PREs/TREs exist, it is not clear whether the sequence determinants and DNA
binding proteins will turn out to be similar to Drosophila.

Moreover, some basic molecular rules suggested by data obtained in
Drosophila may not apply to mammals. For instance, mammalian X chromo-
some inactivation is mediated by the action of EED/E(Z)2 [the mammalian
counterpart of the ESC/E(Z) complex], leading to trimethylation of lysine 27
of histone H3. However, this methylation is not followed by recruitment of
PcG proteins. Therefore, it will be important to study how the PcG/trxG gene
regulatory machinery has evolved in order to cope with the increasingly com-
plex gene regulatory pathways that have emerged during the evolution of
eukaryotes.
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Abstract The transformation of the somatic chromatin into a unique and
highly compact structure occurring during the post-meiotic phase of sper-
matogenesis is one of the most dramatic known processes of chromatin
remodeling. Paradoxically, no information is available on the mechanisms
controlling this specific reorganization of the haploid cell genome. The only
existing hints suggest a role for histone variants, as well as for stage-specific
post-translational histone modifications, before and during the incorporation
of testis-specific basic nuclear proteins. Moreover, the exact functions of the
latter remain obscure. This chapter summarizes the major chromatin-associ-
ated events taking place during the post-meiotic differentiation of male hap-
loid cells in mammals and discusses some of the basic issues that remain to be
solved to finally understand chromatin remodeling during spermatogenesis.

1
Introduction

The basic unit of chromatin, the nucleosome, is a nucleoprotein octameric
complex formed by the association of two copies of each of the four core his-
tones, H2A, H2B, H3 and H4, around which 146 bp of DNA is wrapped in a
1.65-superhelical turn. A fifth histone, H1, is believed to bind to the DNA as it
enters and exits the nucleosome, and the approximately DNA 160-bp unit
containing the nucleosome and H1 has been termed the chromatosome
(Wolffe 1995).

For any process requiring access to DNA, such as transcription or replica-
tion, the chromatin has to undergo a very complex and regulated alteration of
its structure. Understanding this process, known as remodeling, is today a
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challenging but crucial step in many areas of biology including cell differen-
tiation. Two major classes of factors have been found to be involved in chro-
matin remodeling. The first is composed of enzymes capable of modifying
chromatin structure in an ATP-dependent fashion (Lusser and Kadonaga
2003). The second group of enzymes are involved in histone post-transla-
tional modifications, such as acetylation, methylation, phosphorylation or
ubiquitination (Berger 2002). A third mechanism involving histones with dif-
ferent primary sequences (histone variants) has recently emerged as another
powerful way to specifically alter chromatin structure and function. Indeed,
in many organisms, conventional histones can be replaced by histones bear-
ing divergent sequences. Together with other nucleosome modification path-
ways, histone variants participate in the functional specialization of nucleo-
somes and chromatin domains (Malik and Henikoff 2003).

All three known mechanisms of chromatin remodeling seem to actively
participate in one of the most dramatic chromatin remodeling ever observed,
accompanying the differentiation of male germ cells or spermatogenesis,
where, in mammals, precursor germinal cells, spermatogonia, differentiate
into spermatozoa (Hess 1999). Spermatogonia are mitotically dividing
somatic cells, which eventually enter meiosis and form primary spermato-
cytes. The latter undergo the preleptotene stage, during which they replicate
DNA, and subsequently go through the leptotene, zygotene, pachytene and
diplotene stages of the first meiotic division prophase. In pachytene sperma-
tocytes, homologous chromosomes are paired and exchange DNA segments
through a process of homologous recombination (or meiotic crossing-overs).
This is helped by a number of proteins, which are localized in the sites of
recombination along the paired chromosomes, in structures called synap-
tonemal complexes. Meiotic I division yields secondary spermatocytes, which
then rapidly go through meiotic II division, generating haploid round sper-
matids. During its post-meiotic maturation or spermiogenesis, the spermatid
undergoes a dramatic reorganization of its nucleus, which elongates and com-
pacts into a very unique structure in spermatozoa. During this process, the
core histones are replaced by small basic testis-specific proteins, the “transi-
tion proteins”, and then by sperm-specific nucleoproteins, the protamines
(Lewis et al. 2003a; Meistrich et al. 2003). This chromatin remodeling, which
has been observed in most studied species, is accompanied by a hyperacetyla-
tion of the core histones prior to their replacement (Meistrich et al. 1992; Haz-
zouri et al. 2000). It is also associated with the extinction of gene transcrip-
tion. Transcription is active in spermatogonia, pachytene spermatocytes and
round spermatids. It is thought to stop shortly after, in elongating spermatids
(Sassone-Corsi 2002). Spermiogenesis is also preceded by the synthesis and
assembly of particular types of nucleosomes bearing variants of the core and
linker histones.

The remodeling of the haploid cell nucleus is therefore a unique process
where histone variants, histone post-translational modifications and many
non-histone factors act in concert to package the genome in a new histone-
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less structure. Here, we summarize our knowledge of the different steps of
this dramatic structural transition and discuss the many basic questions that
remain unanswered regarding events controlling this global reorganization of
the haploid genome during spermiogenesis.

2
Synthesis of Histone Variants

Histone variants are non-allelic isoforms of major core or linker histones,
which can replace them within the nucleosome. In contrast to the conven-
tional histones, which are synthesized and assembled into chromatin during
the S phase of the cell cycle, most of the variants are produced throughout the
cell cycle. Meiosis is a privileged period when most of the testis-specific his-
tone variants are synthesized and assembled into nucleosomes. However, dur-
ing spermatogenesis, many non-tissue-specific histone variants are also
incorporated into chromatin (Fig. 1).

Here, these variants are described and their potential function discussed.
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Fig. 1. Histone variants create a spermatogenesis-specific chromatin. Testis-specific and
non-testis-specific histone variants are mainly synthesized and assembled in nucleosomes
before and during meiosis. An already testis-specific and differentiated chromatin serves
therefore as a template for the remodeling processes occurring during spermiogenesis and
leading to histone replacement by transition proteins and protamines. Arrow shows the
major stages of mouse spermiogenesis



2.1
Non-Testis-Specific Core Histone Variants

The most studied core histone variants are the H3 variants H3.3 and CenpA,
as well as the H2A variants H2AX, H2AZ and macroH2A. Although their role
is not yet fully understood, these variants have been associated in somatic
cells with specific chromatin structure and functions (Malik and Henikoff
2003). Most of these variants are also found in male germ cells.

The H2AX variant, which is involved in DNA double-strand break (DSB)
surveillance and repair, also operates during meiotic recombination (Lewis et
al. 2003a). H2AX disruption in mice induces infertility in the male and an
absence of DNA cleavage and alignment in synapsis during zygotene and
early pachytene (Celeste et al. 2002).

MacroH2A is a high molecular weight variant of H2A, which contains a
large C-terminal non-histone portion and is expressed as two non-allelic vari-
ants, macroH2A.1 and macroH2A.2, which contain 80 % identity (Chadwick
et al. 2001). A high concentration of histone macroH2A, more specifically of
macroH2A1.2, has been found in mice testis (Pehrson et al. 1997; Rasmussen
et al. 1999). It has been observed in the nuclei of germ cells, with a localization
that is largely, if not exclusively, to the developing XY body in early pachytene
spermatocytes (HoyerFender et al. 2000a; Turner et al. 2001). The XY body, or
sex vesicle, is a densely stained region of the chromatin corresponding to the
pairing of the sex chromosomes during meiosis in male mammals and it is
associated with ongoing heterochromatinization and X inactivation. Its pre-
cise function during male meiosis has not been unraveled yet.

The centromeric H3 variant CENP-A, which harbors an N-terminal tail
completely divergent from that of H3, is also present in the centromere of
germ cells. In somatic cells, CENP-A is deposited on newly duplicated sister
centromeres and is required for the recruitment of other proteins to the cen-
tromere and kinetochore (Smith 2002). Similarly, in germ cells, it could be
involved in the segregation of chromosomes and chromatids during the first
and second meiotic divisions, respectively.

H3.3, a variant of H3 highly conserved during evolution, is also abundant
in male germ cells. H3.3 sequence differs from that of conventional H3 only
in four or five positions depending on H3.3 subtypes. Indeed, in several
organisms, including mammals and Drosophila, H3.3 is encoded by two dif-
ferent genes, H3.3A and H3.3B. H3.3 mRNAs have been detected in human
and mouse testis (Albig et al. 1995; Bramlage et al. 1997). On mouse testis
sections, H3.3A mRNA was shown to be present in pre- and post-meiotic
cells, whereas expression of the H3.3B gene was found to be essentially
restricted to cells of the meiotic prophase (Bramlage et al. 1997). The local-
ization of H3.3-containing chromatin has not been determined in mam-
malian germ cells, but in Drosophila, H3.3 is incorporated in chromatin dur-
ing first meiotic prophase (Akhmanova et al. 1997). It remains concentrated
in specific regions (compared to H3, which is evenly distributed) in round
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and elongating spermatids, and disappears in condensed spermatids like
other histones. In somatic cells, H3.3 is known to be incorporated in the
absence of DNA replication, and has been shown to replace H3 in transcrip-
tionally active chromatin (Ahmad and Henikoff 2002). It has been proposed
that the replacement of H3 by H3.3 in spermatocytes could correspond to
the very active transcription that takes place during meiosis (Hennig 2003;
Lewis et al. 2003a).

2.2
Testis-Specific Histone Variants

2.2.1
Linker Histones

In mammals, the linker histone family includes seven H1 subtypes:
H1.1–H1.5, H10 and H1t (Khochbin 2001). The predominant subtype in sper-
matogonia is the H1.1 isoform, which is produced at high level at early stages
of spermatogenesis and then decreases upon further development during
mitotic and meiotic cell divisions (Meistrich et al. 1985; Franke et al. 1998). It
is noteworthy that mice lacking the H1.1 gene were fertile and showed normal
spermatogenesis and testicular morphology (Rabini et al. 2000).

A testis-specific linker histone subtype H1t is also expressed in mam-
malian spermatogenic cells. This protein, although presenting the tri-partite
structure of linker histones, is highly divergent in its primary sequence from
the five other members (H1.1–H1.5) of this family. It is also unique in that it
exhibits a truly tissue-specific pattern of expression. H1t is indeed found
only in the testis, and more precisely from pachytene spermatocytes until
round to elongated spermatid stages, where it constitutes up to 55 % of the
total linker histones in chromatin (Drabent et al. 1996; Steger et al. 1998). In
vitro experimental data suggest that H1t is less tightly associated to oligonu-
cleosomes and has a lower DNA condensing capacity than the other rat H1
subtypes (de Lucia et al. 1994; Khadake and Rao 1995). This property has
been proposed to help maintain chromatin in a relatively open state during
meiosis, facilitating meiotic events such as recombination (Oko et al. 1996).
However, H1t-deficient mice show no specific phenotype and are as fertile as
wild-type mice. Several studies propose two opposite explanations for this
result. Some studies show that other H1-subtypes, including H1.1, H1.2 and
H1.4, fully compensate for the absence of this very specific linker histone
(Drabent et al. 2000; Lin et al. 2000), whereas another independent study
reports that the other linker histones only partially compensate for H1t in
spermatocytes and spermatids (Fantz et al. 2001). In the latter case, H1-defi-
cient chromatin, containing less linker histones, would then be, like H1t-con-
taining chromatin, less tightly compacted, allowing spermatogenesis to pro-
ceed.
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A new spermatid-specific H1 variant, HILS1 (H1-like protein in spermatids
1), has been recently found in mouse and human (Iguchi et al. 2003; Yan et al.
2003). In contrast to H1t, mHILS1 is exclusively detected in the nuclei of elon-
gating and condensing spermatids, whereas H1t is essentially detected until
the round/elongating stages. This expression pattern highly suggests that
HILS1 could replace H1t in elongating spermatids and play a role in the chro-
matin reorganization occurring in these cells.

2.2.2
Core Histones

Testis-specific subtypes have been described as TH2A (Trostle-Weige et al.
1982), TH2B (Hwang and Chae 1989) and TH3 (Trostle-Weige et al. 1984) in
the rat. A mouse and a human TH2B were also cloned and were strikingly
similar to the rat TH2B (Choi et al. 1996; Zalensky et al. 2002). The main dif-
ferences in sequence between H2B and TH2B are located in the N-terminal
tail of the histone, and to a lesser extent in the globular domain. The C-termi-
nal parts are completely conserved. Interestingly, most of the differences in
the N-ter tail (and also globular domain) are conserved between the three
species, and could be used in a spermatogenesis-specific signalization process
(see Sect. 5.5). TH2A differs from H2A in several residues located in its his-
tone fold domain and in its C-terminal part but presents only two divergent
residues in the N-terminal tail.

In the rat, TH2A and TH2B are actively synthesized in early primary sper-
matocytes (around the preleptotene stage) and their synthesis continues
through mid- or late pachytene (Meistrich et al. 1985). Although no further
synthesis occurs, TH2B remains the major form of H2B in round and elongat-
ing spermatids. In human testis, TH2B immunostaining is first apparent in
spermatogonia and reaches an intense signal in round spermatids. During
condensation of the spermatid nucleus, the immunodetectability of TH2B
disappears gradually, from the anterior region of the nucleus onwards (van
Roijen et al. 1998).

No gene or sequence data exist on the TH3 variant, but this protein, purified
from rat testis extracts, has an amino acid composition and a mobility on tri-
ton/acid/urea gels which differ from all other H3 subtypes (Trostle-Weige et al.
1984). In contrast to the other testis-specific histones, actively synthesized and
incorporated in spermatocytes, high amounts of TH3 are present in spermato-
gonia (Trostle-Weige et al.1984; Meistrich et al.1985).TH3 is then maintained in
similar or slightly higher amounts in spermatocytes and round spermatids.

A human testis-specific H3 histone gene has also been isolated and charac-
terized (Albig et al. 1996; Witt et al. 1996), but the protein encoded by this gene
apparently is not a homologue of rat TH3. The human H3 variant gene
encodes for a testis-specific protein, which is nearly identical to human H3
(only four residues are replaced with similar residues), and the corresponding
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transcripts are found only in pachytene spermatocytes. This human-specific
testis variant of H3 was named H3t.

3
Histone Modifications

The post-translational modifications of histones emerge now as crucial elements
of a powerful signalization system leading to the establishment of differentiated
nucleosomes and chromatin domains. Indeed, the histone code hypothesis
proposes that specific histone modifications or combinations of modifications
create signals for the docking of specific cellular factors, themselves mediating
particular chromatin-related functions (Strahl and Allis 2000).

The histone code is very likely in action during spermatogenesis, since sev-
eral particular and stage-specific histone modifications have already been
reported (Fig. 2). Our current knowledge on these histone modifications is
summarized below.
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Fig. 2. Chromatin remodeling during spermiogenesis is associated with a specific set of
histone modifications. Several stage-specific histone modifications, mainly acetylation,
ubiquitination and methylation, have been reported to occur during spermatogenesis in
several species. Among these modifications, histone acetylation and ubiquitination are
known to be associated with the start of a global chromatin condensation and histone
replacement. Bars indicate timing of histone modifications. Data showing H3 S10 and S28
phosphorylation as well as H3 K9 methylation are from our unpublished results



3.1
Acetylation

A detailed analysis of the waves of histone acetylation that occur throughout
spermatogenesis in mouse (Hazzouri et al. 2000) has shown that spermatogo-
nia and preleptotene spermatocytes contain acetylated core histones H2A,
H2B and H4, whereas histones are globally underacetylated during meiosis in
leptotene or pachytene spermatocytes. Spermatogonia are cycling cells, which
divide through mitosis, and preleptotene spermatocytes also undergo DNA
replication, before meiosis. In both these stages, acetylated H4, as well as
acetylated H2A and H2B, could have a role in histone deposition during DNA
replication (Verreault 2000).

As spermatocytes enter meiosis, a general deacetylation of the core his-
tones occurs and all core histones remain globally underacetylated through-
out the long prophase period, including the pachytene stage, as well as during
the early stages of post-meiotic maturation in round spermatids. This is
somewhat surprising because spermatocytes and round spermatids are
known to be actively transcribing cells (Sassone-Corsi 2002). However, a core
histones hyperacetylation restricted to regions containing promoters of
actively transcribed genes could take place but remain below the detection
threshold of the current methods. In agreement with this hypothesis, Moens
(1995) has shown that hyperacetylated H4 histones accumulated in euchro-
matic regions of pachytene spermatocytes.

In mouse spermatids, the spatial distribution pattern of acetylated H4
within the nuclei was examined by immunofluorescence combined with con-
focal microscopy, showing a spatial sequence of events tightly associated with
chromatin condensation (Hazzouri et al. 2000). Indeed, following hypoacety-
lation of chromatin in round spermatids, a global hyperacetylation of the
nucleus is observed in early elongating spermatids. Later, the acetylated chro-
matin becomes heterogeneously distributed in the nucleus, with areas of con-
densed acetylated chromatin localized in the center of the nucleus. At the late
stages of elongation the acetylated histones progressively disappear from the
anterior portion of the nucleus onwards, following a similar pattern to that of
nuclear condensation. No histone is then detected in the condensed sper-
matids. A hyperacetylation of histone H4 was also observed in situ in the rat
testis by Meistrich et al. (1992), which appeared in spermatids beginning elon-
gation and showed a maximum in late elongating spermatids. In the latter, an
intense acetylated histone H4 staining was observed at the caudal area of the
spermatid nucleus. A hyperacetylation of histones in post-meiotic cells was
also observed in the testis of various other animal species including trout
(Christensen and Dixon 1982; Christensen et al. 1984) and rooster (Oliva and
Mezquita 1982).

Cécile Caron et al.72



3.2
Ubiquitination

Among the four histones – H1, H3, H2A and H2B – known to be ubiquitinated
in vivo, H2A and H2B have been the most studied (Jason et al. 2002). Five to
15 % of H2A and 1–2 % of H2B are ubiquitinated in higher eukaryotes, on a
unique target lysine located in the C-terminal part of each histone.

Histone ubiquitination during spermatogenesis has been investigated in
rat and mouse (Chen et al. 1998; Baarends et al. 1999). Two-dimensional gel
electrophoresis performed on mouse testis extracts established that the major
ubiquitinated histone in mouse testis is H2A (Baarends et al. 1999). Immuno-
histochemistry on mouse testis sections showed that uH2A, present in Sertoli
cells and spermatogonia, becomes abundant in pachytene spermatocytes. It
first (at early pachytene stage) co-localizes with the XY body, and then (at
mid-pachytene stage) extends and covers the whole nucleus, before being
again concentrated in the XY body, and finally completely disappears (at late
pachytene stage). Although the role of H2A ubiquitination is still not clear,
uH2A is deubiquitinated in heterochromatin regions and several data argue
that it could participate in maintaining an open chromatin conformation
(Jason et al. 2002; Moore et al. 2002). An hypothesis is that ubiquitination of
H2A in pachytene cells could facilitate the replacement of somatic histones by
testis-specific histone variants.

After meiosis, the deubiquitination of H2A occurring in late spermatocytes
is maintained until round spermatid stages (Chen et al. 1998; Baarends et al.
1999). In the mouse, it was shown that H2A is then again ubiquitinated in
elongating spermatids (Baarends et al. 1999). Although never detected in
mouse or in other organisms or cell lines, ubiquitinated H3 was detected in
elongating spermatids of rat, which could be involved in post-meiotic chro-
matin reorganization (Chen et al. 1998).

3.3
Phosphorylation

Histone phosphorylation has also been shown to occur during meiosis. For
instance, a transient phosphorylation of H2AX on S139 accompanies the dou-
ble strand break damage repair, as well as DNA cleavage events such as those
associated with meiotic recombination (Mahadevaiah et al. 2001). Phosphory-
lation of histone H3 on S10 is associated with chromosome condensation in
mitosis, and has been observed also during meiosis in several organisms (Pri-
gent and Dimitrov 2003). However, histone H3 and H2AX phosphorylation
are not specific features of the male germ cell differentiation, and will there-
fore not be further developed here.
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3.4
Methylation

The isolation of an H3 methyltransferase specifically expressed in the adult
testis suggested a particular role of this histone modification in the male germ
line (O’Carroll et al. 2000). This methyltransferase, Suv39h2, is a homologue of
Suv39h1, an enzyme responsible for methylation of K9 of H3, and associated
with heterochromatin in somatic cells (Sims et al. 2003). Suv39h2 has been
found to be enriched in heterochromatin regions from the leptotene sperma-
tocyte to round spermatid stages. A specific antibody against dimethylated
H3-K9 decorates heterochromatin foci in spermatogonia and preleptotene
spermatocytes, stains a larger region in zygotene and early pachytene sper-
matocytes, before being again concentrated in heterochromatin from late
pachytene to elongating spermatid stages (Peters et al. 2001).A double knock-
out of Suv39h1/Suv39h2 in mice leads to a severe impairment of spermatoge-
nesis at mid- to late pachytene stages, characterized by non-homologous
interactions during chromosome pairing, and delayed synapsis (Peters et al.
2001). H3-K9 methylation and HP1 colocalization on heterochromatin are
completely disrupted in spermatogonia and early spermatocytes of these
mice. In contrast, normal H3-K9 methylation as well as a correct colocaliza-
tion of the H3-K9 interacting factor HP1 occur during mid- and late meiosis,
as well as in the very rare spermatids which are present in the testes of these
KO mice. These data define an early and stage-specific role for Suv39h
HMTases, and suggest that other HMTases can methylate H3-K9 in mid- and
late meiosis and in spermatids.

4
Transition Proteins

During spermatid differentiation in mammals, transition nuclear proteins
(TPs) constitute 90 % of the chromatin basic proteins accumulating in cells
after histone removal and before the deposition of the protamines (Meistrich
et al. 2003). They are thought to be involved in the disruption of the nucleoso-
mal organization or in the deposition of protamines, or both. However, their
precise role remains largely unknown.

Transition proteins are quite variable with regards to size and amino-acid
composition. They are generally more basic than histones and less basic than
protamines. In boar, bull, man, mouse, ram and rat, this family consists of four
proteins, TP1–4, of which TP1 and TP2 are the best characterized. TP1 is a low
molecular size basic protein (54 residues, 6,200 Da), rich in arginine (20 %),
lysine (19 %) and serine (14 %). All the known mammalian TP1s exhibit a
high degree of similarity, particularly in the very basic region 29–42 which
contains a tyrosine which might be important for the protein to destabilize
the chromatin structure (Singh and Rao 1987). TP2 is about the molecular
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size of a core histone (13,000 Da) and is characterized by a large amount of
basic residues (32 %), serine (22 %) and proline (13 %) and by the presence of
cysteine (5 %), arginine (10 %) and lysine (10 %) (Grimes et al. 1975). In con-
trast to TP1, the TP2 sequence is poorly conserved.

A role of TP in single-strand break (SSB) repairs has been proposed.
Indeed, TP1 can stimulate the repair of SSB in vitro. In vivo, it enhances the
repair of UV-induced DNA lesions in mammalian cells (Caron et al. 2001).
The authors suggest that this major transition protein may contribute to the
yet unidentified enzymatic activity responsible for the repair of SSB at mid-
spermiogenesis steps.

To investigate the role of TPs in vivo, KO mice for TP1 or TP2 have been
generated. However, these mice are fertile and present no major defect in
spermatogenesis. Thus, mice lacking TP1 manage to produce relatively nor-
mal sperm, although fertility is reduced (60 % of TP1 null mice were infertile)
and chromatin condensation is abnormal (Yu et al. 2000). Spermatogenesis in
TP2-null mice was also almost normal, with testis weights and epididymal
sperm counts being unaffected and a subnormal fertility (the mice were fer-
tile but produced small litters) (Adham et al. 2001; Zhao et al. 2001). Most of
the changes in chromatin during spermiogenesis were normal in TP–/– mice,
with histones being completely removed and the protamine 2:protamine 1
ratio close to that of the wild-type animals. However, the sperm chromatin of
these mutants was less compacted. It was also shown that the processing of
protamine 2 was incomplete, in both TP1–/– and TP2–/– mice, with cauda
epididymal sperm containing high proportions of intermediate partially
processed forms of protamine 2. TP1 or TP2 are thus not critical for histone
displacement and initiation of chromatin condensation, but are necessary for
maintaining the normal processing of P2 and, consequently, the completion of
chromatin condensation. However, these works suggest a likely compensatory
effect of TP1 in the TP2 null mice, or TP2 in the TP1 null mice, and more infor-
mation about the possible role of TPs in chromatin reorganization should be
obtained from the double KO mice.

5
Final Components of the Sperm Chromatin

At the end of spermiogenesis the mammalian haploid genome is packaged in
a highly compact structure, containing protamines and some remaining his-
tones. A challenging issue is to understand how this structure conveys epige-
netic information and how it controls early embryonic events.
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5.1
Protamines

Protamines are generally defined as low molecular mass and highly basic pro-
teins associated to nuclear DNA in the spermatozoon. Despite obvious struc-
tural similarities and their ability to keep DNA in a highly compact structure,
their primary sequence appears less conserved than that of histones (Lewis et
al. 2003b).

In most mammals, the sperm nuclei contain only one protamine called P1,
an arginine- and cystein-rich polypeptide of about 50 residues, which appears
to be well conserved from species to species. The polypeptide chain of prota-
mine P1 can be divided into three different structural domains: (1) the
amino-terminal region (residues 1–12) is characterized by an ARYRCC motif
(residues 1–6) highly conserved in all known mammalian protamines P1, as
well as by the presence of a serine or a threonine at position 8 and a serine at
positions 10 and 12; (2) the central region (residues 13–27) is very arginine-
rich and is highly conserved from species to species and might be the primary
DNA-binding site of the protein (Fita et al. 1983); and (3) the carboxyterminal
region (residues 28–50), more variable in sequence, contains most of the
bulky hydrophobic amino acid residues present in the protamine P1.

In a few mammals, including man and mouse, a second class of protamines
called P2 are also present in sperm nuclei. P2 protamines differ from P1 by a
large amount of histidines and a slightly higher size, 54–63 amino acid
residues in man and mouse, respectively. In protamine P2, the arginine
residues are mostly clustered in the central part of the molecule (residues
30–45) and the histidine and cysteine residues do not appear to be randomly
distributed along the polypeptide chain.

Protamines undergo a variety of chemical modifications during nucleo-
protamine assembly, including phosphorylation and dephosphorylation
(Marushige and Marushige 1975), disulfide bond formation (during mam-
malian sperm maturation in the epididymis; Calvin and Bedford 1971) and in
certain species (like in mouse) proteolytic processing of protamine 2 (Yelick
et al. 1987). Protamine modification appears to be necessary for the produc-
tion of stable, highly condensed mammalian sperm nuclei. Although their
function has not been clearly assessed, it has been shown that in mice both
protamines are necessary for post-meiotic chromatin condensation.

It was indeed shown that premature translation of P1 mRNA caused preco-
cious condensation of spermatid nuclear DNA, abnormal head morphogene-
sis and incomplete processing of P2 protein (Lee et al. 1995), and in mice hem-
izygous for the transgene it caused dominant male sterility, which in some
cases was accompanied by a complete arrest in spermatid differentiation.
Therefore it was suggested that correct temporal synthesis of P1 is necessary
for the transition from nucleohistones to nucleoprotamines.

Using targeted disruptions of one allele of either P1 or P2 in mice, Cho et al.
(2001) showed that both proteins are essential for normal sperm function,

Cécile Caron et al.76



and that haplo-insufficiency of protamines prevents genetic transmission of
both mutant and wild-type alleles. Recently, this effect has been shown to be
due to alterations in the organization and integrity of sperm DNA of these
mice, arguing for the crucial role of P2 in compaction and protection of DNA
from damage (Cho et al. 2003).

5.2
Histones

In many species, a variable proportion of the sperm genome remains associ-
ated with histones. For instance, in human spermatozoa, about 15 % of the
genomic DNA is bound by histones (Gatewood et al. 1990). It has been postu-
lated that these histone-containing regions encompass a specific subset of
early embryonic expressed genes (Gatewood et al. 1987). However, it has
recently been shown that in human sperm, regions containing the genes of the
two protamines and the transition protein TP2 are also enriched in histones
(Wykes and Krawetz 2003). The labeling of specific gene-containing regions
could not be the only function of the histone-containing genomic domains,
since in both human and mouse spermatozoa, LINE/L1 elements (Pittoggi et
al. 1999), as well as telomeric sequences (Zalenskaya et al. 2000), were found
associated with histones.

Among histone variants, only CENP-A has been reported to survive histone
displacement in mammals, but its possible role in late spermiogenesis or in
post-fertilization events is not known (Palmer et al. 1990).

6
Mechanisms Controlling Post-Meiotic Chromatin
Reorganization: A General Discussion

Despite the accumulation of data concerning the successive events accompa-
nying the transition from the round spermatid somatic-like chromatin to the
highly specialized and unique sperm chromatin structure, the molecular
mechanisms involved are entirely unknown. Some of the existing data can,
however, help to address several basic questions relative to the molecular
basis of chromatin remodeling during the spermiogenesis. These questions
include:
– Which mechanisms mediate the general transcriptional repression occur-

ring in early elongating spermatids?
– Why and how do some genes escape this early transcriptional repression?
– How do histones become hyperacetylated in elongating spermatids?
– Why and how do histones become modified (acetylated) in elongating

spermatids and is there a spermatid-specific histone code?
– What is the role of testis-specific histone variants?
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– How are histones replaced, removed and degraded/recycled?
– What is the link between histone displacement and the assembly of new

nucleoprotein complexes?

Although these questions cannot be directly answered yet, some recent
data allow speculation on possible solutions to these issues.

6.1
Active Transcription Followed by Repression in Round Spermatids

The molecular basis of transcriptional repression in round spermatids has
not yet been established. Nevertheless, recent observations suggest that some
of the somatic cell-type mechanisms could be involved in this general tran-
scriptional repression. These events include histone deacetylation and histone
H3-K9 methylation.

Histone deacetylases (HDACs) seem to be highly active in round sper-
matids and highly involved in the global histone underacetylation observed
in these cells. Indeed, the treatment of round spermatids with HDAC
inhibitor trichostatin A (TSA) very efficiently induces chromatin hyper-
acetylation (Hazzouri et al. 2000). These data are in good agreement with
classical models of transcriptional repression, where class I HDACs are
recruited on promoters by transcriptional repressors to deacetylate histones.
Until recently, no factor had been identified capable of large-scale recruit-
ment of HDACs to the chromatin of spermatids. We have recently shown that
a chromodomain protein, CDYL, known to be overexpressed in the testis
(Lahn and Page 1999), is a transcriptional corepressor and is very probably
involved in histone deacetylation in round spermatids. Indeed, this protein
is specifically overexpressed in post-meiotic germ cells, it can repress tran-
scription when targeted to a promoter in somatic cells, and immunoprecip-
itation assays have shown that it forms a complex with HDAC1 and HDAC2
in spermatids (Caron et al. 2003).

Data in somatic cells suggest that the deacetylation of histone H3-K9
would allow its subsequent methylation by methyltransferases, and the
recruitment of chromodomain proteins like HP1, involved in the spreading
of heterochromatin-like structures. This model, often proposed for hete-
rochromatinization in somatic cells, could also stand for round spermatids.
Indeed, HP1-alpha and -beta are found associated to heterochromatin in
round spermatids (HoyerFender et al. 2000b; Martianov et al. 2002).
Furthermore, Western blots on extracts of pachytene spermatocytes and
round spermatids have revealed an increase in H3-K9 di-methylation in
round spermatids (our unpubl. data). The protein Suv39h2, found enriched
in the heterochromatin regions of round spermatid (O’Carroll et al. 2000),
could be one of the methyltransferases modifying H3K9 in these cells. How-
ever, H3K9 remains methylated in the spermatids of Suv39h1/h2 KO mice
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(Peters et al. 2001), which means that other, yet unknown, HMTases are also
involved.

Interestingly,Baarends and coworkers have also detected a strong deubiqui-
tination of H2A in round spermatids, which was unexpected because such a
hypoubiquitination had never been described in other mammalian cell types
(except in metaphase somatic cells). Like HDACs, deubiquitinating enzymes
should therefore be very active in round spermatids. Global deubiquitination
in round spermatids is thus in good agreement with data reporting that uH2A
and uH2B are globally associated to transcriptionally active regions (Jason et
al. 2002).

Global hypoacetylation and hypoubiquitination could therefore constitute
key events in the whole transcriptional repression that takes place as round
spermatids differentiate.

6.2
Functional Link Between Histone Acetylation and Chromatin
Condensation and Histone Replacement

Post-meiotic histone hyperacetylation is a global event, observed in many
species where histones are displaced. This specific histone modification
seems to be tightly associated with histone replacement, since it has not been
observed in species where somatic histones are completely retained in sper-
matozoa, such as in winter flounder and carp (Kennedy and Davies 1980,
1981). Moreover, acetylated H4 disappearance, in mice spermatids, follows an
antero-caudal pattern, which is similar to that of chromatin condensation,
suggesting a tight link between histone replacement and nucleus condensa-
tion (Hazzouri et al. 2000).

According to the “histone code hypothesis”, histone hyperacetylation
would likely serve as a signal for the recruitment of a machinery mediating
the histone replacement. In this respect, bromodomain-containing proteins
appear to be excellent candidates to mediate and control the events following
histone acetylation during spermiogenesis. Indeed, bromodomains are
acetyl-lysine binding modules present in many ATP-dependent chromatin
remodeling factors as well as in many HATs and some other nuclear proteins
(Zeng and Zhou 2002).

Recently, a search for testis-specific bromodomain-containing proteins has
led to the identification of a double bromodomain testis-specific protein of
unknown function, BRDT (Pivot-Pajot et al. 2003). The murine BRDT gene
encodes two RNAs transcripts, which are exclusively present in the testis and,
more precisely, in the germinal cells from the early meiotic until late spermatid
stages. The functional study of the product of the shortest RNA, mBRDT2, has
established that the bromodomains of BRDT indeed bind histone H4 in its
hyperacetylated form, and that BRDT is able to induce a dramatic compaction
of acetylated chromatin in vivo as well as in vitro (Pivot-Pajot et al. 2003).
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Hence, the testis-specific protein BRDT is the first identified factor that can
induce a condensation of acetylated chromatin, suggesting that histone acety-
lation during spermiogenesis could primarily be a signal for chromatin con-
densation. In support of this hypothesis, our in situ data show the compaction
of hyperacetylated chromatin occurring before histone replacement in elon-
gating spermatids (unpubl. results).

The mechanism responsible for the induction of a global histone acetyla-
tion during chromatin elongation also remains unknown. However, recent
work has shown that this hyperacetylation is associated with the degradation
of major cellular HDACs (Caron et al. 2003), which could certainly play an
important role in inducing histone hyperacetylation by disrupting the cellular
acetylation equilibrium.

6.3
Does Histone Ubiquitination Play a Role in Spermatid-Specific
Chromatin Remodeling?

The human HR6, an E2 ligase homologous to yeast RAD6 known to ubiqui-
tinate H2A and H2B in vitro (Sung et al. 1988), is strongly expressed in the
testis (Koken et al. 1996). It is specifically abundant in the nucleus of elon-
gating spermatids, at the step of histones/protamines replacement. In mice,
the KO of HR6B induces a severe defect in spermiogenesis, with an arrest of
cell maturation at the round/elongating spermatids step, confirming an
important requirement of HR6 at this stage of spermiogenesis (Roest et al.
1996). However, H2A is probably ubiquitinated by other enzymes since in
testis sections from HR6B KO mice, uH2A is normally detected in pachytene
spermatocytes, and is also observed in the rare round/elongating spermatids
present. These data suggest that the defect in spermiogenesis in HR6B KO
mice is due either to an insufficient (but not completely null) level of uH2A
ubiquitination or to a defect in ubiquitination of other substrates of HR6B,
like, for instance, H2B.

Like acetylation, histone ubiquitination is likely to play a role in histone
replacement, but the mechanism involved is not known. Considering that
ubiquitin represents 60 % of the size of H2A, this modification has been sug-
gested to affect the global structure of the nucleosome, facilitating its disrup-
tion. However, experiments performed on nucleosomes reconstituted with
and without uH2A argue against a structural impact of ubiquitinated K119 of
H2A on nucleosomal structure and stability or chromatin folding (Moore et
al. 2002).

The most probable hypothesis is that histone mono-ubiquitination could
serve as a signal for the recruitment of specific factors involved in chromatin
reorganization or histone displacement. Indeed, mono-ubiquitination is a
protein modification involved in several cell signaling pathways (such as
endocytosis, transcription, etc.), which would serve as a tag recognized by the
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ubiquitin-binding domains such as UIM, ZnF-UBP, UEV or UBA (Schnell and
Hicke 2003). The identification of such factors is a future challenge.

6.4
Is There a Spermiogenesis-Specific Histone Code?

Although histone modifications associated with spermiogenesis are not fully
characterized, it already appears that they could be very different from those
occurring during meiosis. In meiosis, for instance, a global H4 hypoacetyla-
tion is associated with ubiquitination of H2A. After meiosis, in contrast, H2A
ubiquitination and acetylation are underrepresented in the nuclei of round
spermatids, and increase together in elongated spermatids. Moreover, phos-
phorylation of S10 and S28 of H3, which is normally associated with mitotic
chromatin condensation, occurs differently during meiosis and in elongating
spermatids. Indeed, in these cells while S10 phosphorylation dramatically
decreases, that of S28 remains, and even increases as the differentiation pro-
ceeds (our unpubl. data). This confirms that different combinations of modi-
fications are associated with specific chromatin remodeling events, and sug-
gests that there could be a code specific for histone replacement.

An important question to answer would be whether the events controlled
by this particular histone code are strictly specific to spermiogenesis. Indeed,
several nucleosome modifications observed during spermiogenesis before
histone displacement – such as histone acetylation, ubiquitination of H2A,
methylation of K4 of H3 (our unpubl. data) and enrichment in the histone
variant H3.3 – are also present on transcriptionally active chromatin in
somatic cells. Very interestingly, a recent paper has shown that, upon activa-
tion of the yeast promoter of the PHO5 gene, the histones of a few nucleo-
somes of the promoter were eliminated just after their acetylation (Reinke
and Horz 2003). This result suggests that the global histone modifications (at
least acetylation) and displacement observed in spermiogenesis could corre-
spond to specific events also occurring locally in somatic cells, for instance on
transcriptionally active promoters.

On the other hand, the replacement of histones by TP and protamines is
very unique to spermatids. Therefore, if nucleosome modifications play a role
in the assembly of these small basic proteins, some combinations of modifi-
cations could only take place in male germ cells, and define a spermatid-spe-
cific histone code. For instance, dimethylation of K4 and K9 of H3 increases
post-meiotically (our unpubl. data). It is so far unclear whether both modifi-
cations coexist or not on the same histones or within the same nucleosomes.
This question is of great interest, since the association of methylated K4 and
K9 in the same chromatin regions could strongly support the existence of a
new and spermatid-specific histone code.

How to Pack the Genome for a Safe Trip 81



6.5
Do Histone Variants Play a Role in Spermatid-Specific Chromatin
Remodeling?

Another strong argument for a spermatid-specific histone code is the pres-
ence of core histone variants in late spermiogenesis. Most, if not all, of the
post-translationally modified residues of N- and C-terminal parts of H3, H2A
and H2B are conserved in H3.3, TH2A and TH2B. These residues have there-
fore the potential to be modified in the same way as in somatic histones. How-
ever, the phosphorylable S14 of H2B is replaced by phenylalanine in TH2B.
This poorly characterized modification has recently been reported to target
H2B in apoptotic chromatin (Cheung et al. 2003). TH2B will therefore escape
this particular signalization.

Very interestingly, S19 of H2A is also replaced by a phenylalanine in TH2A.
This suggests, first, that H2A S19 could also be a site of phosphorylation, and,
second, that the hydrophobic phenylalanine residue could create a special sig-
nal in the N-terminal part of TH2A and TH2B for the interaction with specific
factors in spermatids. Furthermore, the important variations in the N-termi-
nal tail part of TH2B could modify the recognition of these amino acids by
histone-modifying enzymes. For instance, it could accelerate or inhibit the
modification of a specific residue.

Finally, sequence divergence observed in the histone fold regions of testis-
specific histones compared to the somatic types may have dramatic effects on
the nucleosome stability and facilitate histone replacement in elongating
spermatids (Fan et al. 2002).

7
Concluding Remarks

Although recent investigations allow speculations on the mechanisms con-
trolling several aspects of the global chromatin remodeling that takes place
during spermiogenesis, many questions remain unanswered. It is, however,
possible to propose a working model as follows (Fig. 3).

The chromatin of post-meiotic cells has a significantly different composi-
tion because of the presence of specific variants of H2A, H2B, H3 and H1.
Moreover, some spermatid-specific factors such as CDYL could recruit
HDACs to massively deacetylate histones in round spermatids. We speculate
that deubiquitinating enzymes would also be recruited in the same way. These
events, in association with a massive methylation of H3K9, would lead to a
gradual repression of transcription as the round spermatids differentiate. The
degradation of the major nuclear HDACs would then induce a sudden and
massive histone hyperacetylation, which would in turn constitute a signal for
chromatin condensation, through the action of bromodomain-containing
factors such as BRDT. Since this chromatin condensation is associated with
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Fig. 3. A working hypothesis for the molecular mechanisms of chromatin condensation
and histone replacement during mouse spermiogenesis. Post-meiotic transcriptional
repressors such as CDYL would recruit class I HDACs to chromatin in round spermatids to
initiate a general histone deacetylation and a progressive transcriptional repression. A
stage-specific degradation of class I HDACs would then induce a global hyperacetylation of
histones, leading to incorporation of bromodomain-containing proteins such as BRDT,
which would in turn induce compaction of the chromatin associated with removal and
degradation of the acetylated histones. CDYL has a co-enzyme A binding pocket, which,
after degradation of HDACs, might be involved in HAT activity (Lahn et al. 2002) or alter-
natively participate in a yet unknown enzymatic activity involving Co-A derivatives. (Caron
et al. 2003)



histone replacement, these bromodomain-containing factors could also
recruit a machinery involved in histone removal/degradation as well as TP
assembling.

Understanding the mechanisms controlling histone degradation not only
would allow a better understanding of a crucial step of the spermiogenesis,
but also may convey new information on an important chromatin remodeling
process operating in specific loci in somatic cells (Reinke and Horz 2003).

It is also very important to understand the nature of the epigenetic infor-
mation contained in the nucleus of spermatozoa. An interesting hint is the
presence of genomic islands that survive the dramatic transition in the orga-
nization of the genome during spermiogenesis and maintain a somatic-like
chromatin structure (see Sect. 5.2). One possibility would be that these chro-
matin-like structures provide an essential mark for the establishment of ade-
quate epigenetic information in the offspring. In agreement with this hypoth-
esis, the paternally imprinted IGF2 gene was found preferentially associated
with histones in the human sperm nucleus (Banerjee and Smallwood 1998), a
phenomenon that might be important for the imprinting of this gene.

In summary, considering all the data available today, it appears that under-
standing of the molecular basis of genome reorganization during spermio-
genesis remains one of the major challenges in the years to come.
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Chromatin Modifications 
on the Inactive X Chromosome

Hannah R. Cohen, Morgan E. Royce-Tolland, Kathleen A. Worringer,
Barbara Panning

Abstract In female mammals, one X chromosome is transcriptionally
silenced to achieve dosage compensation between XX females and XY males.
This process, known as X-inactivation, occurs early in development, such that
one X chromosome is silenced in every cell. Once X-inactivation has
occurred, the inactive X chromosome is marked by a unique set of epigenetic
features that distinguishes it from the active X chromosome and autosomes.
These modifications appear sequentially during the transition from a tran-
scriptionally active to an inactive state and, once established, act redundantly
to maintain transcriptional silencing. In this review, we survey the unique epi-
genetic features that characterize the inactive X chromosome, describe the
mechanisms by which these marks are established and maintained, and dis-
cuss how each contributes to silencing the inactive X chromosome.

1
Introduction

Equalization of X-linked gene dosage between XY male and XX female mam-
mals occurs by X-inactivation, the transcriptional silencing of one X chromo-
some in female cells (Lyon 1961). The term X-inactivation encompasses two
processes: the initial transition from a transcriptionally active to an inactive
state and the subsequent stable maintenance of the silent state. Early in female
embryogenesis, at approximately the time when pluripotent cells differentiate
into more developmentally restricted lineages, one X chromosome is silenced
in each cell. X chromosome silencing is initiated at the X-inactivation center,
a cis-element that is necessary and sufficient to nucleate chromosome-wide
silencing. This process occurs at random, such that there is an equal probabil-
ity that the X chromosome inherited from either parent is transcriptionally
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inactivated. Once silencing has occurred, it is stably maintained throughout
all ensuing cell divisions. As a result, females are mosaic, with the paternally
derived X chromosome silenced in 50 % of differentiated cells and the mater-
nally derived X chromosome silenced in the remaining half.

The inactive X chromosome (Xi) differs from the active X chromosome
(Xa) and autosomes in differentiated cells, as it is characterized by a unique
combination of epigenetic features including histone modifications and DNA
methylation. These modifications are acquired sequentially during the onset
of X-inactivation and act redundantly to maintain X chromosome silencing.
In this chapter, we discuss the mechanisms by which the unique chromatin
structure of the Xi is established and maintained, and the role of epigenetic
modifications in regulating transcriptional silencing.

2
Features of Xi Chromatin

In the nuclei of all eukaryotic cells, DNA is highly compacted into chromatin.
The basic unit of chromatin is the nucleosome, which consists of DNA
wrapped around an octamer of core histones, H2A, H2B, H3 and H4. The
amino terminal tails of the core histones protrude from the surface of the
nucleosome and are subject to covalent modifications such as acetylation,
methylation, phosphorylation and ubiquitination. Different combinations of
histone modifications are thought to establish transcriptionally active
euchromatin and transcriptionally silent heterochromatin (Strahl and Allis
2000; Turner 2000; Jenuwein and Allis 2001). According to this ‘histone code’
hypothesis, epigenetic marks on the histone tails provide binding sites for
proteins that regulate gene expression. Replacement of core histones with
variant histones is another chromatin alteration that is employed to modulate
gene expression. In addition to histone modifications, CpG methylation is a
covalent DNA modification that is implicated in chromatin structure and
transcription. Given that much transcriptional regulation is achieved via
changes in chromatin structure, it is not surprising that the Xi shows a dis-
tinct signature of chromatin marks when compared to the Xa and autosomes.
Below we describe the features of chromatin that distinguish the Xi from the
Xa and autosomes (Table 1).

2.1
Histone H3 Lysine 9 Methylation

Methylation can occur on lysine and arginine residues in the amino-terminal
tails of core histones. Lysine residues are found in mono-, di- or tri-methy-
lated forms, while arginine can be mono- or di-methylated (Bannister et al.
2002). Enrichment for histone H3 methylated at lysine 9 (H3-K9) is one of the
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hallmarks of heterochromatin (Jenuwein and Allis 2001; Bannister et al.
2002). The di-methylated form of H3-K9 (H3–2 mK9) is enriched on the Xi,
specifically at the promoters of silenced genes, such that H3-K9 methylation
at the promoter correlates with transcriptional inactivity on the Xi (Heard et
al. 2001).

There are two types of heterochromatin: facultative, in which silencing is
reversible, and constitutive, in which silencing is irreversible. The heterochro-
matin of the Xi is facultative and pericentric heterochromatin is constitutive.
Both the Xi and pericentric heterochromatin show enrichment for methylated
H3-K9 (Heard et al. 2001). Two antibodies have been used to study H3–2 mK9
distribution in the nucleus; one antibody was raised against a branched pep-
tide and the other against a linear peptide. Depending on which antibody is
used, different staining patterns are observed. In studies using branched pep-
tide antibodies, staining was observed on both the Xi and pericentric regions
(Heard et al. 2001; Maison et al. 2002), while linear peptide antibodies recog-
nized the Xi exclusively (Heard et al. 2001). When antibodies were raised
against linear peptides for tri-methylated form of H3-K9 (H3–3 mK9), these
antibodies recognized pericentric regions but not the Xi (Peters et al. 2003;
Plath et al. 2003; Rice et al. 2003). These results in combination with peptide
competition studies suggest that the branched peptide antibodies recognize
both H3–2 mK9 and H3–3 mK9 epitopes (Plath et al. 2003). Therefore, the fac-
ultative heterochromatin of the Xi and the constitutive heterochromatin of
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Table 1. Histone modifications and histone variants on the Xi and Xa. Relative levels of his-
tone modifications that show unique densities on the Xi in somatic cells are shown for three
classes of genes: X-linked (genes that are expressed from the Xa and silenced on the Xi), Xist
(expressed from the Xi and silenced on the Xa) and escapees (genes that are expressed from
both the Xa and Xi). + indicates modification enriched at that locus relative to autosomal
levels; – indicates modification is underrepresented at that locus relative to autosomal lev-
els; = indicates modification is found at autosomal levels; question marks appear where the
enrichment at a particular location is unknown

Histone modification Xi Xa

X-linked Xist Escapees X-linked Xist Escapees

H3–2 mK9 + = = = ? =
H3–3 mK27 + ? ? = ? ?
H3–2 mK4 – = = = – =
H3–2 mR17 – ? ? = ? ?
H3–2 mK36 – ? ? = ? ?
H3 acetylation – = = = – =
H4 acetylation – = = = – =
macroH2A + ? ? = ? ?
H2-Bbd – ? ? = ? ?
H2AZ – ? ? = ? ?



pericentric regions differ in that they are enriched for H3–2 mK9 and
H3–3 mK9, respectively.

The SET domain family of histone methyltransferases (HMTase) catalyzes
the methylation of lysine residues (Bannister et al. 2002). Five mammalian
SET domain proteins, Suv39h1, Suv39h2, G9a, Eset/SETDB1 and EZH2, have
HMTase activity on H3-K9 in vitro (Lachner et al. 2003) and are candidates for
catalyzing H3-K9 methylation on the Xi. H3-K9 methylation is detected on the
Xi in cells bearing a deletion of Ezh2 and in cells deleted for both Suv39h1 and
Suv39h2 (Peters et al. 2002; Erhardt et al. 2003; Silva et al. 2003). Eset/SETDB1
mediates formation of H3–3 mK9 (Wang et al. 2003), but this modification is
not found on the Xi (Plath et al. 2003). As G9a catalyzes production of the
H3–2 mK9 in vitro and in vivo (Rice et al. 2003), this enzyme is the most likely
candidate to serve as the HMTase that mediates H3–2 mK9 enrichment on the
Xi. Alternatively, multiple HMTases may act redundantly to di-methylate H3-
K9 on the Xi.

The significance of H3–2 mK9 enrichment on the Xi is likely to involve
recruitment of H3–2 mK9 binding proteins that further regulate chromatin
structure. Heterochromatin protein 1 (HP1) binds methylated H3-K9 in vitro,
and this protein is required for formation of pericentric heterochromatin
(Bannister et al. 2001; Lachner et al. 2001; Fischle et al. 2003). All three forms
of human HP1 appear to be enriched on the Xi as well as on pericentric
regions (Chadwick and Willard 2003), suggesting that H3–2 mK9 contributes
to heterochromatin formation by recruiting HP1 to the Xi. None of the three
forms of Hp1 is enriched on the Xi in mouse cells (Peters et al. 2002), suggest-
ing that HP1 enrichment on the Xi may be specific to human cells. Alterna-
tively, as adult human cells and embryonic mouse cells were examined, it is
possible that HP1 enrichment on the Xi is specific to a particular develop-
mental stage.

2.2
Histone H3 Lysine 27 Methylation

Regulated silencing of homeotic genes during Drosophila development
requires methylation of H3 at lysine 27 (H3-K27), mediated by the ESC-E(Z)
complex (Cao et al. 2002; Muller et al. 2002). Thus, this HMTase complex is
involved in the formation of facultative heterochromatin. Loss of function of
Eed, the murine ESC homologue, results in reactivation of X-linked genes,
suggesting a role for H3-K27 methylation in regulating X-inactivation in
female mammals (Wang et al. 2001). Further investigation revealed that Eed is
present in a complex with Ezh2, the mouse homologue of E(Z) (Denisenko et
al. 1998), and that both of these proteins are enriched on the Xi (Mak et al.
2002; Plath et al. 2003; Silva et al. 2003). Ezh2 is capable of methylating H3-K27
in vitro (Cao et al. 2002; Czermin et al. 2002; Kuzmichev et al. 2002; Muller et
al. 2002), and there is enrichment of the trimethylated form of H3-K27
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(H3–3 mK27) on the Xi in some cell types (Fig. 1; Gilbert et al. 2003). Cells
from Ezh2 and eed mutant mice have no detectable staining with antibodies
directed against the tri-methylated form of H3-K27 (H3–3 mK27) (Erhardt et
al. 2003; Silva et al. 2003). In combination, these data argue that the Eed/Ezh2
complex mediates the accumulation of H3–3 mK27 on the Xi.

A model for the role of methylated H3-K27 in transcriptional silencing is
based on findings in Drosophila. In flies, H3–2 mK27 provides a binding site
for the chromo-domain protein Polycomb (PC) (Cao et al. 2002; Czermin et al.
2002; Fischle et al. 2003; Kuzmichev et al. 2002), a component of the Polycomb
repressive complex (PRC1), which is essential for maintaining homeotic gene
silencing (Francis and Kingston 2001; Simon and Tamkun 2002). PRC1 can
block SWI/SNF-mediated chromatin remodeling in vitro (Shao et al. 1999).
Alterations in chromatin structure mediated by H3–3 mK27-bound mam-
malian PRC1 provide an attractive model for the role of this histone modifi-
cation in mediating transcriptional repression on the Xi. However, PRC1 com-
ponents were not detected on the Xi (Mak et al. 2002), suggesting that
alternative models for the contribution of H3–3 mK27 to transcriptional
silencing of the Xi should also be considered.

2.3
Methylation at Other Histone H3 Residues

In contrast to H3-K9 and H3-K27 methylation, which correlate with tran-
scriptional silencing, methylation of histone H3 at lysine 4 (H3-K4) or argi-
nine 17 (H3-R17) shows a strong correlation with gene activity (Strahl et al.
1999). Immunofluorescence and ChIP with antibodies directed against the
dimethylated form of H3-K4 (H3–2 mK4) shows that H3–2 mK4 is underrep-
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Fig. 1. Histone modifications enriched and deficient on the Xi. A A DNA-intercalating dye
stains the Xi intensely, marking the classical Barr body. B Immunofluorescence, on the same
cell, shows that H3–3 mK27 is enriched on the Xi. C Immunofluorescence against H3–2 mK4
shows that this modification is excluded from the Xi



resented on the Xi (Fig. 1; Boggs et al. 2002; Rougeulle et al. 2003). A similar
result is obtained using antibodies raised against dimethylated H3-R17
(H3–2 mR17) (Chaumeil et al. 2002). The absence of these two methylation
marks on the Xi is consistent with its silent state.

It has been suggested that histone H3 dimethylated on lysine 36
(H3–2 mK36) causes gene repression in yeast (Strahl et al. 2002; Landry et al.
2003). However, there is also evidence linking this modification to gene
expression in yeast and Tetrahymena (Strahl et al. 2002; Krogan et al. 2003; Li
et al. 2003; Schaft et al. 2003; Xiao et al. 2003). H3–2 mK36 is underrepresented
on the Xi (Chaumeil et al. 2002), indicating that enrichment of this modifica-
tion may be characteristic of active chromatin in mammals.

2.4
Histone Acetylation

Hypoacetylation of histones H3 and H4 at lysine residues is commonly asso-
ciated with heterochromatin and transcriptional inactivity (Richards and
Elgin 2002). In agreement with this observation, the Xi appears devoid of his-
tone acetyl modifications. When interphase cells are immunostained with an
antibody raised against H3 acetylated on lysine 9, the Xi is understained,
appearing as a hole (Belyaev et al. 1996; Boggs et al. 1996; Chaumeil et al.
2002). The same result is observed using antibodies raised against H4 acety-
lated at lysines 5, 8, 12 and 16 (Jeppesen and Turner 1993; Keohane et al. 1996;
Heard et al. 2001; Chaumeil et al. 2002; Goto et al. 2002).

Histone acetylation is regulated by a combination of histone acetyltrans-
ferase and histone deacetylase (HDAC) activities that add and remove acetyl
groups, respectively. Human EED and EZH2 interact with HDAC1 and HDAC2
in vitro and in vivo (van der Vlag and Otte 1999), suggesting that this HMTase
complex may regulate acetylation on the Xi by recruiting deacetylases. How-
ever, Hdac1 and Hdac2 are not enriched on the Xi in mouse cells with Xi-
enrichment of Eed and Ezh2 (Mak et al. 2002), indicating that enrichment of
the Eed/Ezh2 complex is insufficient to cause an enrichment of these Hdacs.
HDAC1 and HDAC2 form corepressor complexes with SIN3A and SIN3B
(Yang et al. 2003). SIN3A and SIN3B complexes are excluded from the Xi
(Chadwick and Willard 2003), further suggesting that these deacetylases do
not regulate levels of acetylation on the Xi. There are at least ten HDAC family
members in mammals, providing a number of candidates for the HDACs that
might mediate the decrease in histone H3 and H4 acetylation on the Xi. Alter-
natively, the underacetylation of the Xi may be achieved by the exclusion of
histone acetyltransferase activities from the Xi.
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2.5
Histone MacroH2A

In addition to exhibiting a unique combination of post-translational modifi-
cations on core histones, the Xi contains a high proportion of nucleosomes in
which canonical H2A is replaced by the variant histones macroH2A1.2,
macroH2A1.2 or macroH2A2 (Mermoud et al. 1999; Chadwick and Willard
2001a; Changolkar and Pehrson 2002). The N terminus of each variant is
homologous to canonical H2A, while the C termini or non-histone regions
(NHRs) of macroH2A proteins show no H2A homology (Pehrson and Fried
1992; Pehrson and Fuji 1998; Chadwick and Willard 2001a; Costanzi and
Pehrson 2001). Most cell types display Xi-enrichment of all three macroH2A
isoforms (Costanzi and Pehrson 1998, 2001; Chadwick and Willard 2001a).
Both the H2A-like domain and the NHR may be involved in proper localiza-
tion of macroH2A to the Xi, as a truncated protein consisting of the H2A-like
domain of macroH2A1 or macroH2A2 localizes to the Xi, and a fusion protein
consisting of canonical H2A fused to the macroH2A1.2 NHR also localizes to
the Xi (Chadwick et al. 2001).

The enrichment of macroH2A on the Xi suggests that this protein may con-
tribute to gene silencing. Indeed, ectopic macroH2A can downregulate gene
expression in vivo. Using Gal4 to tether the macroH2A NHR to the promoter
of the luciferase gene reduced luciferase activity more than twofold (Perche et
al. 2000). MacroH2A NHR was not assembled into nucleosomes in this assay,
indicating that the NHR may be sufficient for silencing outside the context of
the nucleosome.

A recent study proposes two mechanisms for transcriptional repression by
macroH2A: interference with transcription factor binding and resistance to
nucleosome remodeling (Angelov et al. 2003). The transcription factor NF-kB
binds chromatin assembled with conventional histones, but not chromatin
assembled with histone octamers containing macroH2A1.2. The NHR is nec-
essary to prevent NF-kB binding. In addition, the DNA near the NF-kB bind-
ing site has different DNase accessibility in H2A- and macroH2A-containing
nucleosomes. In combination, these results suggest that the NHR sterically
blocks transcription factor access to its target DNA sequence. Nucleosome
remodeling by SWI/SNF complexes usually promotes gene expression; how-
ever, nucleosomes containing macroH2A1.2 are resistant to SWI/SNF activity,
suggesting that macroH2A may also regulate gene expression by inhibiting
nucleosome remodeling (Angelov et al. 2003). The H2A-like domain is
responsible for resistance to SWI/SNF activity. Thus, both the H2A-like
domain and the NHR may contribute to transcriptional regulation by
macroH2A.
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2.6
Other Variant Histones

Two variant histones are less abundant on the Xi than on the Xa and auto-
somes: H2A-Barr body deficient (H2A-Bbd) and H2AZ (Chadwick and
Willard 2001b, 2003). While little is known about the function of H2A-Bbd,
H2AZ has been shown to antagonize silencing in Saccharomyces cerevisiae
(Meneghini et al. 2003). H2AZ may be underrepresented on the Xi because
most genes on this chromosome are repressed. Localization of H2AZ to peri-
centric heterochromatin has been observed in mouse extraembryonic tissue
(Leach et al. 2000; Rangasamy et al. 2003), indicating that this modification is
not excluded from all heterochromatin. It therefore seems likely that variant
histones are used in combination with other epigenetic marks to establish
diverse forms of chromatin.

2.7
Nucleosome Position

Another chromatin-based mechanism of regulating transcription involves
the position of nucleosomes at promoters. On the Xa, nucleosomes occupy
defined positions at the HPRT promoter, leaving transcription factor binding
sites and the transcription initiation region accessible to transcription
machinery. In contrast, the same promoter on the Xi is blocked by nucleo-
somes that are more randomly positioned (Chen and Yang 2001). These
results can be explained in two ways: either transcription forces nucleosomes
away from the promoter or nucleosome positioning acts upstream of tran-
scription to control gene expression. In support of the latter model, chromatin
remodeling precedes occupation of transcription factor binding sites during
reactivation of X-linked genes (Litt et al. 1997). The factors that determine
nucleosome positioning are unknown, but may include histone modifications
and histone variants. Perhaps nucleosome positioning is an additional level of
transcriptional control.

2.8
Shape of the Xi

The unique combination of chromatin modifications on the Xi may also be
responsible for the cytological characteristics of this chromosome. The region
of the nucleus occupied by the Xi can be detected as a region of intense stain-
ing with DNA intercalating dyes (Fig. 1; Barr 1961). This brightly staining
region, known as the Barr body, suggests that the Xi is condensed relative to
other chromosomes. This condensation could result in transcriptional silenc-
ing by excluding transcriptional machinery. When assessed using chromo-
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some paints, the volume of the Xi appeared to be the same as that of the Xa
(Bischoff et al. 1993; Clemson et al. 1996; Eils et al. 1996). These data indicate
that overall the Xi is not highly condensed relative to the Xa, but do not rule
out that local regions of high compaction may exist. It seems likely that epige-
netic modifications on the Xi, and not global compaction of the chromosome,
are responsible for silencing and the increased incorporation of DNA interca-
lating dyes.

Despite occupying similar volumes, the shapes of the Xi and Xa are signif-
icantly different. When chromosome paints are used to delineate the Xa and
Xi, the Xa is more elliptical, and the Xi is more spherical in interphase nuclei
(Bischoff et al. 1993; Eils et al. 1996). In addition, the telomeres of the Xi are
tenfold closer to each other than the telomeres of the Xa, confirming that the
Xi shows different spatial organization from the Xa (Walker et al. 1991). A
potential modulator of large-scale chromosome shape is SAF-A, a protein that
binds both scaffold attachment regions and RNA. SAF-A is enriched on the Xi
and might affect its overall shape and/or location within the nucleus by inter-
acting with nuclear structural elements (Helbig and Fackelmayer 2003).

2.9
DNA Methylation

DNA methylation appears to play an important role in maintaining gene
silencing on the Xi. Upstream sequences of genes on the X chromosome are
hypermethylated on the Xi and hypomethylated on the Xa (Wolf et al. 1984;
Pfeifer et al. 1990; Bartlett et al. 1991). Treatment with the DNA-demethylating
agent 5-azadeoxycytidine results in reactivation of several X-linked genes
(Mohandas et al. 1981).

ICF (immunodeficiency, centromeric instability and facial anomalies) syn-
drome results from a mutation in the DNA methyltransferase DNMT3b. Cells
deficient for DNMT3b show hypomethylation of DNA and reactivation of
genes on the Xi (Hansen et al. 2000). In addition, one class of repetitive ele-
ments, LINE-1 elements, which are normally hypermethylated on both the Xi
and Xa, are hypomethylated exclusively on the Xi in DNMT3b mutant cells
(Hansen 2003). In combination, these data indicate that DNMT3b contributes
to DNA methylation and gene silencing on the Xi. The two other DNA methyl-
transferases, DNMT3a and DNMT1 (Bestor 2000), may also play a role in DNA
methylation on the Xi.

In Neurospora and Arabidopsis, trimethylation of H3-K9 is required for
DNA methylation (Tamaru and Selker 2001; Jackson et al. 2002). In Neu-
rospora, HP1 is essential for DNA methylation, suggesting that HP1 binds
methylated H3-K9 and recruits a DNA methyltransferase (Freitag et al. 2004).
In mammalian cells, H3-K9 trimethylation is required for Dnmt3b-dependent
DNA methylation at pericentric heterochromatin (Lehnertz et al. 2003).
Therefore it is possible that H3-K9 methylation directs DNA methylation on
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the Xi as well. A mouse H3-K9 HMTase activity co-fractionates with Dnmt3a
(Datta et al. 2003). Hdac1 also co-fractionates with Dnmt3a and the H3-K9
HMTase activity, indicating that histone acetylation, histone methylation and
DNA methylation may be coordinately regulated in mammalian cells. The
association of DNA methyltransferase and histone methyltransferase activi-
ties may be important for the spread of heterochromatin as it is possible that
methyltransferases recruited to one nucleosome can modify adjacent nucleo-
somes. Although a functional interaction of methylation and deacetylation
complexes has yet to be identified on the Xi, it seems likely that this observa-
tion will be extended to X-inactivation.

2.10
Late Replication Timing

Several types of heterochromatin, including silenced X chromatin, replicate
late in S phase. Genes on the Xa replicate earlier than their counterparts on
the Xi (Schmidt and Migeon 1990; Hansen et al. 1993, 1995; Torchia et al.
1994). Analysis of two replicons on the X chromosome showed that the same
origins fire both on the Xi and the Xa (Cohen et al. 2003), suggesting that the
same origins are differentially regulated on these chromosomes. This study
raises an interesting question: What mechanisms are used to direct different
behavior of the same origins on two homologous chromosomes within a sin-
gle nucleus?

Studies in Drosophila may provide insight into the link between replication
and silencing. Fly HP1 binds to components of the origin recognition com-
plex (ORC) and flies mutant for an ORC protein show abnormalities in
formation of heterochromatin (Pak et al. 1997). The three mammalian HP1
isoforms co-localize with heterochromatic regions, including the heterochro-
matin of the Xi (Chadwick and Willard 2003). HP1 is thought to nucleate the
spread of heterochromatin by binding methylated H3-K9 and recruiting
HMTases to methylate H3-K9 on neighboring nucleosomes. The interaction
between HP1 and ORCs suggests two distinct models for the co-regulation of
replication and silencing. Late-replicating origins on the Xi may recruit HP1,
which mediates silencing.Alternatively, HP1 on the Xi could mediate a change
in chromatin structure that affects both gene expression and replication tim-
ing.

Late replication timing and DNA methylation on the Xi show an intriguing
relationship. Treatment with the DNA-demethylating agent 5-azadeoxycyti-
dine can trigger early replication of the Xi and reactivation of X-linked loci
(Hansen et al. 1996). In addition, cells deficient in DNMT3b show early repli-
cation of reactivated X-linked genes (Hansen et al. 2000). In DNMT3b mutant
cells, a number of X-linked genes are unmethylated. A subset of these
unmethylated genes replicate early and are expressed, suggesting that DNA
methylation can influence replication timing.
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2.11
Xist RNA

While most genes are silenced on the Xi and expressed from the Xa, the XIST
gene (XIST in humans and Xist in mouse) shows the opposite expression pat-
tern. XIST encodes a 17-Kb, spliced, polyadenylated, non-coding RNA that
stably associates with the entire Xi, appearing to coat this chromosome
(Brockdorff et al. 1992; Brown et al. 1992). XIST RNA’s ability to coat the Xi
depends on the tumor suppressor gene product BRCA1; in BRCA1 mutant
cells, XIST RNA does not coat the Xi, although it is produced at normal levels
(Ganesan et al. 2002). In cells that do not exhibit XIST RNA coating of the Xi,
due to mutations in BRCA1 or deletion of the mouse Xist gene, macroH2A1.2
is not enriched on the Xi (Csankovszki et al. 1999; Beletskii et al. 2001; Gane-
san et al. 2002). These results suggest that XIST RNA acts as a scaffold that
coordinates at least two related activities, chromosome coating and regula-
tion of chromatin structure.

2.12
Redundant Mechanisms Maintain Silencing

Thus far we have described a number of chromatin modifications specific to
the Xi. Experiments were performed to address the importance of several of
these modifications in stably maintaining the silent state of the Xi.Individually,
deletion of Xist,DNA demethylation with 5-azadeoxycytidine or hyperacetyla-
tion of histones by treatment with the HDAC inhibitor TSA result in some reac-
tivation of Xi-linked genes (Csankovszki et al.2001).These three treatments in
combination induce a significantly higher frequency of reactivation than any
one alone. Thus, the chromatin modifications that characterize the Xi may
work synergistically to maintain this chromosome in an inactive state, and
redundant mechanisms may be employed for the extraordinarily stable main-
tenance of X chromosome silencing.

3
Chromatin at the Xic

Xist is the only gene expressed exclusively from the Xi, raising the question of
how the Xist locus escapes chromosome-wide silencing. Early observations of
metaphase chromosome spreads identified a sharp bend on the Xi at or near
the Xist locus (Flejter et al. 1984), suggesting that there is unique chromatin
structure at this site. Indeed, analysis of chromatin modifications at Xist and
flanking sequences, which together comprise the X-inactivation center (Xic),
indicates that the chromatin of the Xic on the Xi is different from that of the
rest of the Xi and more similar to the Xa and autosomes.
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3.1
Histone Modifications

As discussed earlier, H3–2 mK4 is underrepresented on much of the Xi
(Table 1). However, allele-specific ChIP analysis for H3–2 mK4 shows that the
expressed Xist gene and its promoter on the Xi show higher levels of H3–2 mK4
than adjacent silent genes, and that these levels are comparable to that seen on
autosomal genes (Boggs et al. 2002; Goto et al. 2002). H3–2 mK4 is underrepre-
sented on the silent Xist gene and its promoter region on the Xa (Goto et al.
2002). These results are consistent with the established correlation between
enrichment for H3–2 mK4 and gene expression (Strahl et al.1999).When a site
90 kb upstream of Xist was analyzed by the same method, both the Xi and Xa
showed enrichment for H3–2 mK4,suggesting that on the Xi, this modification
may delineate a chromatin boundary allowing for Xist expression from an oth-
erwise transcriptionally silent X chromosome (Goto et al. 2002).

The interesting patterns of acetylation at or around Xist suggest that H3
and H4 acetylation also play a role in maintaining the transcriptional activity
of this gene on the Xi. ChIP using an antibody directed against acetylated H4-
K5, -K8, -K12 and -K18 showed that H4 acetylation is enriched at the Xist
locus on the Xi, but not on the Xa (Goto et al. 2002). An antibody raised
against acetylated H3-K9 and -K14 preferentially precipitated the Xist pro-
moter on the Xi (Goto et al. 2002). This result demonstrates that the chromatin
structure at the expressed Xist allele is typical of euchromatin. The unique
pattern of acetylation at the Xist locus suggests that it may be involved in
maintaining the active state of this gene. Experiments to delineate and inves-
tigate the boundaries of H3 and H4 acetylation may help to determine how
Xist is oppositely regulated from the rest of the X chromosome.

3.2
DNA Methylation

DNA methylation at the promoters of X-linked genes is important to maintain
their transcriptional repression on the Xi. DNA methylation of the Xist pro-
moter, mediated by Dnmt1 and Dnmt3a, also contributes to silencing the Xist
gene on the Xa (Panning and Jaenisch 1996; Chen et al. 2003). Male cells defi-
cient in Dnmt1 exhibit hypomethylation of the Xist promoter region, ectopic
expression of Xist RNA, and transcriptional silencing on the single X chro-
mosome (Beard et al. 1995; Panning and Jaenisch 1996). The Xist promoter
region is also hypomethylated and Xist is expressed in male mutant cells lack-
ing Dnmt3a and Dnmt3b (Chen et al. 2003; Sado et al. 2004). Adding back
Dnmt3a, but not Dnmt3b, to these double mutant cells restored wild-type lev-
els of Xist promoter methylation (Chen et al. 2003). Together these results sug-
gest that multiple methyltransferases prevent Xist expression on the Xa by
maintaining methylation patterns at the Xist locus.
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3.3
Replication Timing

Silenced genes on the Xi replicate later than their expressed homologues on
the Xa, suggesting a correlation between gene expression and replication tim-
ing on the X chromosomes. It is unclear whether the Xist gene follows the gen-
eral rule that expressed genes replicate early and silent genes replicate late.
Fluorescence in situ hybridization (FISH) studies initially indicated that the
expressed XIST gene on the Xi replicates early and the silent XIST gene on the
Xa replicates late (Torchia et al. 1994; Torchia and Migeon 1995). However,
additional studies using a physical assay for replication based on BrdU incor-
poration, in addition to FISH, showed that the expressed XIST gene on the Xi
replicates late and the silent XIST gene on the Xa replicates early (Hansen et
al. 1995; Gartler et al. 1999).As the ability of FISH to accurately measure repli-
cation timing depends on fixation conditions (Azuara et al. 2003), it is possi-
ble that slight differences in methodology produced these opposite conclu-
sions.

4
Genes that Escape X-Inactivation

Some genes on the Xi are not subject to X-inactivation, and as a result are
expressed from both the Xi and the Xa (Disteche et al. 2002). The chromatin
state of the genes escaping X-inactivation more closely resembles that of
expressed genes on the Xa and autosomes than that of neighboring silent
genes on the Xi.

4.1
Histone Modifications

On the Xi, genes that escape X-inactivation lack many of the histone modifi-
cations that characterize the silent genes on this chromosome (Table 1).
Escapees do not show enrichment for H3–2 mK9 or an underrepresentation of
H3–2 mK4 (Boggs et al. 2002). Furthermore, the chromatin surrounding these
genes is acetylated on histones H3 and H4 at levels comparable to that of auto-
somal genes (Jeppesen and Turner 1993). The absence of Xi-specific histone
modifications on the subset of genes that escapes X-inactivation further indi-
cates that these modifications may function in silencing most genes on the Xi.

Chromatin Modifications on the Inactive X Chromosome 103



4.2
DNA Methylation

CpG islands linked to genes that are subject to X-inactivation exhibit DNA
methylation on their promoter regions. In contrast, CpG islands in genes that
escape X-inactivation are unmethylated on the Xi (Goodfellow et al. 1988;
Slim et al. 1993). In addition, these genes have fewer CpG islands within the
sequence immediately 2 kb upstream of their open reading frames, suggesting
that one reason these genes escape silencing is a lack of CpG dinucleotides to
act as targets for DNA methylation (Ke and Collins 2003).

4.3
Replication Timing

Genes that escape X-inactivation tend to replicate earlier than genes that are
subject to this process (Reddy et al. 1988). Even though both alleles of
escapees replicate early, the allele on the Xa consistently replicates earlier than
the allele on the Xi (Gilbert and Sharp 1999; Boggs et al. 2002). This result sug-
gests that the two alleles are not equivalent despite the fact that both are tran-
scriptionally active. This difference may reflect the heterochromatic nature of
the Xi, or it may be indicative of a true epigenetic difference between  the Xi
and Xa alleles of genes that are expressed from both chromosomes.

4.4
Chromosome Organization

The genes that escape X-inactivation are found in clusters along the length of
the X chromosome (Carrel et al. 1999). The clustering of these genes suggests
that chromatin modifications are coordinately regulated over large regions of
the X chromosome. Loci within the Xi may also be organized in three-dimen-
sional space with respect to their transcriptional status. ANT2, an X-linked
gene subject to silencing, lies in the interior of the sphere-like Xi. In contrast,
ANT3 escapes silencing and is found at the periphery of the Xi territory. Both
genes are transcribed on the Xa, and both are located on the surface of that
chromosome (Dietzel et al. 1999). It is typical for expressed genes to lie on the
surface of chromatin domains, but the reason for this correlation remains
unclear (Lamond and Earnshaw 1998).
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5
Developmental Regulation of X-Inactivation

Cells in early female embryos have two active X chromosomes, one of which
becomes silenced in a developmentally regulated fashion. Analysis of the
appearance of the chromatin modifications that characterize the Xi indicates
that these modifications first occur during the transition from a transcrip-
tionally active to a silent state. This correlation suggests that Xi chromatin
modifications contribute to this transition. The first noticeable event is the
spread of Xist RNA from its site of transcription to coat the X chromosome.
This initial cis-spread correlates closely with chromosome-wide silencing
(Panning et al. 1997; Sheardown et al. 1997; Wutz and Jaenisch 2000). Xist is
necessary and sufficient for initiation of X chromosome silencing (Penny et
al. 1996; Marahrens et al. 1997; Wutz and Jaenisch 2000). Female embryonic
stem (ES) cells provide a valuable model system to study alterations in chro-
matin structure that occur during X-inactivation because this process is reca-
pitulated when ES cells are induced to differentiate in vitro.

5.1
Three Stages of X-Inactivation

X-inactivation occurs in at least three stages, as characterized by the require-
ment for Xist (Fig. 2). The cis-spread of Xist RNA can be uncoupled from its
developmental regulation in ES cells by expressing Xist from an inducible
promoter. Normally Xist RNA-mediated silencing occurs 1–2 days after
female ES cells begin differentiation (Panning et al. 1997; Sheardown et al.
1997; Wutz and Jaenisch 2000). However, differentiation is not required for
Xist-mediated transcriptional inactivation, as silencing occurs in undifferen-
tiated male ES cells when Xist expression is driven from an inducible pro-
moter (Wutz and Jaenisch 2000). Xist RNA can coat the chromosome, but no
longer causes silencing if expression is induced more than 36 h after the start
of differentiation, suggesting that events that occur upon differentiation inter-
fere with the ability of Xist RNA to mediate transcriptional silencing (Clem-
son et al. 1998; Tinker and Brown 1998; Wutz and Jaenisch 2000). Silencing is
dependent on continued Xist expression for the first 2.5 days after differenti-
ation. In contrast, silencing is not dependent on continued expression of Xist
RNA in differentiated cells (Brown and Willard 1994; Csankovszki et al. 1999;
Wutz and Jaenisch 2000). Taken in combination, these results indicate that
silencing can be divided into three stages: initiation, establishment, and main-
tenance. In the initiation phase, Xist RNA can cause silencing de novo, and this
silencing is Xist-dependent. During establishment, Xist expression can no
longer trigger silencing, although silencing continues to be Xist RNA-depen-
dent. During maintenance, the transcriptional state of the chromosome is sta-
ble in that silencing can neither be induced by Xist expression nor reversed by

Chromatin Modifications on the Inactive X Chromosome 105



loss of Xist. It seems likely that transition from one stage to the next is medi-
ated by a precisely ordered series of chromatin modifications directed to the
Xi by Xist RNA. In addition, these results suggest that the chromatin modify-
ing activities present in a cell at the time Xist expression is upregulated deter-
mine whether silencing will occur. Thus, differentiated cells either lack appro-
priate chromatin modifying activities or are unable to recruit those activities
to the Xi.

Ectopic Xist expression from an autosomal transgene in the differentiated
HT-1080 human male fibrosarcoma cell line results in many of the same chro-
matin changes that are observed on the Xi in female cells (Hall et al. 2002).
The autosome bearing an XIST transgene is coated by XIST RNA, hypoacety-
lated on histone H4, replicates late in S phase and shows chromosome-wide
silencing. HT-1080 is the sole differentiated cell line in which activation of
XIST expression has been reported to induce chromosome-wide silencing,
indicating that cell lines differ in their ability to enact the large chromatin
structural changes associated with inactivating an entire chromosome. It will
be interesting to see if the chromatin modifying activities that normally
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Fig. 2. The X chromosome’s transition
from an active to an inactive state can be
divided into three phases: initiation, estab-
lishment, and maintenance. Three experi-
ments delineate the time frame of these
phases (Wutz and Jaenisch 2000). A When
Xist expression is induced early and then
shut off, it causes transient silencing of
linked genes. The initiation phase lasts
until 1.5 days after differentiation, and is
characterized by reversible, Xist-depen-
dent silencing. B When Xist expression is
induced for a longer period of time, stable
silencing of linked genes results. Only
when Xist is expressed continuously
throughout the establishment phase can
stable gene silencing be achieved. C When
Xist is not expressed during the first
2.5 days of differentiation, linked genes
become immune to Xist-mediated silenc-
ing. During the maintenance phase, Xist
can no longer initiate silencing, and the
expression status of linked genes is stable
and Xist-independent. D The three phases
are summarized. During initiation, but not
the later phases, Xist can initiate silencing.
During initiation and establishment,
silencing is Xist-dependent and reversible;
in maintenance, silencing is stable



direct initiation of X chromosome inactivation during differentiation are pre-
sent in the already differentiated HT-1080 cell line.

5.2
Embryonic Stem Cells

Female ES cells undergo X chromosome silencing upon differentiation, facili-
tating temporal studies of alterations that occur during X-inactivation
(Fig. 3). Changes in histone acetylation and methylation are the first chro-
matin modifications detected on the Xi in differentiating ES cells. H3–2 mK9
and H3–3 mK27 and deacetylation of H3-K9 are first detected on the Xi con-
comitant with or shortly after the initial cis-spread of Xist RNA (Keohane et
al. 1996; Heard et al. 2001; Chaumeil et al. 2002; Mermoud et al. 2002; Plath et
al. 2003; Silva et al. 2003). H4 hypoacetylation of the Xi occurs within the same
time frame, but with slightly slower kinetics (Chaumeil et al. 2002). The
decrease in acetylation and increase in methylation of H3-K9 on the Xi occur
roughly simultaneously in differentiating ES cells (Heard et al. 2001; Chaumeil
et al. 2002), suggesting that these modifications are mutually exclusive. As
acetylated H3-K9 is a poor substrate for HMTases in vitro (Rea et al. 2000), it
is possible that deacetylation must occur prior to methylation. It is unclear
whether the deacetylation and methylation occur sequentially on the same
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Fig. 3. Order of chromatin modifications appearance on and exclusion from the Xi during
A random X-inactivation in differentiating ES cells in culture and B imprinted X-inactiva-
tion in the early embryo. Bars represent the overall trend, where the height of each region
represents A the approximate percent of differentiating ES cells or B the approximate per-
cent of cells in the early embryo that exhibit the modification. Asterisk H3–3 mK27 persists
indefinitely in some differentiated cell types; ND not determined



histone or on different histones. H3-K4, H3-R17 and H3-K36 methylation dis-
appear from the Xi with the same kinetics as H3-K9 deacetylation and H3-K9
methylation (Chaumeil et al. 2002), suggesting that H3 modifications are
coordinately regulated during X-inactivation.

Enrichment of H3–3 mK27 is detected transiently on the Xi during ES cell
differentiation (Plath et al. 2003). The Eed/Ezh2 HMTase complex is also tran-
siently enriched on the Xi when X-inactivation is initiated in differentiating ES
cells and in embryos (Plath et al. 2003; Silva et al. 2003). H3–3 mK27 and
Eed/Ezh2 Xi-enrichment immediately follows Xist RNA coating.Cells express-
ing a mutant form of Xist RNA that coats but does not silence the X chromo-
some display Xi-enrichment of the Eed/Ezh2 complex and H3–3 mK27 (Plath
et al.2003),indicating that this modification is not sufficient for transcriptional
silencing.As H3–3 mK27 Xi-enrichment can persist in some differentiated cell
types (Gilbert et al. 2003), and since differentiated cells no longer show Eed-
Ezh2 enrichment (Mak et al. 2002; Plath et al. 2003; Silva et al. 2003), it is possi-
ble that other HMTases may be required to maintain H3-K27 methylation on
the Xi after it is first established by Eed/Ezh2.

Compared to the chromosome-wide enrichment of H3–2 mK9, recruit-
ment of macroH2A1.2 to the Xi is a relatively late event in ES cell differentia-
tion, indicating that this histone variant contributes to maintenance rather
than initiation of X-inactivation. In differentiating ES cells, full Xist RNA coat-
ing is visible in a fraction of cells at day 1 and is visible in most cells by day 3
(Sheardown et al. 1997); macroH2A1.2 recruitment to the Xi begins in some
cells at day 6 or 7 and is present in the majority of cells around day 9, indicat-
ing at least a 3-day lag between Xist coating and macroH2A recruitment (Mer-
moud et al. 1999; Rasmussen et al. 2001). The central region of Xist RNA is
required for macroH2A recruitment to the Xi during ES cell differentiation
(Wutz et al. 2002). Since the region of Xist RNA necessary for macroH2A
recruitment is different from that necessary for transcriptional silencing, it
seems likely that Xist RNA functions as a scaffold to direct multiple chro-
matin-modifying activities to the Xi in a developmentally regulated fashion.

5.3
Extraembryonic Cells

In the female mouse embryo and in ES cells, X chromosome inactivation is
random in that either the maternally or the paternally inherited X chromo-
some (Xm and Xp, respectively) can be inactivated. However, in the extraem-
bryonic, or placental, tissues of the mouse, X-inactivation is imprinted such
that the Xp is always inactivated. Random and imprinted X-inactivation differ
in the timing of appearance of histone modifications relative to Xist RNA
coating and silencing (Fig. 3). During random X-inactivation in ES cells, his-
tone modifications occur concomitantly or very shortly after the initial cis-
spread of Xist RNA that triggers silencing. In contrast, there is a noticeable
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delay between Xist-mediated silencing and the acquisition of histone modifi-
cations during imprinted X-inactivation (Huynh and Lee 2003; Okamoto et al.
2004).

The Xi in extraembryonic cells shows the same chromatin modifications
that are observed on the Xi in embryonic cells. However, the order in which
these modifications appear on the Xi is different between random and
imprinted X-inactivation (Fig. 3). In differentiating ES cells, hypoacetylation
of H3-K9, hypomethylation of H3-K4 and enrichment of H3–3 mK27 and
H3–2 mK9 on the Xi occur in the same time frame, and enrichment of
macroH2A is a much later event. In contrast, during imprinted X-inactivation
in early embryos, hypoacetylation of H4 and H3-K9 and hypomethylation of
H3-K4 are observed first, followed by enrichment of H3–3 mK27 and
macroH2A, and finally enrichment of H3–2 mK9 (Mak et al. 2004; Okamoto et
al. 2004). Thus, H3–2 mK9 accumulation on the Xi appears to be coincident
with H3–3 mK27 accumulation during random X-inactivation and is detected
slightly later during imprinted X-inactivation. This apparent difference in
timing of H3–2 mK9 accumulation may be due to the finer temporal resolu-
tion of the acquisition of histone modifications in embryos than in differenti-
ating ES cells, as all the cells in embryos are synchronized for initiation 
of imprinted X-inactivation. The second difference between random and
imprinted X-inactivation, the early appearance of macroH2A during
imprinted X-inactivation, is too large to be explained by the difference in syn-
chronization of initiation of X-inactivation during imprinted and random X-
inactivation. The early appearance of macroH2A on the Xi during imprinted
X-inactivation suggests that this variant histone may be involved in initiation
of X-inactivation in extraembryonic cells.

5.4
Reactivation of the Xi

In the preimplantation embryo, which gives rise first to the placenta and sub-
sequently to the embryo proper, all cells undergo imprinted X-inactivation.As
a result, one would expect cells of both the embryonic and extraembryonic
lineages to show imprinted X-inactivation (Fig. 4). As this is not the case, the
Xp must undergo reactivation before random X-inactivation can occur.
Indeed, reactivation of the Xp has been observed. In the subset of cells that
will give rise to the embryo, Xist expression is downregulated and a number of
associated chromatin modifications are reversed (Mak et al. 2004; Okamoto et
al. 2004). As Xist levels drop, Eed/Ezh2 dissociates from the Xi, and following
this, H3–3 mK27 is lost from this chromosome. A second example of reactiva-
tion during development occurs in the cells that give rise to gametes, also
known as primordial germ cells (Nesterova et al. 2002). It will be interesting to
determine whether these cells also establish and reverse chromatin modifica-
tions characteristic of the Xi.
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Fig. 4. X-inactivation in preimplantation mouse embryos. Cells of the early mouse embryo (A–D) undergo imprinted X-inactivation. Cells that give rise
to the extraembryonic lineages maintain the inactive Xp (E). Reactivation of the Xp occurs in the cells that give rise to the embryo proper (F). These cells
later undergo random X-inactivation upon differentiation (G)



6
Chromatin Features of the X Chromosomes Prior 
to X-Inactivation

Differential regulation of the Xist loci on the two X chromosomes is responsi-
ble for directing the different fates of two equivalent X chromosomes during
differentiation. While the molecular mechanisms used to determine how Xist
is silenced on one chromosome and upregulated on the other remain myste-
rious, it has been postulated that an early step in X-inactivation involves plac-
ing an epigenetic mark on one X chromosome to designate that chromosome
as the future Xa (Plath et al. 2002).

6.1
Imprinted X-Inactivation

During imprinted X-inactivation the X chromosome inherited from the father
is always silenced. This argues that an epigenetic mark(s) placed during
gametogenesis designates the Xm as the future Xa and/or the Xp as the future
Xi. Several lines of evidence suggest that the imprint lies on the Xm and is
established during oogenesis (Huynh and Lee 2001; Plath et al. 2002). The
imprint is likely to be DNA methylation, as almost all known imprinted loci
are controlled by parent-of-origin-specific CpG methylation (Reik and Walter
2001).

No differentially methylated domain has yet been shown to be required for
establishing and maintaining imprinted X-inactivation in extraembryonic tis-
sues. Two CpG-rich regions have been postulated to contain the imprint. First,
DNA methylation of the Xist promoter on the Xm could ensure that Xist
remains silent (Ariel et al. 1995; Zuccotti and Monk 1995, 1996). It remains
unclear whether the Xist promoter is differentially methylated in the male and
female germlines, as different techniques to analyze DNA methylation at the
Xist promoter yielded conflicting results (Ariel et al. 1995; Zuccotti and Monk
1995; McDonald et al. 1998).

A second CpG-rich region, the DXPas34 locus, resides 15 kb downstream of
Xist (Debrand et al. 1999). This sequence is implicated in the regulation of
imprinted X-inactivation because it encompasses the major transcription ini-
tiation site for Tsix (Lee et al. 1999; Mise et al. 1999). Tsix encodes a transcript
antisense to Xist and is expressed exclusively from the Xm in cells undergoing
imprinted X-inactivation (Lee 2000; Sado et al. 2001). Tsix blocks the ability of
Xist RNA to coat and silence the Xm during imprinted X-inactivation (Lee
2000; Sado et al. 2001). Deletion of DXPas34 on the Xm decreases Tsix tran-
script levels and results in improper silencing of the Xm in extraembryonic
tissues (Lee 2000; Sado et al. 2001). Therefore, either DXPas34 is the site where
the imprint is placed or it functions downstream to read out the imprint.
While DXPas34 is hypermethylated on the Xa in differentiated cells, there are
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no differences in CpG methylation at DXPas34 between oocytes and sperma-
tocytes, suggesting that DXPas34 does not contain a CpG methylation imprint
(Prissette et al. 2001). DXPas34 contains multiple binding sites for the CCCTC
binding factor (CTCF), a transcriptional regulator that preferentially binds
unmethylated DNA (Bell and Felsenfeld 2000; Hark et al. 2000; Kanduri et al.
2000). CTCF binds these sites in vitro (Chao et al. 2002). Parent-of-origin dif-
ferences in methylation of CTCF binding sites can direct imprinted gene
expression (Bell and Felsenfeld 2000; Hark et al. 2000; Szabo et al. 2000), sug-
gesting that this mechanism may also be employed to regulate imprinted X-
inactivation. However, CpG methylation does not affect the ability of CTCF to
bind to DXPas34; rather, methylation of all cytosines blocks this interaction in
vitro (Chao et al. 2002), suggesting that if the imprint resides at DXPas34, it is
likely to be non-CpG methylation.

Although the location of the imprint remains unknown, the timing of its
readout is well characterized. RT-PCR for X-linked genes in female embryos
manipulated such that they contain two maternally or two paternally inher-
ited X chromosomes indicates that there is silencing of genes near the Xic on
the paternally inherited X as early as the eight-cell stage (Latham and Ramb-
hatla 1995). Xist RNA partially coats the Xp in eight-cell embryos (Sheardown
et al. 1997), suggesting that localized spread of Xist RNA mediates local silenc-
ing of X-linked genes. Indeed, two groups demonstrated that restricted Xist
RNA coating and silencing on the Xp begins at the two-cell (Huynh and Lee
2003) or four-cell stage (Okamoto et al. 2004). These results raise the possibil-
ity that during spermatogenesis the Xp acquires an epigenetic mark that pre-
disposes it to silencing in the early embryo. However, given the evidence for
an imprint that prevents inactivation of the Xm, the alternative possibility is
that expression of Xist and X-chromosome silencing is the default fate. The
Xp is subject to this silencing and an imprint on the Xm prevents its inactiva-
tion. The imprint may repress Xist expression on the Xm and/or upregulate
Tsix, which is expressed exclusively from the Xm in early embryos (Lee 2000;
Sado et al. 2001).

6.2
Random X-Inactivation

Female ES cells do not carry an imprint that determines which X chromo-
some will be active and which will be silenced. However, it seems likely that
some type of epigenetic mark is used to distinguish the future active X from
the future inactive X in embryonic cells which are about to initiate X-inacti-
vation.While no differences between the two Xa’s in female ES cells have been
reported, both the X chromosomes share a number of unusual chromatin fea-
tures that may be important for X-inactivation to occur upon differentiation.
A hotspot of H3–2 mK9 can be detected on the single X chromosome in male
ES cells and both X chromosomes in female ES cells. It is approximately
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100 kb in length and centered 55 kb upstream of the Xist promoter (Heard et
al. 2001). When differentiation is induced, H3-K9 methylation appears to
spread from this site, closely following Xist RNA coating of Xi (Heard et al.
2001), suggesting that this hotspot may serve as a nucleation center for the
spread of H3–2 mK9 during differentiation. These data suggest that this
hotspot is an unusual regulatory element that directs alterations in chromatin
structure in cis. Several key mechanistic questions about the hotspot remain:
How is it established? Does Xist RNA play a role in its establishment? And how
is the spread of H3–2 mK9 blocked on the active X chromosome?

There is an intriguing possibility that ES cells can sense whether they have
one or two X chromosomes and that this information is used to direct the pat-
tern of chromatin modifications on the X chromosomes. ChIP experiments
suggest that each X chromosome in female ES cells is distinguished from the
single X chromosome in male ES cells by an increase in H3-K4 methylation
and a decrease in H3-K9 methylation (O’Neill et al. 2003). In addition, each X
chromosome in female cells displays an increase in acetylation on all four
core histones relative to the single X chromosome in males (O’Neill et al.
2003). These differences in histone methylation and acetylation may act to
designate the cell as female so that X-inactivation can occur upon differentia-
tion.

A recent study indicates that H3–2 mK4 is a modification that precedes
monoallelic expression of X-linked genes. H3–2 mK4 is enriched at the pro-
moters, but not the transcribed region, of X-linked genes in male and female
ES cells (Rougeulle et al. 2003). In contrast, most biallelically expressed genes
exhibit a more uniform distribution of H3–2 mK4 at the promoter and in the
coding sequences. Interestingly, several imprinted genes, which, like X-linked
genes, show monoallelic expression in somatic cells, are also enriched for
H3–2 mK4 at their promoters in ES cells. In addition, Smcx, an X-linked gene
that escapes X-inactivation, does not show promoter-specific H3-K4 methyla-
tion in ES cells. These results indicate that the enrichment of H3–2 mK4 exclu-
sively at the promoter in ES cells may mark genes for monoallelic expression
upon differentiation. H3-K4 methylation is generally associated with tran-
scriptional activity in differentiated cells (Strahl et al. 1999), suggesting that
this modification may have different roles before and after differentiation of
pluripotent stem cells.

The Xist gene also shows monoallelic expression in differentiated cells, but
does not exhibit promoter-specific enrichment of H3–2 mK4 in ES cells.
Instead, Xist is enriched for H3–2 mK4 in both its promoter and transcribed
sequences (Rougeulle et al. 2003; Morey et al. 2004). Therefore the Xist gene is
unusual among the genes that are monoallelically expressed in differentiated
cells in that its pattern of H3–2 mK4 enrichment in ES cells is more similar to
that exhibited by biallelically expressed genes. In ES cells the Xist locus is
transcribed in both the sense and antisense orientations, generating Xist and
Tsix transcripts (Lee and Lu 1999; Mise et al. 1999). These two non-coding
RNAs are simultaneously expressed at low levels from both Xa’s. Upon differ-
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entiation, Xist RNA coats and silences the Xi, and Tsix expression is extin-
guished on this chromosome (Lee and Lu 1999). Tsix and Xist continue to be
expressed from the Xa in a brief window after X-inactivation is initiated, and
Tsix is thought to block Xist-mediated silencing of the Xa during this period
(Huynh and Lee 2001; Lee and Lu 1999). Tsix is implicated in regulating the
H3–2 mK4 distribution at the Xist locus in undifferentiated ES cells, as the
Xist gene body enrichment of H3–2 mK4 in ES cells requires the Tsix pro-
moter region (Morey et al. 2004). Therefore, this non-coding RNA may regu-
late chromatin structure at the Xist locus in ES cells. In yeast, elevated levels of
H3–2 mK4 result in part from the association of the Set1 H3 HMTase with
elongating RNA polymerase (Krogan et al. 2003; Ng et al. 2003), raising the
possibility that the Tsix promoter may direct assembly of a transcription com-
plex containing a mammalian H3-K4 HMTase.

7
Conclusion

The Xi differs from the Xa and autosomes in differentiated cells, as it is char-
acterized by a unique combination of epigenetic features. The non-coding
RNAs Xist and Tsix are crucial in establishing this difference. Xist is believed
to act as a scaffold to coordinately recruit multiple chromatin-modifying
activities to the Xi, including histone methyltransferases, histone deacetylases
and DNA methyltransferases. These activities are recruited during develop-
ment in a temporally regulated manner that appears to be tissue-specific. The
marked presence or absence of specific chromatin modifications on the Xi
suggests that these modifications are involved in establishing and/or main-
taining a transcriptionally silent state on the Xi. Studies of these modifica-
tions show that they act in combination, underlining the importance of mul-
tiple redundant mechanisms to regulate the X-inactivation process.
Identification of the enzymatic activities that mediate the changes in histone
methylation and acetylation that occur during X chromosome silencing will
be crucial to understanding how these activities are targeted to the Xi. Eluci-
dating the mechanisms by which these marks are established and how they
act to mediate transcriptional silencing are the next major challenges in the
study of how chromatin structure regulates gene expression.
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Chromatin Mechanisms in Drosophila Dosage
Compensation

Mikko Taipale, Asifa Akhtar

Abstract Dosage compensation ensures that males and females equalize the
expression of the X-linked genes and therefore provides an exquisite model
system to study chromosome-wide transcription regulation. In Drosophila,
this is achieved by hyper-transcription of the genes on the male X chromo-
some. This process requires an RNA/protein-containing dosage compensa-
tion complex. Here, we discuss the current status of the known Drosophila
complex members as well as the recent views on targeting, assembly and
spreading mechanisms.

1
Introduction

Males and females differ by number or type of sex chromosomes in many ani-
mal species. Since aneuploidy is lethal to organisms in most circumstances,
animals have evolved ways to ensure equal expression of genes on the sex
chromosomes. These processes are collectively referred to as dosage compen-
sation. Currently, there are three model organisms in which dosage compen-
sation mechanisms have been studied at a molecular level. These studies have
shown that dosage compensation has evolved independently several times.
Despite the separate evolutionary origins, the mechanisms show striking sim-
ilarities in several aspects.

In mammals, one X chromosome in females (XX) is inactivated during
early embryogenesis, in order to balance gene dosage. A counting mechanism
that is still poorly understood ensures that the single male X chromosome
stays active and that female cells have only one active X chromosome (Avner
and Heard 2001). The nematode Caenorhabditis elegans has evolved a repres-
sive mechanism for dosage compensation. It is achieved by 50 % downregula-
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tion of transcription from the two hermaphrodite X chromosomes compared
to the single X chromosome of the male worm (XO) (Meyer 2000). In contrast,
in male Drosophila, the single X chromosome is transcriptionally upregulated
two-fold to ensure similar gene expression dose with females, who carry two
X chromosomes.

Mammals, fruit flies and nematodes represent only a small fraction of all
animal clades, and very little is known about dosage compensation in other
species. In some cases, there is clearly no need for dosage compensation.
Many species have homomorphic sex chromosomes (e.g. the housefly Musca
domestica), or their sex is determined by environmental factors (e.g. many
fishes, reptiles and some insects), and therefore these species lack dosage
compensation (Charlesworth 1996). Even though female birds have a degen-
erated W chromosome, it was thought that they do not compensate for sex-
linked gene expression. This view, which was based on results from a single
gene (Baverstock et al. 1982), was overturned by a recent observation that
many Z-linked genes are expressed in equal levels in male (ZZ) and female
(ZW) chick embryos (McQueen et al. 2001). The molecular mechanism by
which dosage compensation occurs is still unknown, except that it is unlikely
to happen by inactivation of one Z chromosome in males (Ellegren 2002;
Kuroiwa et al. 2002). Some studies suggest that butterflies with ZW/ZZ sex
determination system do not have dosage compensation (Suzuki et al. 1999),
but until more extensive analyses have been carried out, these results should
be interpreted with caution.

2
The MSL Complex

Dosage compensation is the prototypic example of gene regulation by epige-
netic mechanisms. Since the X chromosomes of females and males have no
sequence differences, the gene expression machinery is posed with several
problems: how to impose a mechanism that functions sex-specifically; how to
distinguish the X chromosome from the autosomes; and how to establish and
maintain correct level of gene expression compared to the other sex, through-
out development. It is evident from comparative studies on dosage compensa-
tion that compensated genes are regulated en bloc by specialized protein
complexes, rather than genes being individually dosage-compensated by a
variety of mechanisms and trans-acting regulators.

Elegant genetic and biochemical experiments have provided a framework
for understanding dosage compensation in Drosophila. To date, six proteins
(MSL-1, MSL-2, MSL-3, MOF, MLE, JIL-1) and two non-coding RNAs (roX1,
roX2) have been associated with dosage compensation. Instead of a biochem-
ical cascade, these proteins form an approximately 2-MDa multiprotein com-
plex (Copps et al. 1998), commonly referred to as the dosage compensation
complex (DCC), the MSL complex or the compensasome. Protein compo-
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nents, with the exception of JIL-1, are often referred to as male-specific lethals
(MSLs).

MSL proteins bind specifically to hundreds of sites along the male X chro-
mosome. This is beautifully illustrated by immunofluorescence studies on
giant polytene chromosomes of Drosophila larvae (Fig. 1A). In addition to
protein components, the X chromosome is characterized by acetylation of
lysine K16 of histone H4 (H4K16Ac) (Turner et al. 1992), and enrichment of
phosphorylated serine S10 of histone H3 (H3S10P) (Wang et al. 2001).

Drosophila dosage compensation genes were initially found in genetic
screens, aimed at finding mutations conferring male-specific lethality. To
date, all dosage compensation genes (except JIL-1) have proven to be dispens-
able in females, but this does not exclude the possibility that at least some of
them have a function in females. Because of redundancy with other chro-
matin remodelling factors, the phenotype in females could be suppressed.
Most MSLs have been found in several independent genetic screens, suggest-
ing that it is unlikely that there are more dosage compensation genes with a
male-specific lethal phenotype in the Drosophila genome (Baker et al. 1994).
The MSL complex could, however, have other components that show no male-
specific phenotypes. These factors could be regulated, for example, by sex-
specific recruitment or post-translational modifications.

It is important to note that not all genes on the X chromosome are dosage-
compensated by the MSL complex. For example, larval serum protein LSP1a
is not dosage-compensated, and consequently females have higher amounts
of LSP1a mRNA (Ghosh et al. 1989). In addition, there is evidence that some
genes are dosage-compensated independently of the MSL complex. These
genes are most likely compensated directly by Sex-lethal, the master sex-
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Fig. 1. A The MSL complex is found localized on hundreds of sites along the male X chro-
mosome in wild-type flies. B Chromatin entry sites can be visualized as approximately 35
distinct bands on the X chromosome in msl-3 mutant background. Arrowheads indicate two
of the entry sites. The polytene chromosomes were stained with a-MSL-1 antibody (X chro-
mosome-specific signal) and Hoechst 33342 (to visualize DNA)



determining gene in Drosophila (Baker et al. 1994; Kelley et al. 1995; Cline and
Meyer 1996). Here, we shall focus solely on dosage compensation by MSL
complex in Drosophila.

2.1
MSL-1

MSL-1 protein is 1,039 amino acids (aa) long; however, the amino acid
sequence offers few clues as to its biochemical function (Palmer et al. 1993).
Recently, detailed evolutionary and sequence analysis has shown that it con-
tains two conserved domains. There is a putative leucine zipper in the N-ter-
minus, and the C-terminus contains a novel PEHE domain with an unknown
function (Marin 2003). In addition, MSL-1 has an acidic region and an S/T/P-
rich region in its N-terminus (Palmer et al. 1993; Scott et al. 2000). The role of
these regions is also unknown.

In yeast two-hybrid assays, MSL-1 residues 85–186 are required for inter-
action with the RING finger of MSL-2 (Copps et al. 1998). Residues
760–1,039 mediate MSL-1 interaction with MSL-3 in vivo and in vitro. The
C-terminal region of MSL-1 has also been shown to interact with MOF in
vivo (Scott et al. 2000). MSL-1 can also be co-immunoprecipitated with MSL-
2, MSL-3 and MLE from SL2 cells (Kelley et al. 1995; Copps et al. 1998). Over-
expression of C- or N-terminal fragments of MSL-1 leads to delocalization
of the MSL complex from the X chromosome and male-specific lethality. In
particular, the FD84 construct with an 84-aa N-terminal deletion, which still
interacts with MSL-2 but fails to localize the X chromosome, caused male-
specific lethality. This could be enhanced by deletion of one copy of MSL-2
or suppressed by overexpression of MSL-2. These results suggest that the N-
terminus of MSL-1 is important for its targeting to the X chromosome in
vivo (Scott et al. 2000).

The MSL complex initially nucleates on approximately 35 ‘high affinity’ or
‘chromatin entry’ sites, and then spreads to the surrounding chromatin in cis,
coating the male X chromosome (Fig. 1B; Lyman et al. 1997; Kelley et al. 1999).
Nucleation and spreading processes can be genetically separated. Based on
genetic evidence, MSL-1 forms the core dosage compensation complex
together with MSL-2. The MSL complex is unable to nucleate on the X chro-
mosome without MSL-1 protein (Lyman et al. 1997). Chang and Kuroda
(1998) have suggested that the role of MSL-1 is to tether the MSL complex to
chromatin, while MSL-2 regulates sex specificity of dosage compensation and
targeting to the X chromosome. The msl-1 gene is transcribed in both sexes,
but its translation is partly inhibited by the Sex-lethal protein in females.
MSL-1 is also regulated at the level of protein stability. It is unstable in MSL-2
mutants, and if MSL-2 is ectopically expressed in females, MSL-1 protein is
stabilized (Chang and Kuroda 1998).
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2.2
MSL-2

msl-2 locus encodes an acidic, 773-aa protein with a RING finger, a proline-
rich region and a cysteine-rich region known as the CXC motif, found in
many chromatin-associated proteins like Enhancer of zeste (Bashaw and
Baker 1995; Kelley et al. 1995; Zhou et al. 1995; Marin 2003). Several results
indicate that RING finger is essential for MSL-2 function. First, MSL-2 inter-
acts directly with MSL-1 with its RING finger, and mutations disrupting RING
finger integrity abolish this interaction (Copps et al. 1998). Second, constructs
with point mutations in the MSL-2 RING finger fail to rescue msl-2 flies
(Lyman et al. 1997). Third, two original mutant alleles of msl-2 contain a
mutation in the RING finger region (Zhou et al. 1995).

In contrast to the RING finger,the CXC motif does not seem to be essential for
MSL-2 function. Transgenic constructs carrying point mutations in the con-
served cysteine residues of the motif can still rescue msl-2 mutant males (Lyman
et al.1997).Thus,the function of CXC motif in dosage compensation is unclear.

MSL-2 is the link between dosage compensation and sex determination.
Translation of MSL-2 mRNA is under the control of the master switch gene
Sex-lethal (Sxl), the primary regulator of female sexual fate in Drosophila
(Bashaw and Baker 1997; Kelley et al. 1997). In females, Sex-lethal binds to the
3¢ and 5¢ untranslated regions of MSL-2 transcript and represses its transla-
tion by inhibiting stable association of the 40S ribosomal subunit (Gebauer et
al. 2003; Grskovic et al. 2003). Sxl is not expressed in males, and consequently,
msl-2 is translated and it can induce assembly of the MSL complex on the X
chromosome.

MSL-2 is the primary determinant of the dosage compensation complex
assembly. In the absence of MSL-2, other MSL proteins are not associated with
the X chromosome. Furthermore, ectopic expression of MSL-2 in females
causes assembly of the MSL complex on the X chromosomes, developmental
delays and lethality, most probably as a result of overexpression of genes on
the X chromosome (Kelley et al. 1995). Lethality is suppressed in msl-1 het-
erozygous mutant background, illustrating the importance of correct stoi-
chiometry for proper MSL complex function (Kelley et al. 1995).

2.3
MSL-3

MSL-3 is a 512-aa protein that contains an N-terminal chromodomain and a
C-terminal domain that is a diverged chromodomain or a leucine zipper
(Marin and Baker 2000; Bertram and Pereira-Smith 2001). These two domains
reveal little about its function; hence the role of MSL-3 in dosage compensa-
tion has been elusive. However, recent data suggest that it may have a function
in spreading of the MSL complex.
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Previously, it was believed that RNA helicase MLE is the link between the
MSL complex and roX RNAs. Therefore, it was a surprising finding that MSL-
3 binds RNA via its chromodomains in vitro (Akhtar et al. 2000). Recently,
MLS-3 has also been shown to associate with roX2 RNA in Schneider (SL2)
cells (Buscaino et al. 2003). This association has a functional role, since RNase
treatment of cultured cells leads to delocalization of MSL3 from the X chro-
mosome. Interestingly, MSL-3 protein can be acetylated by the histone acetyl-
transferase MOF both in vitro and in vivo.Acetylation of lysine K116 in MSL3
results in specific loss of interaction between MSL-3 and roX2 RNA in vitro.
Furthermore, inhibition of histone deacetylase activity in SL2 cells decreases
the amount of roX2 RNA in MSL-3 immunoprecipitates, and leads to delocal-
ization of MSL-3 from the X chromosome. To complete the story, Buscaino et
al. (2003) showed that histone deacetylase RPD3 can be co-immunoprecipi-
tated with MSL-3 under low-stringency conditions, and that RPD3 complex
can deacetylate MSL-3 in vitro (Buscaino et al. 2003). Taken together, the
results suggest that there is a constant acetylation–deacetylation cycle of
MSL-3 and this, in turn, could regulate the spreading of the complex along the
X chromosome. Consistent with this, the MSL complex is unable to spread to
flanking chromatin from entry sites in homozygous msl3 mutant male flies.

2.4
MOF

MOF (males absent on the first) is a 827-aa histone acetyltransferase that
belongs to the MYST (MOZ/YBF2/SAS2/Tip60) family. This group of acetyl-
transferases are characterized by a C2HC-type zinc finger embedded in their
catalytic domain. Intact zinc finger is essential for enzymatic activity (Akhtar
and Becker 2001). MOF also contains a chromodomain close to the HAT
domain (Hilfiker et al. 1997).

Compared to most acetyltransferases, MOF is a very specific enzyme.
Recombinant MOF or partially purified MSL complex acetylates only lysine
16 of the histone H4 tail in nucleosomes (Akhtar and Becker 2000; Smith et al.
2000).A glycine to glutamic acid substitution that causes male-specific lethal-
ity in flies also renders the recombinant enzyme and the MSL complex inac-
tive. MOF activates transcription in both in vitro transcription assays and in
vivo in a heterologous GAL4 activation assay (Akhtar and Becker 2000). This
requires an enzymatically active HAT domain, suggesting a causal link
between H4K16 acetylation and transcriptional activation (Akhtar and
Becker 2000). However, these studies did not address whether acetylation
influences transcription initiation or elongation, so the exact mechanism
remains elusive.

MOF has only low affinity for DNA, but it can interact with both RNA and
nucleosomes. RNA interaction requires an intact chromodomain (Akhtar et
al. 2000), whereas the C2HC zinc finger regulates nucleosome binding (Akhtar
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and Becker 2001). MOF protein associates with roX2 in vivo, since they can be
co-immunoprecipitated from SL2 cell extracts. Similar to MSL-3, MOF associ-
ation with the X chromosome is sensitive to RNase treatment (Akhtar et al.
2000).

Many chromatin-associated proteins contain chromodomains, and
recently some of these domains have been shown to bind specifically methy-
lated lysines of histone H3 or DNA (Jacobs and Khorasanizadeh 2002; Fischle
et al. 2003). MOF chromodomain resembles that of MSL3, and both lack
methyl-lysine-interacting residues and conserved hydrophobic residues
(Jacobs and Khorasanizadeh 2002). Thus, they may define a novel chromod-
omain subfamily that binds RNA.

Besides transcriptional activation and regulation of MSL3, MOF plays a
role in spreading and targeting of the MSL complex. In the absence of enzy-
matically active MOF, intact MSL complex is formed, but it is unable to spread
beyond entry sites (Gu et al. 2000).

2.5
MLE

MLE (maleless) is the other MSL complex member possessing enzymatic
activity. mle locus encodes a 1,293-aa protein that contains two dsRNA-bind-
ing domains and a helicase/NTPase domain of the DExH subfamily type.
Furthermore, the C-terminal portion MLE contains nine glycine-rich heptad
repeats (Kuroda et al. 1991). Full-length MLE has helicase activity, and it can
resolve RNA:RNA, RNA:DNA and DNA:DNA hybrids with 3¢ ssDNA over-
hangs in vitro. It can also utilize all common NTPs in helicase assays with
similar Km values, illustrating its broad specificity for substrates (Lee et al.
1997).

The function of MLE in dosage compensation is unclear. Transgenic fly
lines carrying mutant versions of MLE helicase domain have revealed some
requirements for its function. The mutant form of MLE (MLEGET) that abol-
ishes its ATPase activity but retains ssDNA and ssRNA binding ability cannot
rescue mle mutant flies. Richter et al. (1996) mutated the same GKT motif, but
their construct (MLEGNT) could restore male viability to approximately 50 %.
Point mutation in the conserved DExD box of MLE severely reduced the res-
cue ability of the transgene. MLEDQID mutant retains ATPase binding ability
but abrogates ATPase and helicase activity. No effect was seen when the con-
served SAT motif was changed to AAA, even though the mutation is postu-
lated to abolish RNA helicase activity.

When MLEGET construct was expressed in mle null mutant background, the
MSL complex could nucleate on entry sites, but it was unable to spread to the
surrounding chromatin (Lee et al. 1997; Gu et al. 2000). Helicase activity is
thus not strictly required for correct localization. In addition, roX RNAs are
not stable in the absence of MLE helicase activity, which suggests that MLE is
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required for proper complex maintenance but not core complex assembly (Gu
et al. 2000). Failure to spread could also be indirect, caused by the lack of roX
RNAs.

Maternally supplied MLE stabilizes roX1 transcripts in early embryos
(Meller 2003), but this is not essential for dosage compensation, as zygotic
MLE is sufficient for male viability. roX2 transcripts associate with MLE in
vivo (Meller et al. 2000), and similar to MOF and MSL3, MLE association with
the X chromosome is sensitive to RNase treatment. Surprisingly, the MLE C-
terminal portion (amino acids 941–1,293) containing only glycine-rich
repeats can associate with chromatin in an RNase-sensitive manner (Richter
et al. 1996).

Taken together, these results illustrate the interdependence between roX1,
roX2 and MLE. First, MLE is required for roX1 and roX2 stability (Gu et al.
2000; Kageyama et al. 2001). Second, an RNA component (either roX RNAs or
a yet unidentified RNA) maintains MLE association with the X chromosome
(Richter et al. 1996).

MLE is the only MSL complex protein with male-specific lethal phenotype
that has been shown to have an additional function not related to dosage
compensation. nap (no action potential) is an allele of the mle locus that
shows no male-specific lethality (Kernan et al. 1991). Instead, flies are para-
lyzed in non-permissive (high) temperatures (Wu et al. 1978). Since this phe-
notype is very similar to Drosophila para mutants, Reenan et al. (2000) rea-
soned that MLE could be involved in processing of para transcript. Indeed,
para mRNA is aberrantly spliced in mlenap mutant flies, such that only 17 % of
transcripts are correctly spliced. para mRNA is predicted to form extensive
secondary structures, which suggests that MLE is involved in resolving these
structures, allowing correct splicing. Strikingly, mle alleles with male-specific
lethal phenotype have no effect on para mRNA splicing (Reenan et al. 2000).
These results could have several different explanations. First, mlenap is a gain-
of-function allele and wild-type MLE has no function in para splicing. Sec-
ond, it could be a hypomorphic mle allele epistatic to other RNA helicases. In
complete absence of mle, other helicases could resolve para secondary struc-
tures, but mlenap still retains some function and prevents the access of other
helicases to para mRNA. The third explanation is that nap and male-specific
lethal phenotypes map to different domains of MLE protein. However, this is
unlikely, as mlenap mutation maps in the next amino acid after the GKT motif
that was shown to be important for MSL complex spreading (Kernan et al.
1991; Lee et al. 1997).

Biochemical data also support the idea that MLE may have other functions
in addition to dosage compensation. First, co-immunoprecipitation experi-
ments have revealed that MLE is only loosely associated with the MSL com-
plex (Copps et al. 1998; Buscaino et al. 2003). Second, the bulk of MLE exists as
a monomer in SL2 nuclear extracts, while only a small proportion of it co-
fractionates with the 2-MDa MSL complex (Copps et al. 1998).
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2.6
JIL-1

JIL-1 was cloned as a protein that is recognized by a monoclonal antibody
mAb2A (Jin et al. 1999). The 1,207-aa protein contains two tandemly arranged
serine/threonine kinase domains, and it can phosphorylate histone H3 in
vitro (Jin et al. 1999). JIL-1 is required for maintenance of chromatin structure
in flies. Null mutation of jil-1 is lethal. Mutant flies have strongly decreased
H3S10 phosphorylation and defects in chromatin structure. Interestingly,
weak alleles of JIL-1 show distortion of the sex ratio, implicating that male
flies are more vulnerable to partial loss of the protein (Wang et al. 2001). In
addition to chromosome morphology phenotypes, jil-1 mutant flies have pos-
terior-to-anterior homeotic transformations (Zhang et al. 2003a). Trithorax
group (trxG) members brahma and trithorax enhance the homeotic pheno-
type, suggesting that JIL-1 participates in regulation of the BX-C locus with
trxG genes (Zhang et al. 2003a). Recently, JIL-1 was shown to interact with a
splice variant from the lola locus, but it is unknown whether this interaction
is significant for dosage compensation (Zhang et al. 2003b).

JIL-1 is enriched approximately two-fold on the male X chromosome (Jin et
al. 1999), and this localization coincides with H3S10 phosphorylation and
phosphoacetylated (S10P/K14Ac) histone H3 (Wang et al. 2001). Epitope-
tagged JIL-1 can be co-immunoprecipitated with MSL-1, MSL-2 and MSL-3
from Drosophila SL2 cells. Furthermore, in vitro pull-down experiments have
shown that JIL-1 interaction with MSL-1 and MSL-3 is mediated by its two
kinase domains (Jin et al. 2000).

In contrast to other MSL complex members, MSL-2 localization is not dis-
rupted in JIL-1 mutants, suggesting that JIL-1 is not required for targeting,
assembly or spreading of the complex (Wang et al. 2001). However, in jil-1
mutants, the X chromosome morphology is more severely affected than that
of autosomes (Wang et al. 2001). Taken together, these results indicate that it
is a bona fide member of the MSL complex, but as there is no direct evidence
linking it to hypertranscription of the X chromosome, further studies need to
address this suggestive link.

2.7
roX1 and roX2

Amrein and Axel (1997) cloned roX1 and roX2 while isolating transcripts
specifically expressed in adult males. Independently, Meller et al. (1997)
cloned roX1 from an enhancer trap screen. Both genes lack significant open
reading frames, and therefore they were postulated to function as non-coding
RNAs (Amrein and Axel 1997; Meller et al. 1997). roX1 has one intron, and the
spliced transcript is 3.7 kb long (Kageyama et al. 2001). RoX2 has two introns
and undergoes alternative splicing, the major isoform being approximately
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600 nucleotides (Park et al. 2003). It is not known whether roX RNAs are
capped and polyadenylated or whether they are transcribed by RNA poly-
merase II (Stuckenholz et al. 2003).

roX1 and roX2 are redundant in function, even though they differ in size
and bear very little sequence similarity. They have a dual role in dosage com-
pensation. First, roX RNAs colocalize with MSL proteins on the male X chro-
mosome and physically associate with the MSL complex (Franke and Baker
1999; Meller et al. 2000). Second, roX1 and rox2 genomic loci are chromatin
entry sites for the MSL complex (Kelley et al. 1999). This function is indepen-
dent of transcription (Kageyama et al. 2001; Park et al. 2003).

2.7.1
roX Genes as Non-Coding RNAs

Deletion of one roX gene has no phenotype, but lack of both transcripts
causes male-specific lethality with very few male escapers. MSL complex is
not properly targeted to the X chromosome in roX1/roX2 double mutant
males (Franke and Baker 1999; Meller and Rattner 2002). Unexpectedly,
simultaneous overexpression of MSL1 and MSL2 in roX1 roX2 mutant back-
ground can induce the assembly of MSL complex on the X chromosome and
increase viability of roX1 roX2 mutant males (Oh et al. 2003). Non-coding
RNAs are therefore necessary for dosage compensation in a wild-type condi-
tion, but overexpression studies show that they are not the only components
mediating targeting of the complex.

Dissection of roX function has been complicated by the fact that RNA forms
extensive secondary structures.Furthermore,computational secondary struc-
ture prediction for large RNAs is still unreliable. Stuckenholz et al. (2003) used
a genetic approach to find functional domains in roX1.They generated sequen-
tial deletions of roX1, and tested the rescue ability of the constructs in roX1
roX2 double mutant background. Even though roX1 appears to tolerate short
deletions (spanning 10 % of transcript length), Stuckenholz and colleagues
(2003) could identify a stem-loop structure that at least partially accounts for
the function of roX1.As a part of the study,they also showed that the frequency
of roX1 roX2 escapers depends on the genetic background, and more precisely
on the proximal part of the X chromosome. These results imply that there are
other unknown factors modifying the function of roX RNAs.

2.7.2
roX Loci as Chromatin Entry Sites

Initial observation of roX genes as chromatin entry sites came from trans-
genic studies. Inserting roX genes on autosomes results in ectopic recruit-
ment of MSL complex on the site of the transgene (Kelley et al. 1999). This was
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supported by the fact that endogenous roX1 and roX2 loci map cytologically
to previously mapped entry sites (Lyman et al. 1997). The role of roX genes as
entry sites is separate from their function as non-coding RNAs in MSL com-
plex. First, sequences needed for MSL complex attraction are dispensable for
roX function as non-coding RNAs. Second, transcription is not required for
ectopic recruitment of MSLs (Kageyama et al. 2001; Park et al. 2003). Further-
more, entry site sequence in the roX2 locus does not overlap with roX2 pri-
mary transcript (Park et al. 2003).

To date, roX1 and roX2 loci are the only entry sites that have been cloned
and characterized. In both cases, a 200- to 300-bp DNA fragment can recruit
MSL complex to the autosomes (Kageyama et al. 2001; Park et al. 2003). Entry
sites have several distinct genetic and biochemical properties. In the case of
roX1 and roX2, these sequences are sensitive to DNase I treatment in males
but not in females. This implicates that the chromatin structure at entry sites
is different, perhaps more accessible, from the surrounding regions. Chro-
matin immunoprecipitation experiments from cultured SL2 cells have shown
that roX1 entry site is enriched in MSL proteins, compared to autosomal con-
trol genes (Kageyama et al. 2001). The roX2 locus is enriched in H4K16 acety-
lation and MSL1, as assessed by chromatin immunoprecipitation from
embryo extracts (Smith et al. 2001).

By carefully comparing roX1 and roX2 entry site sequences, Park et al.
(2003) could find a putative consensus sequence. Mutation of the consensus
sequence had a modest but reproducible effect on MSL complex recruitment.
Using computational analysis, the authors could find other consensus
sequences on the X chromosome, but they failed to recruit the MSL complex.
Thus, until more entry sites have been cloned, sequence requirements for MSL
complex recruitment remain a mystery.

3
Targeting, Assembly and Spreading of the MSL Complex

3.1
Targeting and Assembly

The initial step in dosage compensation is the targeting of the chromatin-
modifying MSL complex to the X chromosome. As already discussed, this is
achieved by trans-acting factors, namely roX RNAs and MSL-1/MSL-2, and
cis-acting DNA sequences, the chromatin entry sites. Chromatin entry sites
play a central role in correct targeting of the complex. Despite being very
short stretches of DNA, they contain all the necessary information to attract
the MSL complex. This is reminiscent of insulator elements, short DNA
sequences that are able to prevent the spreading of chromatin states (West et
al. 2002). Whether chromatin entry sites work at the level of DNA sequence or
chromatin structure remains to be determined.
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MSL-1 and MSL-2 are clearly the core components of the MSL complex
(Fig. 2). Both are required for the nucleation of the complex, while other MSLs
only affect the subsequent step, spreading in cis. Consistently, depletion of
MSL-2 in SL2 cells disrupts the whole complex, whereas depletion of MSL-3,
MLE or MOF has no visible effect on MSL-1 or MSL-2 localization (Buscaino
et al. 2003).

The subsequent events in the assembly of the MSL complex are still not
completely understood. MLE is required for MOF localization on the X chro-
mosome, but only as a structural component. Enzymatically inactive but full-
length MLE can still recruit MOF to the X chromosome, but in mleg205 mutants
that carry a truncated version of MLE, MOF is not present on the X (Gu et al.
1998). Also MSL-3 is largely absent in mle mutant background (Gorman et al.
1995). MOF, on the other hand, is required for the correct localization of MLE
and MSL-3, and similar to MLE, enzymatic activity does not appear to be nec-
essary. Gu et al. (1998) have suggested that MLE enters the complex before
MOF and MSL-3, because in mof2 mutant females ectopically expressing MSL-
2, still some MLE but no MSL-3 can be seen localized to the X chromosome. In
SL2 cells, however, depletion of MSL-3 or MOF by RNA interference leads to
dissociation of MLE from the complex (Buscaino et al. 2003). This apparent
contradiction could reflect the different nature of SL2 cells and larval poly-
tene chromosomes, or it may simply be a demonstration of strict interdepen-
dence of different factors.
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Fig. 2. Assembly and spreading of the MSL complex. MSL-1 and MSL-2 form the core com-
plex that nucleates on entry sites (step 1). Current evidence suggests that roX1 and roX2
together with MLE are the next ones to enter the complex (step 2). MOF and MSL-3 are inte-
grated into the complex in the end (step 3), which leads to acetylation of adjacent nucleo-
somes and spreading of the complex to flanking chromatin (step 4)



MSL-3, in turn, appears to enter the complex before MOF. MSL-3 depletion
by RNAi dissociates MOF from the X chromosomes, whereas MOF depletion
has no effect on MSL-3 localization (Buscaino et al. 2003).

3.2
Spreading

Subsequent to targeting and assembly, the MSL complex spreads to the chro-
matin, strictly in cis (Fig. 2). Kuroda and colleagues have started to address the
mechanism of spreading in elegant genetic experiments. They have illustrated
the importance of the balance between MSL proteins and roX RNAs in regu-
lating the extent of spreading (Park et al. 2002; Oh et al. 2003).

Spreading to adjacent chromatin domains rarely occurs from autosomal
roX transgenes (Kelley et al. 1999). If the dose of roX RNAs is reduced by delet-
ing endogenous roX loci on the X chromosome, the MSL complex spreads
more efficiently from the transgenes to the flanking chromatin. The extent of
spreading from the roX transgene inversely correlates with the number of
transcribed roX genes in the genome (Park et al. 2002). This suggests that
individual roX RNAs compete for MSL binding and spreading. Furthermore,
spreading of the MSL complex is associated with increased stability of trans-
genic roX RNAs. Given the requirement of MSL-1 and MSL-2 for roX stability,
it is not surprising that simultaneous overexpression of MSL-1 and MSL-2 can
also enhance spreading from the transgenes (Park et al. 2002). If they are co-
expressed in wild-type flies, MSL proteins concentrate on the vicinity of roX
loci, while distal regions have very low MSL levels, showing that modulating
MSL/roX balance can disrupt normal distribution of dosage compensation
proteins (Oh et al. 2003).

It is important to note that spreading requires roX transcription, but the
recruitment of the MSL complex does not require RNA. Consequently, pro-
moterless roX transgenes are also unable to compete for MSL binding (Park et
al. 2002). This again illustrates separation of the entry site and the spreading
functions of roX genes.

It is tempting to speculate that roX RNA stability is a determinant of
spreading in cis.When the concentration of MSL proteins is low, roX RNA can
diffuse away from its site of transcription, but it is quickly degraded in the
nucleoplasm. If MSL proteins bind nascent roX transcripts, RNA is stabilized
and it is located in the immediate vicinity of the X chromosome, allowing
spreading in cis. Interestingly, Xist, a non-coding RNA that paints the inactive
X chromosome of female mammals, is also unstable when not correctly teth-
ered to the X chromosome (Wutz et al. 2002). Perhaps rapid degradation of
RNA can ensure its packaging into a stabilizing protein complex primarily in
the immediate vicinity of the locus. However, the model outlined here cannot
account for spreading on its own, since roX transgenes can also function in
trans. roX loci may also be distinct from other entry sites in their function.
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Cloning and characterization of other entry sites will tell us whether all entry
sites are created equal, and shed light on the molecular mechanism of spread-
ing.

4
Cracking the Code X

4.1
Establishing the Code

Covalent histone modifications and their role in chromatin structure have
been extensively studied in the last decade. Allis and Jenuwein have put for-
ward an attractive hypothesis as to how different states of chromatin are
established and maintained. The ‘histone code’ hypothesis predicts that cova-
lent modifications of histone tails act combinatorially and sequentially, and
that protein modules specifically recognize these modifications and translate
them to functional states by interacting with other factors (Jenuwein and Allis
2001). There are also alternative hypotheses of histone modifications and
chromatin structure, which are not necessarily mutually exclusive (Schreiber
and Bernstein 2002). However, many predictions of the histone code hypoth-
esis have been shown to be correct (Turner 2002).

In the case of Drosophila dosage compensation, the most striking modifi-
cation is acetylation of lysine K16 of histone H4, catalyzed by the histone
acetyltransferase MOF. MOF acetylates H4K16 in vitro, and mutation in the
mof gene abolishes K16 acetylation in vivo, demonstrating the direct require-
ment of wild-type mof function for H4K16 acetylation (Hilfiker et al. 1997;
Akhtar and Becker 2000; Smith et al. 2000). H4K16Ac coats the hyperactive
male X chromosome and, together with recently observed phosphorylation of
H3S10, defines it as a distinct chromatin structure (Turner et al. 1992; Wang et
al. 2001).

The histone H4 tail contains four closely spaced lysines (K5, K8, K12, K16)
that are subject to acetylation by various histone acetyltransferases. Histone
acetylation is generally regarded as an activating modification (Eberharter
and Becker 2002). Chromatin immunoprecipitation (ChIP) experiments have
shown that during gene activation, acetylation of different N-terminal lysines
is regulated in a very specific manner, and that each modification has a spe-
cific function (Agalioti et al. 2002). In Drosophila polytene chromosomes,
K5Ac, K8Ac and K12Ac localize in discrete bands, but unlike K16Ac, they are
not enriched on the hyperactive X chromosome (Turner et al. 1992).

The role of histone phosphorylation in dosage compensation is poorly
understood. Histone phosphorylation has been implicated in gene activation,
mitotic chromosome condensation and apoptosis (Iizuka and Smith 2003).
H3S10 phosphorylation, specifically, serves both as an activating signal in
transcription and as a condensation signal during mitosis. Phosphorylation is
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not required for MSL complex assembly or spreading, since MSLs are cor-
rectly localized in jil-1 mutant background (Wang et al. 2001). Therefore, its
function is more likely in regulation of chromatin structure of the X chromo-
some. It should be noted, however, that it is not currently possible to distin-
guish between the roles of H4K16 acetylation and H3S10 phosphorylation in
transcriptional regulation of the X chromosome.

4.2
Reading the Code

Enrichment of H4K16 acetylation is the hallmark of active X chromatin, but
is it only because the X chromosome is hyperactive? That is, does acetylation
only reflect the hyperactive state, or is it the cause for specific upregulation?
The latter seems to fit experimental results better. First, transcriptionally
active regions of autosomes are not enriched in acetylated H4K16, as
assessed by immunofluorescence on polytene chromosomes (Turner et al.
1992). Second, H4K16-specific histone acetyltransferase MOF can activate
transcription both in vivo and in vitro (Akhtar and Becker 2000). However,
some contradicting data make a straightforward connection unlikely. For
example, overexpression of MOF redistributes the MSL complex to the auto-
somes, suggesting that acetylation plays a role in targeting and spreading of
the complex (Gu et al. 2000). Moreover, ectopic activation of transcription on
X chromosome or on autosomes with the yeast transactivator Gal4 system
can in some cases lead to recruitment of the MSL complex on the site of
transcription, implicating that the MSL complex targets active regions (Sass
et al. 2003).

It is clear that MOF sets the mark on the hyperactive X chromosome, but
what reads it? Based on the histone code hypothesis, the most obvious candi-
date would be a bromodomain-containing protein. Bromodomains are found
in many chromatin-associated proteins, and they can specifically bind acety-
lated lysines (Zeng and Zhou 2002), but none of the known MSL complex
members contains bromodomains. However, it cannot be excluded that acety-
lated H4K16 is specifically recognized by a protein without a bromodomain.

Another possibility is that acetylation of lysine K16 does not create a bind-
ing site for another module, but, in contrast, inhibits binding of a protein.
Recent results on chromatin remodeling factor ISWI point in this direction.
ISWI is the catalytic subunit of three chromatin remodeling complexes,
NURF, CHRAC and ACF (Langst and Becker 2001). In polytene chromosomes
ISWI preferentially localizes to RNA polymerase II-poor regions, suggesting
that its main function in vivo is repressive (Deuring et al. 2000). ISWI2 mutant
males have grossly abnormal X chromosomes, but this phenotype can be sup-
pressed by a mutation in mle (Corona et al. 2002). Corona et al. (2002) have
shown that acetylation of H4K12 or H4K16 inhibits both ISWI interaction
with nucleosomes and its ATPase activity. These data indicate that ISWI and
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dosage compensation complex may have opposing effects on chromatin
structure of the X chromosome.

One function of H4K16 acetylation could be derepression by means of
exclusion of ISWI-containing repressive chromatin remodeling complexes.
However, if the MSL complex is tethered to autosomes with an ectopic entry
site, it can open chromatin structure and activate transcription (Henry et al.
2001; Kelley and Kuroda 2003). It is therefore unlikely that H4K16 has only a
derepressive role.

5
Molecular Mechanism of Dosage Compensation

In his insightful paper, over 40 years before the first MSL gene was cloned
(Muller 1948), Herman Muller phrased the general problem of dosage com-
pensation thus: “the compensation mechanism must be concerned with the
equalization of exceedingly minute differences.” Still today, perhaps the most
persistent enigma of dosage compensation is how to achieve two-fold upreg-
ulation of a large number of genes on the X chromosome.Whatever the mech-
anism, it must adapt to a vast linear scale. Abundance of transcripts in a sin-
gle cell varies by over five orders of magnitude, and the dosage compensation
machinery must accurately regulate most of these genes (Velculescu et al.
1999). Furthermore, the machinery should respond to normal regulatory sig-
nals during development, allowing dynamic changes in gene expression but
still maintaining dosage compensation.

An aspect of Caenorhabditis elegans dosage compensation provides an
interesting case study in modulation of transcript levels. Not only do C. ele-
gans dosage compensation proteins downregulate X chromosomal gene
expression in hermaphrodites by 50 %, they also repress transcription of a
single autosomal gene, her-1, 20-fold (Meyer 2000). Remarkably, the same
complex is associated with both chromosome-wide (X chromosome) and
gene-specific (her-1) repression, with distinct outcomes (Chu et al. 2002). The
two functions can be genetically separated, and biochemically the complex
composition differs at least in respect to one dosage compensation protein
(Yonker and Meyer 2003). It is currently not known precisely how this differ-
ence in repression levels is brought about, but elucidation of the molecular
mechanisms will help us to understand how a specific level of gene expression
can be achieved.

5.1
Initiation Versus Elongation

It is not known at which stage of transcription the MSL complex exerts its
function. It could, for example, either increase the transcription initiation rate
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or enhance polymerase elongation. To address this question, Smith et al.
(2001) performed chromatin immunoprecipitation experiments with anti-
bodies against acetylated H4K16. Even though their study included only a few
genes, the general trend was that acetylation levels were significantly
increased on coding regions of genes. However, promoters had only modest
enrichment of acetylation. Within the limitations of the study, the results of
Smith et al. (2000) suggest that the MSL complex targets transcription elonga-
tion rather than initiation (Smith et al. 2001).

Nucleosomes can inhibit transcription in vitro, but in vivo transcription
through chromatin occurs very rapidly. Elongation factors associate with
RNA polymerase II and help it overcome this obstacle (Svejstrup 2002). His-
tone acetylation has been known to enhance transcription elongation
(Orphanides and Reinberg 2000). Furthermore, HAT activity of yeast Elonga-
tor complex is required for its function in vivo (Winkler et al. 2002), illustrat-
ing the connection between histone acetylation and the elongation process. It
is important to note that a direct connection between elongation and H4K16
acetylation in dosage compensation has not been made, and therefore chro-
matin immunoprecipitation results are still only suggestive.

It is obvious that dosage compensation is linked to basal gene expression
machinery of the cell. In very simple terms, dosage compensation proteins
may provide a signal for basal machinery to modulate gene expression. This
need not be a direct link; interaction could also occur at a general level of
chromatin structure. Genetic studies on Drosophila dosage compensation
have not been able to address this question. Therefore, biochemical
approaches would greatly increase our understanding of the mechanism of
action of dosage compensation. The endogenous MSL complex has not been
purified to homogeneity. Consequently, the enzymatic properties of the com-
plex are not completely known, and potential accessory factors have not been
characterized.

The possibility remains that the MSL complex contains other proteins that
do not have a male-specific function. Rather, they could link the complex to
essential factors that are present in every cell in both sexes. Genetic
approaches are unlikely to reveal these interactions, since they would not have
striking sex-specific phenotypes.A reoccurring theme in chromatin remodel-
ing complexes is that they often share subunits with other complexes (Lusser
and Kadonaga 2003). Thus far, MSL complex subunits have not been associ-
ated with other complexes, and it remains to be seen whether the MSL com-
plex truly is exceptional in this sense.

5.2
The Inverse Effect Hypothesis

It is widely accepted that the function of the MSL complex is to upregulate X-
chromosomal genes. However, some data suggest that this is too simplified a
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model of dosage compensation. For example, dosage compensation occurs
not only in males (1X:2A) but also in metamales (1X:3A), metafemales
(3X:2A) and triploid intersexes (2X:3A). This phenomenon cannot be
explained purely in terms of MSL complex upregulating the X chromosome.
Birchler and colleagues have suggested that the MSL complex actually
sequesters activating factors, most likely MOF, away from the autosomes, in
order to prevent male-specific lethality from inverse dosage effects (Birchler
et al. 2003).

Deletion of large segments of chromosomes (segmental aneuploidy) not
only often influences the genes in the region, but also causes genome-wide
effects in gene expression. The most common effect is upregulation of
unlinked genes, i.e. those not located in the region of aneuploidy. This has
been explained as being due to inverse dosage effect. That is, deleted regions
often contain negative regulators (for example, repressors), which leads to
upregulation of unlinked genes (Birchler et al. 2001).

Since the single X chromosome in males effectively creates an aneuploid
state, it would be expected to cause an inverse dosage effect on autosomes.
Birchler and colleagues argue that the MSL complex sequesters MOF and
H4K16 acetylation to the X chromosome to counteract these deleterious
effects. Furthermore, the MSL complex would modify the X chromosome
and/or MOF activity such that genes on the X could no longer respond to high
acetylation levels (Birchler et al. 2003).

Birchler and coworkers addressed this issue by comparing gene expression
patterns in flies mutant for MSLs. They observed that in mle mutant males,
many autosomal transgenes are upregulated, but transgenes on the X remain
dosage compensated (Hiebert and Birchler 1994). The same trend was seen in
mof mutants (Bhadra et al. 1999). Furthermore, ectopic expression of MSL2 in
females did not lead to increased expression of the X chromosomal trans-
genes they tested (Bhadra et al. 1999). Bhadra et al. (1999) also examined the
level of MOF protein and H4K16 acetylation in female and male polytene
chromosomes. MOF protein is present at equal levels in males and females,
but it is enriched on the X chromosome only in males. In females, autosomal
MOF and H4K16 acetylation signals are increased, suggesting that MOF is
redistributed to autosomes if it is not recruited to the MSL complex (Bhadra
et al. 1999).

It is difficult to distinguish between the two models of dosage compensa-
tion. Current data are still consistent with both models. It has been argued,
however, that the ability of ectopic MSL complex on the autosomes to modify
local chromatin structure and upregulate adjacent genes is inconsistent with
the inverse effect hypothesis (Henry et al. 2001; Park et al. 2002; Kelley and
Kuroda 2003).

Chiang and Kurnit (2003) used a sensitive quantitative RT-PCR method to
examine the effects of MSL mutations on the expression of several genes. The
general trend was that in mle or mof mutant males, expression of both auto-
somal and X-chromosomal genes was decreased. However, the amount of
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change varied significantly between individual genes. In addition, some genes
on the X showed no difference, whereas one autosomal gene was significantly
upregulated in mle and mof mutants (Chiang and Kurnit 2003). The inherent
problem in quantitative analysis is the possibility of indirect effects. Chiang
and Kurnit (2003) analyzed gene expression in early and late larvae, but
dosage compensation already occurs in early embryos (Rastelli et al. 1995;
Franke et al. 1996). Since X chromosome contains dosage-sensitive regulators,
these will highly likely have secondary effects on gene expression at a
genome-wide scale.

6
The Origin and Evolution of the MSL Complex

Many features of metazoan development are conserved across phyla (Carroll
et al. 2001). However, dosage compensation appears to have evolved inde-
pendently several times. Sex determination mechanisms evolve very rapidly
(Charlesworth 1996; Marin and Baker 1998), and since dosage compensation
is intimately linked to sex determination, it is not surprising that nature has
found different solutions to the same problem. Comparative studies have
shown that Drosophila dosage compensation system, where the MSL com-
plex decorates the X chromosome, is at least 50–60 million years old (Bone
and Kuroda 1996; Marin et al. 1996). Consistently, also Sex-lethal function is
estimated to be at least 60 million years old (Marin and Baker 1998). In the
fungus gnat Sciara ocellaris, which belongs to the Nematocera suborder of
Diptera, dosage compensation is also achieved by hypertranscription of the
X chromosome in males, but Sciara homologues of MSL proteins appear to
play no role in this process (da Cunha et al. 1994; Ruiz et al. 2000). Anophe-
les gambiae, another nematoceran insect, is separated from Drosophila by
250 million years (Gaunt and Miles 2002). This suggests that Drosophila
dosage compensation system evolved at least 50, but less than 250, million
years ago.

Studies on the three model organisms (C. elegans, D. melanogaster, M. mus-
culus) have shown that animals have co-opted different chromatin remodel-
ing complexes to function in dosage compensation. Mammalian polycomb
proteins Eed and Ezh2/Enx1 coat the inactive X chromosome transiently dur-
ing the initiation phase of inactivation (Plath et al. 2003; Silva et al. 2003).
Eed/Ezh2 complex has been shown to have H3K27-specific histone methyl-
transferase activity (Cao et al. 2002; Kuzmichev et al. 2002). Similar to H4K16
acetylation in flies, methylated H3K27 is a hallmark of inactive X chromatin.
The orthologous ESC/E(z) complex in Drosophila is required for maintenance
of homeotic gene repression (Czermin et al. 2002; Muller et al. 2002).

C. elegans has adopted an unrelated way to mediate repression of X chro-
mosomes. C. elegans dosage compensation complex is very similar to Xeno-
pus laevis 13S condensin complex (Meyer 2000). Condensins are involved in
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Fig. 3. Mammalian orthologs of MSL complex proteins, drawn in scale. Conserved domains
are indicated by boxes. Amino acid identity/similarity percentage is denoted in the middle.
MSL3 and MLE contain conserved regions that bear no homology to known protein
domains (checkered boxes). Note that dMOF chromodomain and hMSL1 coiled-coil domain
contain insertions that are absent in their orthologs



sister chromatid cohesion and separation during mitosis and meiosis.
Accordingly, some C. elegans dosage compensation proteins have a dual
function; they also play an essential role in mitosis and meiosis (Hagstrom
and Meyer 2003).

Thus, it is not surprising that also the MSL complex contains evolutionary
conserved proteins.All MSL proteins have orthologs in mammals (Fig. 3) sug-
gesting an ancestral role for these proteins in chromatin regulation. The yeast
ortholog of MOF, Sas2p, counteracts the silencing function of the histone
deacetylase Sir2p and regulates telomeric heterochromatin boundaries
(Kimura et al. 2002; Suka et al. 2002). Human genome contains a single MOF
ortholog, hMOF, that has been shown to acetylate histones H2A, H3 and H4 in
vitro (Neal et al. 2000). The C. elegans ortholog of MOF, K03D10.3, is still
uncharacterized. In genome-wide RNA interference screen, depletion of
K03D10.3 had no visible phenotype (Fraser et al. 2000). The mammalian
ortholog of MLE, RNA helicase A, is involved in cAMP-dependent transcrip-
tional activation (Nakajima et al. 1997), and is essential for mouse develop-
ment (Lee et al. 1998). Currently, the functions of the MSL-1, MSL-2 and MSL-
3 orthologs in humans are unknown (Prakash et al. 1999; Marin 2003).

It is not known whether there is a homologous MSL complex in mam-
malian cells, but given the evolutionary conservation of all proteins, it would
be very surprising if Drosophila complex had been assembled from scratch.
Characterizing the putative mammalian MSL complex would shed light on
evolution of dosage compensation mechanisms.
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DNA Methylation in Epigenetic Control 
of Gene Expression

Aharon Razin, Boris Kantor

Abstract Over three decades ago DNA methylation had been suggested to
play a role in the regulation of gene expression. This chapter reviews the
development of this field of research over the last three decades, from the time
when this idea was proposed up until now when the molecular mechanisms
involved in the effect of DNA methylation on gene expression are becoming
common knowledge. The dynamic changes that the DNA methylation pattern
undergoes during gametogenesis and embryo development have now been
revealed. The three-way connection between DNA methylation, chromatin
structure and gene expression has been recently clarified and the interrela-
tionships between DNA methylation and histone modification are currently
under investigation. DNA methylation is implicated in developmental
processes such as X-chromosome inactivation, genomic imprinting and dis-
ease, including tumor development. This chapter discusses all these issues in
depth.

1 Introduction

The involvement of DNA methylation in cell differentiation and gene function
was suggested more than three decades ago by Scarano (1971) and later by
Holliday and Pugh (1975) and Riggs (1975). This suggestion was substanti-
ated by some early data and formulated in a working hypothesis by Razin and
Riggs in 1980. A large body of experimental data has been accumulated over
the past two decades clearly indicating that epigenetic control of gene expres-
sion in mammals involves DNA methylation and that this control of expres-
sion is associated with gene-specific methylation patterns (Yeivin and Razin
1993). DNA methylation happens to be a perfect clonally inherited epigenetic
feature of the genome. De novo methylation by the de novo methyltrans-
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ferases Dnmt3a and Dnmt3b and demethylation by a yet uncharacterized
demethylase establish the methylation patterns which are then maintained by
a maintenance methyltransferase (Dnmt1) (Fig. 1; Razin and Kafri 1994).

Methylated cytosine residues in mammalian DNA (5 metCyt) are almost
always found in the small palindrome CpG thus symmetrically positioned on
the two DNA strands (Sinsheimer 1955). Methyltransferase activity, which is
present in all cells, acts at the replication fork to restore the fully methylated
state of the DNA (Gruenbaum et al. 1982, 1983). In the absence of this mainte-
nance methylation, the DNA may lose its methylation by a so-called passive
demethylation mechanism. After two rounds of replication without methyla-
tion, 50 % of the DNA molecules will be unmethylated on both strands and the
other 50 % will be hemimethylated. However, in most systems studied so far,
the demethylation process in the cell involves an active mechanism in which
specific methylated sites undergo active demethylation, not necessarily asso-
ciated with replication (Razin and Kafri 1994). On the other hand, fully
unmethylated DNA can undergo de novo methylation by one of several de
novo methyltransferases which are present primarily in embryonic cells
(Okano et al. 1999; Fig. 1).

The mammalian genome is characterized by a bimodal pattern of DNA
methylation. Seventy to 80 % of all CpG dinucleotides in the genome are
methylated (Ehrlich et al. 1982). The remaining CpGs that are constantly
unmethylated are clustered in CpG-rich islands. These unmethylated CpG
islands are usually found in promoter regions extending to the first exon of
housekeeping genes (Bird 1986). Unmethylated CpG islands are found in
somatic cells in the gametes and in embryonic cells throughout embryogene-
sis and gametogenesis (Kafri et al. 1992). The unmethylated state of CpG
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Fig. 1. Metabolism of DNA methylation. Dnmt1 The DNA methyltransferase-maintenance
enzyme; Dnmt3a&b de novo methyltransferases; filled circles methylated CpG sites



islands is rigorously maintained by a mechanism that involves efficient island
demethylation activity (Frank et al. 1991; Brandeis et al. 1994). In contrast to
housekeeping genes, tissue-specific genes lack CpG islands and are generally
methylated in nonexpressing cells, but are unmethylated in their cell type of
expression (Yeivin and Razin 1993). The bimodal methylation pattern in the
mammalian genome is faithfully maintained by the DNA methyltransferase 1
(Dnmt1) (Bestor and Ingram 1983). This maintenance methyltransferase
methylates hemimethylated DNA during replication (Gruenbaum et al. 1983),
and therefore propagates the methylation pattern for many generations of
actively dividing cells (Razin and Riggs 1980). Gene-specific methylation pat-
terns which are observed in adult tissues reflect the result of dynamic changes
in methylation that are known to take place during embryogenesis (Razin and
Kafri 1994).

2
Changes in Gene-Specific Methylation Patterns 
During Early Embryo Development

The gene-specific methylation patterns in oocyte and sperm, which are
acquired during differentiation of the germ cells (Kafri et al. 1992), contribute
to a combined methylation pattern in the zygote which is erased by an active
demethylation mechanism during the first two or three cleavages (Kafri et al.
1993). This undermethylated state of the genome that results from this
demethylation process persists through the blastula stage. This had been
shown for both embryo genomic DNA (Monk et al. 1987) and specific gene
sequences (Kafri et al. 1992). Global de novo methylation takes place post
implantation, leaving CpG islands unmethylated. Primordial germ cells
(PGCs) emerge from the unmethylated epiblast escaping the global de novo
methylation that takes place following implantation. Germ cells that are first
seen at day 7.5 post coitum (p.c.) in the base of the allantois (McCarrey 1993)
are unmethylated (Monk et al. 1987). The germ cells remain undermethylated
until after cells populate the gonads at 11.5–12.5 days p.c. De novo methyla-
tion and gene-specific demethylation take place during gametogenesis after
differentiation to male and female gonads (Kafri et al. 1992; Fig. 2). This de
novo methylation that is followed by gene-specific demethylations is much
like what happens in the embryo proper during gastrulation and further
development (Kafri et al. 1992).

In the gastrula, a process of gene-specific demethylation starts, concomi-
tant with cell differentiation (Benvenisty et al. 1985; Shemer et al. 1991). This
process continues well into adult life and ends in the fully differentiated cell
with the final gene-specific methylation patterns that are observed in adult
tissue (Yeivin and Razin 1993).
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3
Effect of Methylation on Gene Expression

DNA methylation has been implicated as playing a role in the multi-level hier-
archy of control mechanisms that govern gene expression in mammals (Razin
and Cedar 1984). Three major lines of evidence led to this conclusion: (1)
genes tend to be undermethylated in the tissue of expression and stably
methylated in all other tissues (Yeivin and Razin 1993); (2) genes that are
inactive in vivo can be activated by treatment with the potent demethylating
agent, 5-azacytidine (Jones 1984); and (3) in vitro methylated genes intro-
duced into fibroblasts in culture remain methylated and suppressed (Stein et
al. 1982; Yisraeli et al. 1988). The inverse correlation between DNA methyla-
tion and gene activity that was demonstrated for a large number of genes sug-
gested that DNA methylation acts to repress gene activity. The transcription
suppression by CpG methylation can be accomplished by two basic mecha-
nisms: (1) direct interference with the binding of transcription factors and (2)
binding of multiprotein repressory complexes resulting in the formation of an
inactive chromatin structure.

3.1
Direct Transcription Inhibition

Early experiments established that local cytosine methylation of particular
sequences could directly interfere with binding of a transcription factor (Tate
and Bird 1993). In an in vivo footprinting experiment, methyl groups inter-
fered with the binding of liver-specific factors to the Tat gene (Becker et al.
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1987). Methylation at the downstream region of the late E2A promoter of ade-
novirus type 2 prevents protein binding (Hermann et al. 1989), and methyla-
tion of a site in the promoter region of the human proenkephalin gene
inhibits expression and binding of the transcription factor AP2 (Comb and
Goodman 1990). Cytosine methylation also prevents binding of a HeLa cell
transcription factor required for optimal expression of the adenovirus major
late promoter (MLP) (Watt and Molloy 1988). Maybe the most prominent
example is that of a chromatin boundary element binding protein (CTCF)
that binds only to its unmethylated site and can block the interaction between
the enhancer and its promoter when placed between the two elements (Bell et
al. 1999). The effects demonstrated with the examples described above sug-
gest that methylation at the 5¢ end of the gene is frequently sufficient to sup-
press gene activity (Keshet et al. 1985). However, it should be noted that a
direct effect of DNA methylation on binding of specific factors has not always
been observed. For example, the transcription factor, Sp1, binds and facilitates
transcription even when Sp1 sites are fully methylated (Holler et al. 1988).
Another example of a transcription factor that binds efficiently to its recogni-
tion site, even in its methylated state, is the chloramphenicol acetyltransferase
transcription factor (CTF) (Ben-Hattar et al. 1989). In spite of the lack of effect
of methylation on the binding of CTF in vitro, methylation of the site reduced
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the activity of the gene in vivo. The discrepancy between the in vitro and in
vivo results suggests that although methylation of cis elements may affect pro-
moter activity, other mechanisms may be involved in promoter repression as
well (Fig. 3a).

3.2
Indirect Transcription Inhibition

For a long time studies on DNA methylation and gene expression did not
address the question of how chromatin structure might affect gene function.
This is in spite of the fact that nucleosomal DNA had already been known to
be richer in 5-methylcytosine than internucleosomal DNA (Razin and Cedar
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Fig. 3. Effect of methylation on gene expression. a Direct gene repression. Methylated tran-
scription factor binding sites (blue lollipops) prevent binding of transcription factors to the
corresponding sites, thus inhibiting transcription initiation (horizontal arrow). b Methyl
binding domain proteins (MBDs) bind to methylated CpG sites (blue lollipops), recruit core-
pressory proteins that bind to histone deacetylases (HDACs), which in turn are bridged to
nucleosomal histone (NH) H3 and H4 by RbAp46/48, resulting in deacetylation of acety-
lated lysine residues, causing repression of transcription initiation (horizontal arrow). c
Epigenetic modifications of nucleosomal histones and DNA form silent euchromatin or
heterochromatin depending on the histone methyltransferase (HMT) that methylated
lysine K9. mK4 Methylated lysine K4; Ac acetyl; NH amino tail of histone H3; K9 lysine K9;
open circles unmethylated CpG sites; closed blue circles methylated CpG sites; HDAC histone
deacetylase; MBD methyl binding domain protein



1977; Ball et al. 1983) and that DNaseI sensitivity is a property of transcrip-
tionally active regions of chromatin and correlated with undermethylation of
transcribed genes (Sweet et al. 1982). Almost a decade later microinjection
and transfection experiments using in vitro methylated gene sequences
revealed that DNA methylation results in the formation of inactive chromatin
(Keshet et al. 1986), and that the silencing effect exerted by CpG methylation
is observed only after the methylated DNA acquired its appropriate chromatin
structure (Buschhausen et al. 1987). Moreover, whereas the repressed state of
the gene, which is exerted by DNA methylation alone, can be alleviated by a
strong activator such as GAL4-VP16, the activator cannot overcome repres-
sion once chromatin is assembled on the methylated template (Kass et al.
1997).

These observations clearly indicate that silencing of a gene by methylation
frequently involves the generation of a condensed chromatin structure that
may, among other things, limit promoter accessibility to the transcription
machinery. Although it has become increasingly clear that DNA methylation
and chromatin structure correlate, these two epigenetic marks have only
recently been connected mechanistically (Razin 1998). The discovery of the
two methyl binding proteins, MeCP1 (Meehan et al. 1989) and MeCP2 (Lewis
et al. 1992), helped us to realize that DNA methylation is connected with chro-
matin structure and gene expression. MeCP1 was later shown to be a multi-
protein repressory complex (Feng and Zhang 2001). However, MeCP2, being a
purifiable protein, had been cloned and characterized (Meehan et al. 1992;
Nan et al. 1993). MeCP2 that is known to bind to methylated CpG-rich hete-
rochromatin (Nan et al. 1996) contains a methyl binding domain (MBD) and
a transcriptional repressory domain (TRD) (Nan et al. 1997). MeCP2 binds to
the methylated DNA by its MBD and recruits the corepressor Sin3A through
its TRD (Jones et al. 1998; Nan et al. 1998). MeCP2 anchors to the DNA a mul-
tiprotein repressory complex that causes histone deacetylation and chromatin
remodeling by two histone deacetylase activities, HDAC1 and HDAC2. Tran-
scriptional inactivation caused by this deacetylation could be alleviated by the
HDAC inhibitor trichostatin A (TSA) (Eden et al. 1998; Jones et al. 1998; Nan
et al. 1998). These observations finally solved the long suspected three-way
connection between DNA methylation, condensed chromatin structure and
gene silencing (Razin 1998). A search of EST databases with the methyl-bind-
ing domain (MBD) sequence of MeCP2 revealed four additional MBD pro-
teins, MBD1–MBD4 (Hendrich and Bird 1998).

Recent studies in mammalian systems,where DNA methylation clearly plays
a role in gene silencing, have shown that methyl binding proteins when bound
to methylated CpG residues recruit corepressory proteins that in turn interact
with two histone deacetylases HDAC1 and HDAC2.These histone deacetylases
act on specific acetylated lysine residues within histones H3 and H4. This
process is mediated by the RbAp46/48 proteins that serve as a bridge between
the repressory complexes and the nucleosomal histones (Razin 1998; Kantor
and Razin 2001). Histone deacetylation appears to be required for stable gene
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silencing (Eden et al.1998; Jones et al.1998; Nan et al.1998) perhaps by shaping
an inheritable ‘closed’ chromatin structure (Kantor et al. 2003; Fig. 3b).

It is now clear that MeCP2 is not the sole multiprotein repressory complex
involved in transcriptional repression. MeCP1, which was discovered over a
decade ago (Meehan et al. 1989), turns out to be a histone deacetylase multi-
protein complex composed of ten components that include two MBD pro-
teins, MBD2 and MBD3 (Ng et al. 1999; Feng and Zhang 2001). MeCP1 was
found to share most of its components with a third multiprotein repressory
complex Mi2/NuRD. This histone deacetylase-chromatin remodeling com-
plex contains MBD3 (Zhang et al. 1999) which had been shown to play a dis-
tinctive role in mouse development (Hendrich et al. 2001).

The most studied multiprotein histone deacetylase repressory complexes
to date are Mi2/NuRD, MeCP1 and MeCP2/Sin3A. The MBD proteins associ-
ated with these complexes are MBD3, MBD2 and MeCP2, respectively (Kantor
and Razin 2001). Yet, many other histone deacetylase repressory complexes
may exist.

Interestingly, DNA methyltransferases were also found to be components
of histone deacetylase repressory complexes. The de novo DNA methyltrans-
ferase Dnmt3a binds deacetylases and is recruited by the sequence-specific
repressory DNA binding protein RP58 to silence transcription (Fuks et al.
2001). The repressory activity of this complex is independent of Dnmt3a
methyltransferase activity. The human maintenance DNA methyltransferase
(DNMT1) forms a complex with Rb, E2F1 and HDAC1 and represses tran-
scription from E2F-responsive promoters (Robertson et al. 2000). In parallel,
DNMT1 binds HDAC2 and the corepressory DMAP1 to form a complex at
replication foci (Rountree et al. 2000). The interaction between DNMT1 and
histone deacetylase suggests that histone deacetylases or histone acetylation
patterns can play a role in targeting DNA methylation, as well. Alternatively,
DNMT1 may directly target deacetylation to regions that should become
methylated. In any event, apparently methylation and deacetylation could act
in concert to potentiate the repressed state. Furthermore, methyltransferases
possess two activities, DNA methylation and transcriptional repression.

Although MBD1 has been shown to cause methylation-mediated transcrip-
tion silencing in euchromatin (Fujita et al. 1999; Ng et al. 2000), it is not known
to participate in any of the known histone deacetylase multiprotein repres-
sory complexes. Nevertheless, its repressory effect can be alleviated by TSA,
suggesting that MBD1 is part of a yet unknown histone deacetylase repres-
sory complex. For a comprehensive discussion of all methylation-associated
repressory complexes, see the review by Kantor and Razin (2001).

It has recently become clear that the flow of epigenetic information may be
bidirectional. DNA methylation affects histone modification which in turn
can affect DNA methylation. The interaction between these covalent modifi-
cations of chromatin may shed light on the yet unsolved mechanisms con-
cerning the establishment of heterochromatin, its spreading along large
domains of the genome and its stable inheritance. The DNA methylation–het-
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erochromatin interrelationship including the three epigenetic marks, DNA
methylation, histone methylation and acetylation, is described in Fig. 3 c.

The DNA in an active chromatin domain is unmethylated and histone H3 is
acetylated, methylated on lysine at position K4 but unmethylated at lysine k9.
Binding of a histone deacetylase repressory complex to the promoter region
results in histone deacetylation and K4 demethylation. Two different histone
methyl transferases methylate K9 depending on the position of the gene. The
G9a HMT methylates K9 to the monomethyl and dimethyl level if the gene is
in euchromatin, and the other methylase, Suv39h1 and h2, methylates K9 to
the trimethyl level if positioned in heterochromatin. The heterochromatic
protein HP1 binds to the dimethyl and trimethyl K9 and recruits the de novo
methyltransferases Dnmt3a and b. This methylated structure recruits more
HP1 to neighboring nucleosomes, thereby leading to a continuous process of
spreading of the heterochromatic structure.

4
DNA Methylation and Genomic Imprinting

DNA methylation was implicated in several developmental processes such as
X-chromosome inactivation and genomic imprinting. DNA methylation in X-
inactivation is discussed in Chapter 4 (this Vol.). Genomic imprinting is per-
haps the best studied developmental process in which DNA methylation plays
a pivotal role. The fact that the parental genomes contribute unequally to the
development of a mammalian fetus was first demonstrated by nuclear trans-
fer studies (McGrath and Solter 1984; Surani et al. 1984). While androgenetic
embryos that contain two paternal copies of the genome show very poor
embryonic development with normally developed extraembryonic tissues,
parthenogenetic embryos, which contain two maternal genomes, show nor-
mal embryo development and underdeveloped extraembryonic tissues. These
observations suggested that both sets of parental genomes are required for
proper development. This conclusion gained further support by genetic
experiments in which mice containing uniparental duplications of subchro-
mosomal regions showed phenotypes that were either embryonic lethal or
developmentally retarded (Cattanach and Kirk 1985).

This phenomenon suggested that expression of a subset of genes depends
on their parental origin and that such differential expression of genes must be
controlled by epigenetic modifications that take place during gametogenesis
when the parental alleles are in separate compartments. The epigenetic mark
could then serve as a signal to discriminate between the two parental alleles
post fertilization and help to maintain this discrimination during embryonic
development and adult life. The mark should then be erased and created anew
during gametogenesis according to the gender of the offspring.

What epigenetic modification could best fulfill these requirements? DNA
methylation is a good candidate since it can be erased by demethylation,
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established through de novo methylation and propagated by the mainte-
nance methyltransferase (see Fig. 1). In fact, differentially methylated regions
(DMRs) were found in all imprinted genes (Razin and Cedar 1994). Interest-
ingly, DMRs are usually located in CpG islands. This is in contrast to the gen-
eral rule that characterizes CpG islands being invariably unmethylated. The
monoallelic methylation of DMRs is established in the gametes by Dnmt3a,
Dnmt3b and Dnmt3L. Dnmt3L which in itself lacks methyltransferase activ-
ity is believed to recruit Dnmt3a and Dnmt3b to methylate the maternal
allele in imprinted genes (Bourc’his et al. 2001; Hata et al. 2002). The differ-
ential methylation that is established in the gametes or early in embryo
development is maintained throughout development (Fig. 4). Therefore
methylation of the DMRs must escape the genome-wide demethylation that
takes place in the early embryo and also the global de novo methylation that
takes place post implantation (Kafri et al. 1992; see Fig. 2). However, the
imprint must be erased by an as yet unknown demethylase that should work
at the time period when the primordial germ cells migrate to the gonads
(Fig. 4).

In fact, several imprinted genes (Igf2r, H19, Snrpn and Xist) among others
have been shown to obey these rules (Brandeis et al. 1993; Stoger et al. 1993;
Ariel et al. 1995; Tremblay et al. 1995; Shemer et al. 1997). DNA methylation
may therefore play a dual role in the imprinting process. The differential
methylation may mark the parental alleles, allowing the transcriptional
machinery of the cells to distinguish between the parental alleles. In addition,
DNA methylation can directly affect promoter activity of the imprinted genes.
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Alternatively, DNA methylation can indirectly affect monoallelic expression
of a gene by silencing a promoter of an antisense gene, thus allowing produc-
tion of antisense RNA only from the allele on which the imprinted gene is
repressed (Rougeulle et al. 1998; Lyle et al. 2000).

Loss of function of DMRs, or defects in their methylation, frequently cause
loss of imprinting associated with neurobehavioral disorders. Such epigenetic
defects within a 2-Mb domain on human chromosome 15q11–q13 cause two
different syndromes. Prader-Willi syndrome is caused by loss of function of a
large number of paternally expressed genes (Buiting et al. 1995), while silenc-
ing of the maternally expressed genes within the domain causes Angelman’s
syndrome (Reis et al. 1994). The imprinting of this entire domain is regulated
by an imprinting center that constitutes a DMR within the 5¢ region of the
imprinted SNRPN gene. Individuals with deletions of this region on the pater-
nal allele have Prader-Willi while another sequence located 35 kb upstream of
SNRPN confers methylation of the SNRPN DMR on the maternal allele,
thereby inactivating the paternally expressed genes on the maternal allele.
When this upstream region is deleted on the maternal allele, the SNRPN DMR
does not become methylated (Perk et al. 2002). Consequently, the entire
domain on the maternal allele remains unmethylated and all paternally
expressed genes on the maternal allele are activated while maternally
expressed genes are silenced, thus causing Angelman’s syndrome. A model
was proposed suggesting that the upstream sequence together with the
SNRPN DMR constitute a complex imprinting box responsible for both the
establishment and maintenance of the imprinting state at PWS/AS domain on
both alleles (Shemer et al. 2000).

Altered allelic methylation and expression patterns of the imprinted gene
IGF2 have been found in Beckwith-Wiedemann syndrome (BWS) patients.
BWS is a pre- and post-natal growth syndrome associated with predisposi-
tion for childhood tumors. Translocation breakpoints in a number of BWS
patients map to the imprinted gene KCNQ1 which is located in the center of
the 800-kb BWS region on human chromosome 11p15.5. The translocations
in BWS are associated with loss of imprinting of IGF2 but not H19 (Brown
et al. 1996). It appears that this impairment in imprinting involves the dif-
ferentially methylated intronic CpG island in KCNQ1. In a small number of
BWS patients, hypomethylation of the KCNQ1 CpG island correlated with
biallelic expression of IGF2 (Smilinich et al. 1999; Paulsen et al. 2000). Dele-
tion of this CpG island on the paternal chromosome 11 leads to silencing of
KCNQ1 antisense transcript and activation of KCNQ1, p57KIP2 and SMS4
which are located downstream on the normally repressed paternal allele. It
is therefore possible that this CpG island is at least part of an imprinting
center on human chromosome 11p15.5 and its orthologous region on mouse
chromosome 7.
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5
DNA Methylation and Disease

Many examples exist where DNA methylation in non-imprinted genes goes
awry, causing neurodevelopmental disorders, such as ATR-X, ICF, Rett and
Fragile-X syndromes, or the imprinting disorders Prader-Willi, Angelman’s
and Beckwith-Wiedemann syndromes described above. This clearly suggests
that control of gene expression that is associated with DNA methylation is
particularly important in brain development and function. ATR-X (a-tha-
lassemia, mental retardation, X-linked) patients are known to have methyla-
tion defects that result from high methyltransferase activity in neurons (Goto
et al. 1994). Such high activity of methyltransferase in mice results in delayed
ischemic brain damage (Endres et al. 2000) associated with hypo- or hyper-
methylation of repetitive sequences (Gibbons et al. 2000).

ICF (immunodeficiency, centromeric instability and facial anomaly) syn-
drome is linked to mutations in the de novo methyltransferase gene DNMT3B
(mapped to chromosome 20q) affecting its carboxy terminal catalytic domain
(Hansen et al. 1999), resulting in hypomethylation of the normally heavy
methylated repetitive sequences (Kondo et al. 2000) and single copy sequences
on the inactive X-chromosomes (Miniou et al.1994; Bourc’his et al.1999).Mice
knocked out in Dnmt3b show similar demethylation and could therefore serve
as an experimental ICF model (Okano et al. 1999). How DNMT3B deficiency
affects brain development remains to be elucidated.

Another syndrome that is manifested in mental retardation and is associ-
ated with methylation-dependent gene silencing is the X-linked Rett syn-
drome that results from mutations in the MeCP2 gene (Amir et al. 1999).
Mutations that cause the disease disrupt the integrity of the methyl binding
domain (MBD) or the transcription repressory domain (TRD) of MeCP2,
whose function in gene repression has been discussed above. How MeCP2
mutations lead to developmental defects in the brain is currently a matter
under investigation.

The most common form of inherited mental retardation after Down syn-
drome is Fragile-X syndrome. The X-linked gene that is associated with the
disease, Fragile-X mental retardation 1 (FMR1), contains highly polymorphic
CGG repeats with an average length of 29 repeats in normal individuals and
200–600 repeats in Fragile-X patients. In addition, the CpG island at the 5¢ end
of the gene in patients is abnormally methylated and histone deacetylated,
causing silencing of the gene (Oberle et al. 1991; Coffee et al. 1999). The rea-
sons for this de novo methylation and the mechanisms driving this de novo
methylation are, as yet, unclear.
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6
Concluding Remarks

DNA methylation may have evolved as a luxury device for setting up central
biological processes. Central to all processes that involve DNA methylation is
the control of gene expression. The high complexity of the mammalian
genome required a multilevel hierarchy of mechanisms that control gene
expression. One of these levels of regulation involves DNA methylation. DNA
methylation is a flexible epigenetic feature of the genome that can be estab-
lished, maintained and erased. Being flexible, this feature had been success-
fully employed to serve the dynamic changes the cells undergo during game-
togenesis and development of the embryo. One striking example of how DNA
methylation functions in development is its being an epigenetic mark in dis-
crimination between the alleles in phenomena such as X-chromosome inacti-
vation and genomic imprinting. The importance of DNA methylation in the
well-being of the cell is clearly reflected in the large number of genetic dis-
eases, including cancer, that occur when DNA methylation goes awry. Being
conserved in evolution, DNA methylation must have had an evolutionary
advantage that outweighs the price paid by the cell in the form of genetic dis-
orders. The recent discoveries in the field of epigenetic modifications of
nucleosomal histones revealed the role played by DNA methylation in shaping
chromatin structure, thereby affecting formation of silent domains in the
genome.
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The Epigenetic Breakdown of Cancer Cells: 
From DNA Methylation to Histone Modifications

Esteban Ballestar, Manel Esteller

Abstract The recognition of epigenetic defects in all types of cancer has rep-
resented a revolutionary achievement in cancer research in recent years. DNA
methylation aberrant changes (global hypomethylation and CpG island
hypermethylation) were among the first events to be recognized. The overall
scenario comprises a network of factors in which deregulation of DNA
methyltransferases leads to a cancer-type specific profile of tumor suppressor
genes that become epigenetically silenced. Over recent years, a better under-
standing of the machinery that connects DNA methylation, chromatin and
transcriptional activity, in which histone modifications stand in a key posi-
tion, has been achieved. The identification of these connections has con-
tributed not only to understanding how epigenetic deregulation occurs in
cancer but also to developing novel therapies that can reverse epigenetic
defects in cancer cells.

1
Introduction

Cells encode their heritable information in two major ways: genetic informa-
tion, defined by the ordered sequence of nucleotides, and epigenetic modifi-
cations, which provide cells with heritable states of gene expression.

For years, research on cancer has been concerned with investigating
genetic lesions and their downstream consequences, centered on the analysis
of the function of target genes. This was due to the assumption that most of
the information encoded by cells is harbored in their genomic sequence.
However, the recognition of the importance of epigenetic information has
been of enormous consequence in reorienting our efforts and opening new
doors in cancer research.
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Epigenetic changes are those heritable modifications that do not involve a
change in gene sequence. In particular, these changes are involved in protect-
ing cells from endoparasitic sequences, maintaining the imprinting and X-
chromosome expression patterns and the identity of cells within a tissue type.
In cancer, epigenetic alterations participate in and determine the loss of the
original identity of the cell and are known to play a key role in cancer devel-
opment and progression.

One of the best-studied epigenetic alterations in cancer is that of the con-
tent and distribution of 5-methylcytosine in the genome. In normal cells,
methylation of the 5¢ carbon of the pyrimidine ring of cytosine in DNA is the
main epigenetic modification of the genome. In mammals, cytosine methyla-
tion occurs in the context of the CpG dinucleotide sequence. CpGs are rela-
tively infrequent in the genome, with the exception of regions of variable
length, between 0.5 and 2.0 kb, known as CpG islands. Most CpG islands are
coincident with the promoter of protein-coding genes and are normally
unmethylated, in contrast with the remaining CpGs, which are methylated.

Early analysis of the role of methylation using tissue-specific genes intro-
duced into mammalian cells by transfection gave rise to a general consensus
that DNA methylation directs the formation of nuclease-resistant chromatin,
leading to repression of gene activity (Keshet et al. 1986; Cedar 1988; Bird
1992). These conclusions have been greatly refined in recent years and
detailed mechanisms will be discussed below.

In cancer, three major events related to the balance of the 5-methylcytosine
have been demonstrated to occur: (1) the global reduction of 5-methylcyto-
sine content in the genome. This was the first change in DNA methylation to
be observed; (2) hypermethylation of the CpG island of many tumor-suppres-
sor genes associated with their transcriptional silencing; and (3) everything
occurs with a general increase in the expression of DNA methyltransferases
(DNMTs), the enzymes responsible for maintaining and establishing methyla-
tion. Thus, cancer is not a problem of the lack or the overexpression of
DNMTs; rather, it is the erroneous targeting of DNMTs to incorrect regions of
the genome.

Initially, global hypomethylation was thought to be the only significant
methylation change in cancer and it was believed that it might lead to the
massive overexpression of oncogenes. This is not the case.All the CpG islands
of oncogenes are unmethylated in normal cells and cannot be more ‘hypo-
methylated’ in cancer cells. However, there is a global decrease in 5-methylcy-
tosine content, which reflects a heterogeneous change in DNA methylation:
hypomethylation occurs in isolated CpGs scattered throughout the genome
and those CpG dinucleotides present in CpG islands experience hypermethy-
lation.

Currently, it is accepted that hypomethylation of repetitive and parasitic
DNA sequences correlates with a number of adverse outcomes in cancer. For
example, decreased methylation of repetitive sequences in the satellite DNA of
the pericentric region of chromosomes is associated with increased chromo-
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somal rearrangements, a hallmark of cancer. For instance, the finding that
DNMT3b mutations, which occur in ICF syndrome, cause centromeric insta-
bility is indicative of how global demethylation destabilizes overall chromatin
organization. Furthermore, decreased methylation of proviral sequences can
lead to reactivation and increased infectivity. In fact, one primary function of
DNA methylation is the suppression of transcription and expansion of para-
sitic elements such as transposons (e.g., SINES and LINES) (Yoder et al. 1997).
The vast majority of methylated CpGs in normal cells reside within repetitive
elements; global demethylation contributes to the reactivation of these para-
sitic sequences by transcription and movement.

The idea of the methylation of CpG islands of tumor-suppressor genes as a
mechanism of gene inactivation in cancer was proposed in 1994 (Herman et
al. 1994) when methylation-dependent silencing of the Von Hippel-Lindau
(VHL) gene was demonstrated to be a mechanism of gene inactivation in
renal carcinoma. In the following years, parallel studies in the laboratories of
Dr. Stephen Baylin and Dr. Peter A. Jones established that CpG island hyper-
methylation is a common mechanism of gene inactivation in cancer. Recently,
we have demonstrated that the profile of CpG island hypermethylation is spe-
cific to the tumor type (Esteller et al. 2001). The analysis of a few selected
hypermethylated CpG islands can be so powerful that they classify tumors of
unknown origin (Paz et al. 2003a). CpG island hypermethylation of tumor-
suppressor genes, which leads to their inactivation, is now considered the
major epigenetic alteration in cancer (Esteller 2002).

Our vision of the role of genetic lesions in the development and progres-
sion of cancer, accepted for many years, has evolved, and nowadays cancer is
accepted as having a double origin in which both genetic and epigenetic
defects are responsible for the onset and progression of the disease.

2
What Is Responsible for DNA Methylation 
and for How Deregulation Occurs?

Our appreciation of how DNA methylation changes can occur in cancer
depends on how well the DNA methylation machinery itself is understood.As
mentioned above, methylation occurs at the 5¢ carbon of cytosine, a relatively
unreactive position. The catalytic mechanism of DNA (cytosine-5)-methyl-
transferases has been proposed as being similar to that of thymidylate syn-
thetase, in which an enzyme cysteine thiolate binds covalently to the 6-posi-
tion. This pushes electrons to the 5-position to make the carbanion, which can
then attack the methyl group of N5,N10-methylenetetrahydrofolate. After
methyl transfer, abstraction of a proton from the 5-position may allow refor-
mation of the 5–6 double bond and release of the enzyme.

The first DNA cytosine-methyltransferase identified was revealed by
purification and cloning. It remains the sole mammalian DNA methyltrans-
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ferase to have been identified by biochemical assay (Bestor et al. 1988). This
enzyme, now termed DNMT1, is a protein that contains 1,620 amino acids and
exhibits a 5- to 30-fold preference for hemimethylated substrates. This prop-
erty led to the assignment of DNMT1 as the enzyme responsible for main-
taining the methylation patterns following DNA replication. However, there is
no direct evidence that DNMT1 is not also involved in certain types of de
novo methylation, and in fact DNMT1 is involved in most of the de novo
methylation activity in embryo lysates.
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Fig. 1. The DNA methylation system: DNMTs and MBDs. The two families of proteins are
represented: Above DNMTs. Regulatory and catalytic domains are indicated. DNMT2 con-
tains the full set of sequence motifs that are almost invariably diagnostic of DNA cytosine-
methyltransferases but has not been shown to have transmethylase activity by biochemical
or genetic tests. It also lacks the N-terminal domain characteristic of eukaryotic DNMTs.
The N-terminal regions of DNMT3A and DNMT3B are highly divergent on the N-terminal
side of the Cys-rich. DNMT3L lacks canonical DNMT motifs but is otherwise closely related
to the C-terminal domain of DNMT3A and DNMT3B. Below MBDs. The methyl-CpG bind-
ing domain is indicated. In the case of MecP2, its well-defined transcriptional repression
domain (TRD) is also depicted. MBD4 possesses a thymine glycosilase domain
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The remaining DNA methyltransferases were identified by searches of EST
databases. The first of these was DNMT2 (Yoder and Bestor 1998). This lacks
the large N-terminal regulatory domain common to other eukaryotic methyl-
transferases and does not exhibit comparable DNA methyltransferase activ-
ity, although it does seem to have some residual activity in vitro (Hermann et
al. 2003).

DNMT3a and DNMT3b were soon identified by searching EST databases
(Okano et al. 1998) and were proposed to be the enzymes responsible for de
novo methylation (Okano et al. 1999). Mutations in the human DNMT3B gene
are responsible for ICF syndrome. Figure 1 shows a schematic representation
of the DNMT family.

Although DNMTs were originally classified as maintenance or de novo
DNA methyltransferases, several strands of evidence indicate that all three
DNMTs not only cooperate but also may possess both de novo and mainte-
nance functions in vivo (Rhee et al. 2000; Kim et al. 2002; Chen et al. 2003; Paz
et al. 2003b).

Different hypotheses have been advanced to explain the aberrant patterns
of DNA methylation in cancer. However, the exact nature of the defects in the
methylation machinery in tumor cells is unknown. It has been proposed that
an aberrant expression of DNMTs is involved. Failure of the mechanisms that
control or prevent methylation in CpG islands in normal cells may also be
involved. On the other hand, the defect could occur in the mechanisms that
correct aberrantly methylated sequences. Finally, in several systems, methyla-
tion of histone H3 methylation has been demonstrated to precede DNA
methylation (Bachman et al. 2003). The possibility that defects in the histone
methylation machinery are involved in generating aberrant DNA methylation
patterns, while, at the same time, DNA methylation changes shift the histone
code, cannot be ruled out.

Although no satisfactory answers to this intriguing epigenetic feature of
tumoral tissues have been found, the fact that the methylation profile is spe-
cific to the tumor type suggests that the group of altered genes is important in
the development of each tumor type (Esteller et al. 2001). In fact, a Darwinian
evolutionary explanation for the specific profile of aberrant methylation has
also been invoked (Esteller 2002). It is possible that indiscriminate aberrant
methylation of CpG islands occurs, and that only the methylation and, there-
fore, the inactivation of certain genes confer the cells with some evolutionary
advantage over their neighbors, allowing proliferation and further selection
of those hypermethylated CpG islands.

3
Is Methylation Specific to the Tumor Type?

Several lines of evidence imply an active role of hypermethylation of tumor-
suppressor genes in the development of cancer. In the first place, hyperme-



thylation is an early event in cancer. However, the comprehensive analysis of
methylation in many different tumor types and gene promoters provides evi-
dence of the existence of a tumor-type-specific profile. In theory, CpG islands
should be the most ‘attractive’ substrate for DNA methylation, since, by defin-
ition, they contain a high concentration of CpG-rich sequences. It has been
speculated that there must be some factors that prevent unscheduled methy-
lation at CpG islands. Many questions arise: why do CpG islands become
methylated in cancer? Why do certain CpG islands become methylated while
others do not?

The identification of CpG islands that become methylated in cancer has
relied primarily on a candidate-gene approach. For this purpose, tumor-sup-
pressor genes whose mutations have been associated with cancer have pro-
vided a useful source of candidates. This type of approach has served to iden-
tify many methylated genes in cancer for which key roles in tumorigenesis
had previously been demonstrated.

The availability of genomic information since the almost completion of the
human genome sequencing projects has facilitated the development of new
strategies intended to identify novel genes that become methylated in cancer.
These genome-wide approaches include the use of microarrays (Suzuki et al.
2002), the use of methylation-sensitive restriction enzymes and the use of
two-dimensional gels (Costello et al. 2002), amplification of intermethylated
sites (Paz et al. 2003a) and the combination of chromatin immunoprecipita-
tion with genomic microarrays (Ballestar et al. 2003).

4
Connecting DNA Methylation Changes with Transcription:
Chromatin Mechanisms

The information stored by methylation of CpGs has functional significance
only in the context of chromatin. Since its discovery, DNA methylation has
been associated with a transcriptionally inactive state of chromatin; however,
the mechanisms by which DNA methylation is translated into transcription-
ally silent chromatin have only recently started to be unveiled.

Historically, several hypotheses have been proposed to explain the way in
which DNA methylation is interpreted by nuclear factors. The first possibility
is that DNA methylation inhibits the binding of sequence-specific transcrip-
tion factors to their binding sites that contain CpG (Tate and Bird 1993; Deng
et al. 2001). In this context, a protein with an affinity for unmethylated CpGs
has also been identified (Lee et al. 2001) that is associated with actively tran-
scribed regions of the genome (Lee and Slanik 2002). In this case, methylation
of CpGs would result in release of this protein.An alternative model proposed
that methylation may have direct consequences for nucleosome positioning,
for instance, by leading to the assembly of specialized nucleosomal structures
on methylated DNA that silence transcription more effectively than does con-
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ventional chromatin (Kass et al. 1997). The third possibility is that methyla-
tion leads to the recruitment of specialized factors that selectively recognize
methylated DNA and either impede binding of other nuclear factors or have a
direct effect on repressing transcription. Although there are examples that
support all three possibilities, the active recruitment of methyl-CpG binding
activities appears to be the most generally accepted mechanism of methyla-
tion-dependent repression.

MeCP1 and MeCP2 were the first two methyl-CpG binding activities to be
described (Lewis et al. 1992).While MeCP1 was originally identified as a large
multiprotein complex, MeCP2 is a single polypeptide with an affinity for a
single methylated-CpG. Characterization of MeCP2 in subsequent years led to
the identification of the minimum portion with affinity for methylated DNA,
i.e., its methyl-CpG binding domain (MBD) (Meehan et al. 1992) and its tran-
scriptional repression domain (TRD).

Database searches led to the identification of additional proteins harboring
the MBD, namely MBD1, MBD2, MBD3 and MBD4 (Hendrich and Bird 1998).
While mammalian MBD1 and MBD2 are bona fide methylated-DNA binding
proteins, MBD3 is able to bind methylated DNA only in certain species (Hen-
drich and Bird 1998; Wade et al. 1999). In the case of MBD4, this protein binds
preferentially to m5CpG ¥ TpG mismatches. The primary product of deami-
nation at methyl-CpGs and the combined specificities of binding and cataly-
sis indicate that this enzyme functions to minimize mutation at methyl-CpGs.
Figure 1 presents a schematic depiction of the MBD family.

In 1997, the laboratories of Dr Adrian Bird and Dr Alan Wolffe reported
that MeCP2 represses transcription of methylated DNA through the recruit-
ment of a histone deacetylase-containing complex (Jones et al. 1998; Nan et al.
1998). This finding established for the first time a mechanistic connection
between DNA methylation and transcriptional repression by the modification
of chromatin. Additional reports have established the mechanism by which
the remaining MBDs connect DNA methylation and gene silencing (Ng et al.
1999, 2000; Wade et al. 1999). Ng et al. (1999) reported that MBD2 is, in fact, a
component of the formerly identified MeCP1 complex, which exhibits histone
deacetylase activity. On the other hand, Alan Wolffe’s laboratory identified
MBD3 as a component of the Mi-2/NURD complex, which exhibits both his-
tone deacetylase and ATPase-dependent nucleosome remodeling activities
(Wade et al. 1999).

In order to understand the implications of the connections between DNA
methylation and histones, it is important to define the relevance of these post-
translational histone modifications to the determination of different chro-
matin states. Since the first reports of the occurrence of histone modifications
(Allfrey et al. 1964), 40 years of chromatin research has resulted in the descrip-
tion of a variety of histone modifications and the specificity of certain modi-
fications under particular physiological conditions. Most histone modifica-
tions occur in their protruding N-terminal tails. This specificity in the pattern
of modifications under particular conditions led to the proposal of the ‘his-
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tone code hypothesis’, according to which, histone modifications form a code
that may be read by nuclear factors (Strahl and Allis 2000; Turner 2002). Sev-
eral modifications are compatible with gene silencing. In general, histone
deacetylation leads to gene silencing. Furthermore, methylation of lysine 9 of
histone H3 has been associated with gene silencing (Fig. 2).

Following the finding of the coupling between DNA methylation and his-
tone deacetylation by MBDs, additional connections have been found. On the
one hand, DNMTs are known to be able also to recruit histone deacetylases
(Robertson et al. 2000; Fuks et al. 2001); while, on the other hand, both DNMTs
and MBDs have been reported to recruit histone methyltransferases that
modify lysine 9 of histone H3 (Fujita et al. 2003; Fuks et al. 2003a,b).

Moreover, novel methylated-DNA binding repressors have been identified.
The second group of methylated DNA binding proteins is composed of a sin-
gle member, known as Kaiso (Daniel and Reynolds 1999). Despite the absence
of a recognizable MBD motif, Kaiso clearly has the capacity to selectively rec-
ognize methyl CpG (Prokhortchouk et al. 2001). Kaiso, identified initially as a
p120 catenin-interacting protein by a yeast two-hybrid screen (Daniel and
Reynolds 1999), contains no signature MBD domain and is a member of the
BTB/POZ (Broad complex, Tramtrak, Bric-a-brac/Pox virus, and Zinc finger)
family of transcription factors (Daniel and Reynolds 1999). Kaiso requires at
least two symmetrically methylated CpG dinucleotides in its recognition
sequence and exhibits methylation-dependent repression in transient trans-
fection assays (Prokhortchouk et al. 2001). Although Kaiso may represent one
of the constituent subunits of the MeCP1 complex, it may also interact with
other factors to mediate methylation-dependent repression, such as N-CoR
(Yoon et al. 2003).
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Fig. 2. Interplay between CpG methylation and histone modifications. A nucleosome is
shown, where the gray cylinder represents the histone octamer and DNA is shown in red.
CpG methylation is accompanied by loss of acetylation (Ac) at both H3 and H4, loss of
methylation (Me) at lysine 4 of H3 and methylation at K9 of H3



Therefore, multiple connections are established between hypermethylation
of the CpG islands of tumor-suppressor genes in cancer and their transcrip-
tional silencing (Fig. 3). The specificity of these connections and the special
circumstances in which these different elements participate for different
genes remain to be determined.

In the case of MBD proteins, association with hypermethylated promoters
and their involvement in silencing their corresponding genes has now been
demonstrated in a number of cases (Magdinier and Wolffe 2001; Nguyen et al.
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Fig. 3. Multiple factors mediate methylation-dependent silencing of tumor-suppressor
genes in cancer. An array of nucleosomes is shown. Histone octamers are represented by
green circles. DNA is represented as a black line in which unmethylated CpG dinucleotides
are white circles, whereas methylated CpGs are black circles. Above The situation in an
unmethylated promoter in which transcription factors and histone acetyltransferases are
recruited and histones are acetylated (A). In cancer, DNA methyltransferases (DNMT)
recruit histone deacetylases (HDAC) and histone methyltransferases (HMTs). Methylated
promoters bind methyl-CpG binding proteins (MBDs) that recruit HDACs and HMTs. His-
tones are deacetylated and histone H3 is methylated at K9 (MK9) and facilitates binding of
HP1. Kaiso can also bind methylated DNA and recruits the N-CoR co-repressor complex



2001; Ballestar et al. 2003). In fact, MBD proteins appear to be a common fea-
ture of the methylated promoter of these genes, and also display a remarkable
specificity (Ballestar et al. 2003). Moreover, it has been proposed that fusion
proteins such as PML-RAR can contribute to aberrant CpG-island methyla-
tion by recruiting DNMTs and HDACs to aberrant sites (di Croce et al. 2002).
This latter activity is somewhat controversial, but, in any case, does not seem
to be a general mechanism, at least in leukemia patients (Esteller et al. 2002).
Research into these issues will lead in the near future to a better understand-
ing of how CpG islands become methylated and how this is precisely trans-
lated into specific chromatin structures.

5
Can We Reactivate Epigenetically Silenced Genes? 
Towards Epigenetic Therapy

Reversibility of epigenetic events provides a target for chemotherapeutic
intervention (Villar-Garea and Esteller 2003). The precise understanding of
how epigenetic silencing of tumor-suppressor genes occurs will surely lead to
the development of alternative chemotherapies. Nucleoside-analogue in-
hibitors of DNA methyltransferases, of which 5-aza-2¢-deoxycytidine (5-aza-
dC) is one of the most common, are able to demethylate DNA and restore
silenced gene expression. Unfortunately, the clinical utility of these com-
pounds has not yet been fully realized, mainly because of their side effects.
Alternative non-nucleoside inhibitors of DNA methyltransferases have
recently been found to function as demethylating agents. These include the
antiarrhythmic drug procainamide and the related anesthetic drug procaine
(Villar-Garea et al. 2003). Histone deacetylase inhibitors constitute alternative
novel targets for epigenetic chemotherapy. Some of these compounds have
been demonstrated to have anticancer properties.

Although all these compounds have been shown to reduce tumor growth,
alternative and more specific compounds are now being developed. The pos-
sibility of designing engineered zinc finger protein (ZFP) transcription fac-
tors (TFs) to modify specifically the expression of individual genes is now
being investigated (Jamieson et al. 2003; Snowden et al. 2003).
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Developmental Regulation 
of the b-Globin Gene Locus

Lyubomira Chakalova, David Carter, Emmanuel Debrand,
Beatriz Goyenechea, Alice Horton, Joanne Miles, Cameron Osborne,
Peter Fraser

Abstract The b-globin genes have become a classical model for studying reg-
ulation of gene expression. Wide-ranging studies have revealed multiple lev-
els of epigenetic regulation that coordinately ensure a highly specialised, tis-
sue- and stage-specific gene transcription pattern. Key players include
cis-acting elements involved in establishing and maintaining specific chro-
matin conformations and histone modification patterns, elements engaged in
the transcription process through long-range regulatory interactions, trans-
acting general and tissue-specific factors. On a larger scale, molecular events
occurring at the locus level take place in the context of a highly dynamic
nucleus as part of the cellular epigenetic programme.

1 Introduction

Our picture of gene regulation at the transcriptional level, and particularly
the functional relationships with higher-order chromatin and nuclear struc-
ture, remains largely incomplete.Any given gene is subject to many regulatory
echelons that ultimately control when and where it is transcribed as well as
the level of transcription. These include the transcription factor environment,
regional and distal controlling elements, local chromatin conformation, chro-
matin modifications, as well as higher-order folding and nuclear organiza-
tion. Many of these parameters encode or have the potential to be influenced
by epigenetic information. Though the b-globin locus has long served as a
paradigm in the study of many of these regulatory levels, the recognition of
epigenetic control of developmental b-globin gene expression has only
recently emerged. This chapter is not intended to be an exhaustive review of
the literature on globin gene regulation, but will instead focus on some of the
key elements of potential epigenetic control.
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2 The b-Globin Clusters and Their Ontogeny

The a- and b-like globin genes are very highly expressed in erythroid cells,
making up approximately 90 % of the total poly(A) RNA in mature reticulo-
cytes (Hunt 1974). This is due in part to the exceptionally high levels of globin
gene transcription. The b-like genes are clustered on chromosome 7 in mice
and chromosome 11 in humans. The temporal and spatial expression of the
genes is tightly regulated during development, providing an appropriate and
unique haemoglobin type for each stage. The structure and regulation of the
mouse and human b-globin loci are similar in many aspects (Fig. 1).

The mouse b-globin cluster contains four genes (ey,bH1,bmaj, and bmin),
while the human locus contains five genes (e, Gg, Ag,d, and b). In both cases the
linear arrangement of the genes along the chromosome reflects the develop-
mental order of expression. This phenomenon, often referred to as co-linear-
ity, has been observed in other gene clusters such as the hox genes (Kmita and
Duboule 2003). During human development e-globin is expressed from
6–8 weeks of gestation in primitive nucleated erythroid cells derived mainly
from the embryonic blood islands of the yolk sac (Collins and Weissman
1984). As the major site of erythropoiesis changes to the fetal liver, the e gene
is silenced and transcription of the g-globin genes is switched on. At around
the time of birth the main site of erythropoiesis changes again to the adult
bone marrow concomitant with a further ‘switch’ in gene expression. Ery-
throid cells from the bone marrow express predominantly the b-globin gene
(95 %); however, low levels of d- and g-globin expression are detectable.
Though the g genes are normally considered to be silenced in adult erythroid
cells, low-level g expression is the result of transient expression in the early
stages of adult erythroid differentiation (Pope et al. 2000; Wojda et al. 2002;
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Fig. 1. Maps of the human, mouse, and chicken b-globin loci. Genes are presented as boxes:
black boxes represent globin genes; open boxes olfactory receptor genes; grey box the
chicken folate receptor gene. Genes transcribed in the sense direction, such as all globin
genes, are located above the line; genes transcribed in the opposite direction are below the
line. Vertical arrows indicate DNase-hypersensitive sites



Chakalova et al., unpubl. observ.). The d-globin is normally expressed at low
levels throughout adult life (2.5 % of the b-globin-like protein), which may
reflect deficiencies in its promoter sequence.

In mice, red blood cell formation begins at day 8 in yolk sac blood islands
and by day 9 primitive, nucleated erythrocytes are released into circulation
from the yolk sac. These cells express primarily the embryonic ey and bH1
genes, although low levels of bmaj and bmin transcription are detectable
(Brotherton et al. 1979; Trimborn et al. 1999). Interestingly, the transcriptional
output of each gene is inversely proportional to its distance from the
upstream locus control region (Trimborn et al. 1999; see also discussion
below). The fetal liver becomes the main site of erythropoiesis after day 10,
giving rise to definitive erythroid cells. The embryonic genes ey and bH1 are
completely silenced and the adult bmaj and bmin genes are transcriptionally
upregulated to full activity which persists into adult life (Brotherton et al.
1979; Trimborn et al. 1999).

The human b-globin locus has also been studied by inserting part, or all, of
the locus into transgenic mice. Transgenic mice containing the entire human
globin locus express e-globin and g-globin in primitive erythrocytes derived
from the yolk sac (Strouboulis et al. 1992; Peterson et al. 1993). The switch to
expression in the fetal liver occurs after day 10 and is accompanied by com-
plete silencing of e and persistent but reduced transcription of the g genes,
concomitant with increased d- and b-gene transcription (Strouboulis et al.
1992; Peterson et al. 1993; Fraser et al. 1998). By day E16.5 g-gene silencing is
nearly complete, whereas d- and b-gene transcription continues through
adult life. Though there are differences that may be attributable to the dra-
matically shortened gestation period, the consistent observation that spatial
and temporal globin switching of the human genes can be retained in a trans-
genic mouse highlights the degree of conservation between the human and
mouse b-globin loci.

3
Models for Studying the b-Globin Locus

Over the years many experimental systems have been employed to study the
b-globin genes. The best methods involve looking directly at the organism in
question. To this end, chicken and mouse have been widely used as model sys-
tems to study developmental regulation. Though the literature is rich in the
characterization of specific mutations that affect expression in the human
locus (Stamotoyannopoulos and Grosveld 2001), developmental analysis pre-
sents more of a challenge for ethical and logistic reasons; so various alterna-
tives have been sought. As described above, the human locus can be cloned
and inserted into mice. In such transgenic mice many of the features of the b-
globin locus, including tissue and developmental specificity, are retained.
Thus, transgenic mice provide a reasonable and useful method to assay func-
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tion in the human locus, although caution must be exercised when interpret-
ing the results. An alternative to studying the organisms in vivo is to use cell
lines. Cell lines have been isolated that appear to reflect some aspects of ery-
throid and developmental specificity. For example, murine erythroleukaemia
(MEL) cells, immortalized with the Friend leukaemia virus (Friend et al. 1966;
Marks and Rifkind 1978), are thought to represent a murine pro-erythroblast
stage cell. They can proliferate in a predifferentiated state, or be induced to
differentiate with a variety of chemical compounds into cells that mimic the
adult stage of murine erythroid development, expressing bmaj and bmin.
Erythroid cell lines from chicken, human, and mouse have been very useful in
studying various aspects of globin gene regulation; however, it should be
noted that none of them reproduces the magnitude of gene expression
dynamics seen in the globin locus in vivo nor fully recapitulates the epige-
netic changes associated with development.

More recently, attention has focused on manipulation of the endogenous
mouse locus by homologous recombination as a means of functional analysis
of the locus. This approach represents the most definitive system for func-
tional analyses of a complex gene locus.

4
The LCR Is Required for High-Level Expression

The globin genes are transcribed at exceptionally high levels in erythroid
cells. Initial attempts to characterize the DNA sequence elements responsible
for this high-level activation concentrated on the regions immediately flank-
ing the gene (Wright et al. 1984; Townes et al. 1985; Kollias et al. 1986;
Behringer et al. 1987; Antoniou et al. 1988). Many b-globin transgenic mice
were generated with various promoter and downstream sequences (Chada et
al. 1986; Kollias et al. 1986, 1987). Though much useful information was
gained regarding gene-proximal regulatory elements, the level of expression
generated in such mice was highly variable, and in most cases one or two
orders of magnitude lower than the endogenous mouse globin genes. The
variability of expression in different transgenic lines was attributed to
genomic position effects (PE) at the site of integration. PE can be either posi-
tive or negative presumably depending on the chromatin flanking the trans-
gene. Transgene integration in or near constitutive heterochromatin such as
pericentromeric regions is now generally recognized as one of the causes of
some types of transgene silencing in mammals (Festenstein et al. 1996; Milot
et al. 1996). Position effect variegation (PEV), which was initially recognized
in yeast and Drosophila and has now been seen for a number of genes in ver-
tebrates, results in clonal heritable silencing of a transgene in a subpopulation
of cells of a tissue. PEV has also been observed in non-centromeric transgene
integration sites (Savelier et al. 2003). For globin transgenes affected by PEV it
is worth noting that whilst overall expression is low due to the reduced num-
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ber of expressing cells, erythroid specificity and developmental timing is
often retained (Milot et al. 1996). Collectively, these results suggest that the
sequences immediately flanking the globin gene contribute to tissue- and
developmental-specific expression but are insufficient to overcome the effects
of the surrounding chromatin to ensure high-level expression in all cells.

Clues that distant elements were involved in globin gene regulation came
from naturally occurring deletions in humans that led to deregulation of the
b-globin genes. Patients with b-thalassaemia have severely reduced HbA
(adult hemoglobin) due to downregulation of b-globin gene transcription.
Several thalassaemia mutations have been identified and characterized; the
most informative in this case are the large deletions involving regions
upstream of the b gene such as the Dutch thalassaemia (van der Ploeg et al.
1980; Kioussis et al. 1983; Harteveld et al. 2003), English thalassaemia (Curtin
et al. 1985; Curtin and Kan 1988), and Hispanic thalassaemia deletions
(Driscoll et al. 1989; Forrester et al. 1990). In the search for potential distant
regulatory elements, DNase I-hypersensitive sites (HS) in the b-globin locus
were mapped. Several erythroid-specific HS were found in a 15-kb region
upstream of the e gene (Tuan et al. 1985; Forrester et al. 1986, 1987; Grosveld
et al. 1987). Collectively known as the locus control region (LCR) each HS con-
tains a core with several binding sites for erythroid and ubiquitous transcrip-
tion factors (Philipsen et al. 1990; Talbot et al. 1990; Pruzina et al. 1991; Strauss
and Orkin 1992; Furukawa et al. 1995; Goodwin et al. 2001).When the LCR was
linked to the b-globin gene and inserted into transgenic mice, the level of b-
gene expression was found to be equivalent to the endogenous mouse globin
genes (Grosveld et al. 1987). The LCR was able to drive high-level expression
of the gene in all transgenic mice regardless of the integration site, and the
level of expression was directly proportional to the number of LCR–gene con-
structs integrated. Thus the LCR was functionally defined as a sequence that
confers integration-independent, copy number-dependent, high-level expres-
sion upon a linked transgene. The LCR’s ability to drive expression regardless
of integration site was postulated to be due to a positive chromatin opening
activity that allowed it to ‘open’ the chromatin of the adjacent transgene
regardless of the site of integration. Indeed, analyses of a number of different
LCRs linked to transgenes have demonstrated that even the repressive effects
of pericentromeric heterochromatin can be overcome by a complete LCR
(Festenstein et al. 1996; Milot et al. 1996; Kioussis and Festenstein 1997; Fraser
and Grosveld 1998). The LCR was also shown to be capable of reprogramming
heterologous genes, through its ability to drive erythroid-specific expression
of non-erythroid genes (Blom van Assendelft et al. 1989). These findings led
to suggestions that the LCR was responsible for opening the entire b-globin
locus in erythroid cells. However, conclusive evidence showing that the LCR is
not necessary for chromatin opening was provided by seminal experiments in
which the mouse and human LCRs were deleted by homologous recombina-
tion (Epner et al. 1998; Reik et al. 1998; Alami et al. 2000). Globin gene expres-
sion was virtually abolished in the absence of the LCR in the human locus
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whereas b-gene expression in the mouse locus was greatly reduced but still
developmentally specific. However, the erythroid-specific open chromatin
structure and histone hyperacetylation of the locus were maintained in the
absence of the LCR (Schubeler et al. 2000). Collectively, these results show that
the LCR is required for high-level transcription of the globin genes, but they
also demonstrate that other sequence elements in the locus control opening
and maintenance of an active chromatin structure.

5
The Role of Individual HS

The functional contribution of the different HS has been dissected in many
experiments. The initial approaches assayed gene expression in small con-
structs containing one or all of the LCR HS(s) linked to a gene. As the tech-
nology for larger transgenes became available, individual HS deletions were
assayed in what were often described as ‘full locus’ constructs. Human HS1,
HS2, HS3, and HS4 can all increase the level of expression of a linked gene
depending on the experimental system. Interestingly, HS2 is the only LCR HS
with classical enhancer activity (Tuan et al. 1989; Moon and Ley 1991), which
by definition is a sequence element that can enhance expression of a linked
transgene in a transient transfection assay in either orientation, upstream or
downstream relative to the gene. All of the other HS show little activity in this
type of assay. However, when integrated into chromatin, as occurs in stably
transfected cells, both HS2 and HS3 were able to drive increased expression
levels, indicating that the sites are functionally distinct (Collis et al. 1990). In
transgenic mice, Human HS1, HS2, HS3, and HS4 were able to significantly
increase transgene expression levels depending on the developmental stage
assayed (Ryan et al. 1989; Fraser et al. 1990, 1993; Jackson et al. 1996). HS2 and
HS3 appeared to provide the bulk of the activity at most developmental stages
(Fraser et al. 1990, 1993). In general, expression of linked genes increased in an
additive rather than a synergistic fashion when multiple HS were included in
the same construct (Collis et al. 1990; Fraser et al. 1990). Interestingly, in
multi-gene constructs the developmental pattern of g- versus b-gene expres-
sion varied depending on the HS used, suggesting distinct developmental
specificities (Fraser et al. 1993). HS3 was the only site capable of driving g-
gene expression in the fetal liver, while HS4 activity peaked during b-gene
expression in adult cells. Deletion of single HS from YAC transgenes appears
to support the findings of developmental or gene specificities for some of the
LCR HS in the human locus (Peterson et al. 1996; Navas et al. 1998, 2001, 2003).
However, similar phenomena were not as apparent in knockouts of single HS
in the endogenous mouse locus (Fiering et al. 1995; Hug et al. 1996; Bender et
al. 2001). When the core of HS2, HS3, or HS4 was removed, expression of the
globin genes was severely reduced (Bungert et al. 1995, 1999). Likewise, sub-
stitution of one HS core for another resulted in greatly reduced expression,
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again suggesting that each HS plays a unique role. Deletion by homologous
targeting of HS1, HS2, HS3 or HS4 lead to modest reductions in adult globin
expression consistent with the additive effect on transcription as observed in
transgene constructs (Fiering et al. 1995; Hug et al. 1996; Bender et al. 2001).
Deletion of HS2 had the largest effect in adult erythroid cells, reducing gene
expression levels to 65 % of wild type. On the other hand, deletion of HS5 and
HS6 (Bender et al. 1998; Farrell et al. 2000) had little or no apparent effect on
gene expression levels in adult erythroid cells. Collectively, these findings are
consistent with the assertion that HS1–-4 all contribute to increasing gene
expression levels but appear to achieve this via distinct mechanisms. Human
HS2 can act as a classical enhancer, whilst HS1, HS3, and HS4 may increase the
level of expression through chromatin-mediated, gene-specific, developmen-
tal or structural mechanisms.

6
Gene Competition and the LCR Holocomplex

An unusual phenomenon occurred when the adult b-globin gene was linked
to the LCR in transgenic mice. Expression was seen in fetal and adult cells as
expected, but abnormal expression of the b gene was also observed in embry-
onic cells (Enver et al. 1990; Hanscombe et al. 1991). Interestingly, placement
of a g gene between the b gene and LCR restored correct developmental
expression of the b gene. In such LCR-g/-b constructs g was expressed nor-
mally in embryonic and early fetal cells while b was expressed in fetal and
adult cells. Reversal of the gene order, i.e. LCR-b/-g, led to co-expression of
both genes in embryonic cells followed by fetal silencing of the g gene. These
experiments were interpreted as evidence of gene competition for the LCR
and suggested a looping mechanism in which the LCR interacted preferen-
tially with the nearest gene promoter in embryonic cells, thereby suppressing
transcription of a downstream gene. One prediction of the gene competition
hypothesis was that the LCR could activate only one gene in cis at any given
moment. This was tested in single cells by RNA FISH (fluorescence in-situ
hybridization) to detect g- and b-primary transcripts in early fetal cells of
transgenic mice carrying a single copy of a 70-kb construct (Wijgerde et al.
1995). At this stage nearly all cells co-express both the g- and b-genes as
shown by immunofluorescent detection of g- and b-polypeptides (Fraser et
al. 1993). However, RNA FISH showed that in the vast majority of cells only a
single primary transcript signal was detected per locus. Since primary tran-
scripts have a very short half-life, detection is indicative of ongoing or very
recent transcription. Interestingly, a significant number of cells in homozy-
gotes showed transcription of the g-gene on one allele and transcription of
the b-gene on the other, showing that each locus could respond independently
and differently to the same trans-acting factor environment. Cells transcrib-
ing only the g-gene were observed containing large amounts of the develop-
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mentally late gene product b mRNA in the cytoplasm, demonstrating that
transcription of the genes alternated or switched back and forth. These results
supported the gene competition hypothesis and lead to the LCR flip-flop
model in which it was proposed that the LCR formed semi-stable interactions
with individual genes to activate transcription (Wijgerde et al. 1995). The
competition mechanism was extended to suggest that developmental regula-
tion of the entire cluster was accomplished through polar gene competition
for the LCR. In the early stages, sequestration of the LCR by the e- and g-genes
was implicated in the prevention of b-gene transcription. Silencing of the e-
gene in fetal cells would then allow the LCR to occasionally interact with the
b-gene in competition with the g-genes, and, finally, g-gene silencing in bone
marrow-derived cells led to sole expression of the b-gene by default. This sce-
nario was further supported by transgenic experiments in which the e-gene
and flanking sequences were deleted and replaced with a marked b-gene (Dil-
lon et al. 1997). In these mice the marked b-gene was transcribed in embry-
onic cells and partially suppressed g-gene transcription. In fetal cells, g
expression was completely suppressed by the LCR-proximal b-gene as was
fetal and adult transcription of the wild-type b-gene in its normal down-
stream position. Although it is clear from several experiments that gene com-
petition for the LCR occurs, the suggestion that it is responsible for develop-
mental regulation of the locus requires caution since in nearly every case the
genes were removed from their normal epigenetic context (see below). Never-
theless these and other data led to the postulation of the LCR holocomplex
theory (Ellis et al. 1996). This idea proposes that all the HS in the LCR interact
to form a univalent nucleoprotein structure (the holocomplex) capable of
interacting with and activating transcription of a single globin gene at one
time.

7
The b-Globin Locus Resides in a Region 
of Tissue-Specific Open Chromatin

The b-globin loci of human and mouse are embedded in clusters of olfactory
receptor genes (Org) that are transcriptionally silent in erythroid tissues (Bul-
ger et al. 1999, 2000). The chicken b-globin locus is flanked on the 3¢ side by
Orgs but has an erythroid-expressed folate receptor (FR) gene upstream (Litt
et al. 2001a). General DNase I sensitivity of the b-globin locus has been
assayed at various resolutions in the mouse, human and chicken. The chicken
locus which is the most highly characterized in terms of DNase I sensitivity
has four genes. The chicken LCR and globin genes lie in an approximately 30-
kb region of open chromatin (Felsenfeld 1993; Litt et al. 2001b). Directly
upstream of the LCR is a 16-kb stretch of relatively closed chromatin followed
by the FR gene that is expressed in erythroid cells prior to b-gene activation
(Prioleau et al. 1999). The human locus is also in a large region of open chro-
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matin, but appears to be further divided into developmentally controlled sub-
domains of increased sensitivity to DNase I digestion (Gribnau et al. 2000).
The LCR and active genes lie in regions of hyperaccessible chromatin, while
the developmentally inactive globin genes are surrounded by chromatin of
intermediate sensitivity compared to a non-erythroid gene. This pattern
changes during development concurrent with the gene expression pattern.
The mouse locus also resides in a relatively open chromatin region that spans
approximately 150 kb from upstream of the –62.5 HS to downstream of 3¢HS1
(Bulger et al. 2003). Some evidence from MEL cells suggests that the mouse
locus is also divided into subdomains of differential sensitivity (Smith et al.
1984). The open region upstream of the mouse LCR contains a number of Org,
which raises questions as to how these genes are kept silent in erythroid cells
especially in view of their proximity to the LCR, which has been shown capa-
ble of activating heterologous genes.

8
The Role of Insulators

Insulators are sequence elements capable of enhancer blocking and/or chro-
matin barrier activity (Bell and Felsenfeld 1999). Several insulator elements
have been described so far, but the most highly characterized vertebrate insu-
lator is the chicken b-globin LCR element HS4. HS4 resides at the very 5¢ end
of the b-globin locus in chicken and marks the transition between the highly
condensed chromatin upstream and the open chromatin of the globin locus
(Hebbes et al. 1994; Prioleau et al. 1999). When HS4 flanks a transgene, the
expression of that gene in transformed cells is stably maintained (Pikaart et
al. 1998; Mutskov et al. 2002). In the absence of the insulators the transgene is
silenced soon after transfection, a process associated with increased levels of
H3/K9 methylation. Flanking HS4 insulators thus appear to possess a chro-
matin barrier function, which is thought to prevent the spread or influence of
nearby repressive chromatin (Litt et al. 2001b; Mutskov et al. 2002). HS4 is also
able to block the action of an enhancer when placed between the gene and
enhancer in transfection assays. The enhancer blocking activity is mediated
by the CTCF protein, and is separable from the chromatin barrier function
(Recillas-Targa et al. 2002). Potential CTCF binding sites have been identified
by sequence analysis in both human and mouse HS5 and 3¢HS1 (Farrell et al.
2002). These sites have been assessed for CTCF binding in vitro and enhancer-
blocking activity. Mouse 3¢HS1 showed CTCF-binding activity comparable to
chicken HS4, and only slightly lower enhancer-blocking activity (Farrell et al.
2002). Consistent with this data, it has been shown that the 3¢ chromatin
boundary of the mouse locus resides near 3¢HS1 (Bulger et al. 2003). Human
3¢HS1, and both human and mouse HS5, have an intermediate affinity for
CTCF, and intermediate to low enhancer-blocking activity (Farrell et al. 2002).
However, deletion of human and mouse HS5 from their endogenous positions
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had little or no effect on chromatin structure, or globin, or Org expression
(Reik et al. 1998; Farrell et al. 2000; Bulger et al. 2003), suggesting that these HS
do not play a major role in locus organization or preventing LCR activation of
the Org genes. Chromatin immunoprecipitation using antibodies against
CTCF in mouse suggests that it may bind at the upstream –62.5 HS (Bulger et
al. 2003). These HS did not show enhancer-blocking activity, but the transi-
tion of closed to open chromatin was mapped to a region closely upstream,
suggesting they may be involved in the formation of a chromatin domain
boundary (Bulger et al. 2003). Thus the role of insulators in the human and
mouse globin loci is not entirely clear nor is the function of chicken HS4 in its
endogenous position. It is possible that these loci may not be completely anal-
ogous and, therefore, it remains to be seen what role HS4 plays in the organi-
zation of the chicken b-globin domain and whether it prevents inappropriate
activation of the upstream FR gene as suggested by its chromatin barrier and
enhancer-blocking activities seen in transfection experiments.

9
Intergenic Transcription

Intergenic transcripts were first described in the b-globin locus by Imaizumi
et al. (1973) as long RNA species encompassing both intergenic and gene
sequences. These giant transcripts were interpreted as examples of eukaryotic
polycistronic pre-mRNAs, similar to the prokaryotic polycistronic RNAs that
had recently been discovered. The discovery of b-globin primary transcripts
and intron splicing led to the rejection of the vertebrate polycistronic tran-
script theory, and intergenic transcripts were largely dismissed as an artefact.
However, b-globin intergenic transcripts re-emerged in the 1990s (Tuan et al.
1992; Ashe et al. 1997; Kong et al. 1997; Gribnau et al. 2000) and were shown to
be rare, long, erythroid-specific, nuclear-restricted RNA molecules, encom-
passing both the LCR and intergenic regions. The direction of intergenic tran-
scription in the locus is the same sense direction as gene transcription (Ashe
et al. 1997). Subsequent work showed that intergenic transcripts in the human
b-globin locus are developmentally specific (Gribnau et al. 2000). At least
three subdomains have been defined in the human b-globin locus in trans-
genic mice on the basis of intergenic transcript abundance. The LCR subdo-
main, which is devoid of genes, is transcribed throughout development, while
transcription of the embryonic subdomain containing the e- and g-genes, is
five- to ten-fold higher in embryonic cells compared to adult cells. Transcrip-
tion of the adult subdomain encompassing the d- and b-genes is very low in
embryonic cells and five- to ten-fold higher in fetal and adult cells (Gribnau et
al. 2000). The same adult stage-specific pattern of intergenic transcripts seen
in the human transgene locus is also found in the endogenous human locus,
in ex vivo cultured adult erythroid precursors (Goyenechea et al., unpubl.
observ.; Miles and Fraser, unpubl. observ.). Similar developmental changes in
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intergenic transcription are also detected in the mouse locus (Chakalova et
al., unpubl. observ.). The most intriguing aspect of the intergenic transcrip-
tion pattern was its precise correlation with areas of increased general DNase
I sensitivity. Intergenic transcripts delineate the highly accessible chromatin
domains that surround the active genes and the LCR HS (Gribnau et al. 2000).
Recently, several groups have focused their attention on defining the start
sites of intergenic transcription.

10
Intergenic Promoters

The intergenic transcription initiation site for the adult subdomain is
located approximately 3 kb upstream of the d-gene in the human b-globin
locus in transgenic mice by 5¢ RACE (Gribnau et al. 2000). The upstream
region (referred to as the db promoter) does not contain a canonical TATAA
element or typical gene promoter elements. The db promoter behaves like a
weak promoter when linked to a promoter-less EGFP reporter gene in stable
transfection assays (Debrand et al. 2004). The level of EGFP expression per
cell is much lower with the db promoter compared to a gene promoter; how-
ever, a much larger percentage of cells express EGFP under the db promoter
in comparison to a gene promoter. In the b locus, non-coding transcripts ini-
tiated from the db promoter presumably extend through the entire db
domain since removal of the element leads to extinction of all intergenic
transcription throughout the subdomain (Gribnau et al. 2000; Debrand et al.
2004).

Intergenic promoters in the eg domain, active in embryonic red cells, have
not yet been pinpointed. Initiation in the LCR subdomain appears to be much
more complicated. Multiple sites within the LCR are capable of initiating tran-
scription (Tuan et al. 1992; Kong et al. 1997; Leach et al. 2001; Routledge and
Proudfoot 2002). Human HS2 gives rise to sense intergenic transcripts in ery-
throleukaemia K562 cells (Kong et al. 1997). Moreover, HS2 enhancer activity
appears dependent on its ability to produce intergenic transcripts (Tuan et al.
1992). Intrinsic intergenic promoter activity has also been shown for human
HS3 (Leach et al. 2001; Routledge and Proudfoot 2002). Upstream of the LCR,
transcripts are initiated from a human endogenous retroviral LTR element
located approximately 1 kb upstream of HS5 (Long et al. 1998; Plant et al.
2001). The properties of the LTR element have been partially dissected by
transient transfection analysis. The LTR fires long non-coding transcripts that
read through a downstream gene promoter, and that correlate with high-level
synthesis of the coding gene mRNA. Reversal of the direction of intergenic
transcription away from the gene drastically reduces initiation from the gene
promoter (Long et al. 1998), showing that the LTR possesses an intrinsic,
directional, enhancer-like activity associated with transcriptional sense. This
conclusion was most elegantly demonstrated by experiments in YAC trans-
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genic mice in which the LCR was inverted with respect to the genes by cre
recombinase (Tanimoto et al. 1999). LCR inversion severely reduced expres-
sion of all the b-genes.

11
Histone Modification and Developmental 
Globin Gene Expression

In recent years, much attention has focused on the correlation between post-
translational covalent modifications to the amino-terminal tails of histones
and gene expression status. The first demonstration of a link between histone
hyperacetylation and an ‘open’, DNase I-sensitive, chromatin structure was in
the chicken b-globin chromosomal domain (Hebbes et al. 1994). Chromatin
immunoprecipitation (ChIP) revealed a broad pattern of acetylation over the
33 kb of DNase I-sensitive chromatin containing the genes and LCR. Both the
transcriptionally active and previously active globin genes were found to be
acetylated; however, later analyses suggested that some of the developmen-
tally early genes picked up histone H3 lysine 9 (H3/K9) dimethylation, indica-
tive of inactive chromatin (Litt et al. 2001a). Using antibodies to a range of
acetylated histone isoforms and cell lines representing different stages of ery-
throid maturation, changes in the pattern of acetylation during differentia-
tion of the chicken b-globin locus and the neighbouring FR gene were
demonstrated (Litt et al. 2001b). Condensed chromatin and developmentally
inactive genes maintained the lowest acetylation, whilst activation of genes
correlated with a dramatic increase in acetylation (Litt et al. 2001b). Using
antibodies to dimethylated H3/K4 revealed a perfect correlation to the pat-
tern of histone acetylation. Dimethylation of H3/K9, however, was inversely
correlated.

Tissue-specific histone acetylation has also been demonstrated for the
mouse and human b-globin loci. Chromatin immunoprecipitation of the
murine b-globin locus in both primary tissue (fetal liver) and MEL cells
revealed an enrichment of histone H3 and H4 acetylation over the locus con-
trol region (LCR) and transcriptionally active bmaj and bmin gene promot-
ers, whilst the region encompassing the silenced embryonic genes ey and bH1
was relatively hypoacetylated (Forsberg et al. 2000). A higher resolution
analysis of histone modification across the murine b-globin locus in adult
anaemic spleen demonstrated the presence of subdomains of acetylation and
histone H3/K4 dimethylation over the LCR and the active bmajor and bminor
genes (Bulger et al. 2003). It was observed that in contrast to the chicken b-
globin locus, the pattern of histone acetylation and H3/4 dimethylation did
not precisely correlate with nuclease-sensitivity. There appeared to be a large
150-kb domain of nuclease sensitivity.

The histone H3 and H4 acetylation pattern of the human b-globin locus
has, until recently, only been analysed on human chromosomes that have
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been transferred into MEL cells (Schubeler et al. 2000). Assessing a limited
number of sites, the authors detected basal H3 and H4 acetylation throughout
the locus, with peaks of H3 acetylation at the LCR and the active b-globin
gene promoter. The peak of H3 acetylation at the promoter was lost in a
mutant locus with a deletion of HS2–5 of the LCR; however, the general pat-
tern of H3 and H4 acetylation was maintained.

High-resolution ChIP analysis of the human b-globin locus during devel-
opment in transgenic mice and in human adult primary erythroid cells has
revealed subdomains of histone H3 and H4 acetylation and also H3 K4 di- and
trimethylation (Miles and Fraser, unpubl. observ.). In embryonic blood the
enriched domains comprise the LCR and the transcriptionally active e- and g-
genes. These modifications correlate with the occurrence of intergenic tran-
scription and increased DNase I general sensitivity. In adult cells two clear
domains of modified chromatin exist surrounding the LCR and the d- and b-
genes, again matching precisely the pattern of intergenic transcription and
increased general DNase I sensitivity. Thus a tight correlation between ‘active’
histone modifications, intergenic transcription, and nuclease sensitivity
demarcate developmentally regulated subdomains in the human b-globin
locus.

12
The Role of Intergenic Transcription

The question of the functional significance of intergenic transcription has
been addressed by analyzing a number of deletions of the db promoter. A 2.5-
kb deletion was first studied in transgenic mice (Gribnau et al. 2000). As
expected, intergenic transcription in the adult domain is lost in the mutant
locus. More importantly, the adult domain fails to open to a DNase I hyperac-
cessible structure in definitive erythroid cells, showing that the deleted region
is essential for chromatin remodelling of the adult domain. Consequently,
transcriptional activation of the b-gene is also abolished. In contrast, devel-
opmentally specific transcription of the e- and g-genes is normal, indicating
that the defect is specific only for the adult domain. To exclude the possibility
that other elements in the deleted region contribute to the observed pheno-
type, a specific 300-bp deletion was engineered with cre/lox technology that
includes the minimal db promoter. The resultant phenotype exactly matches
that of the 2.5-kb deletion. The e- and g-genes are highly transcribed in all
embryonic erythroid cells, but b gene transcription in fetal and adult stages is
dramatically reduced. In addition, the adult domain does not acquire the
developmentally specific histone modifications normally present across
intergenic and gene regions (H3/K4 di- and trimethylation, and H3 and H4
acetylation). These results show that domain-wide chromatin remodelling is
dependent on the db promoter, strongly suggesting that transcription leads to
remodelling. This concept is further strengthened by biochemical studies,
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which show that ATP-dependent remodelling complexes, HATs, and histone
methyltransferases are associated with the elongating RNA polymerase II
complex (Orphanides and Reinberg 2000). Furthermore, transcription
through chromatin by RNAP II has been shown to be highly disruptive, lead-
ing to partial disassembly of nucleosomes in the wake of the polymerase com-
plex (Studitsky et al. 2004). This presents an ideal opportunity to modify
existing nucleosomal tails and/or insert replacement histones associated with
active chromatin. Thus intergenic transcription appears to be part of the
mechanism of an essential, processive, remodelling machine, which disrupts
chromatin fibres and modifies histones through the specific activities associ-
ated with the RNAP II complex.

13
The Cell Cycle Connection

Intergenic transcription is not continuous in erythroid cells. Approximately
15–25 % of globin loci show intergenic signals in a non-synchronized popula-
tion of erythroid cells assessed by RNA FISH. A number of assays have been
used to show that intergenic transcription is cell cycle regulated, occurring
primarily in G1 phase cells and also in early S phase (Gribnau et al. 2000).
Some evidence suggests that the G1 phase intergenic transcription occurs
directly after cells exit mitosis, while S phase-specific intergenic transcripts
are detectable on newly replicated globin alleles in early S phase. These are
major potential control points in chromatin remodelling and reorganization
in the cell cycle. In the first hour after mitosis, active gene loci are rapidly
decondensed and correct nuclear positioning is established (Dimitrova and
Gilbert 1999; Thomson et al. 2004). After DNA replication of the globin locus
in early S phase, epigenetic marks need to be re-established on newly repli-
cated daughter alleles. Thus cell type-specific chromatin states could be
implemented and/or existing epigenetic conformations maintained through
this process. A replication-independent chromatin assembly pathway has
been proposed, which includes transcription-coupled histone replacement.
This process is thought to occur in active chromatin through replacement of
histone H3 with the variant histone H3.3 during transcription (Ahmad and
Henikoff 2002a,b). Interestingly, H3.3 is highly enriched in modifications
associated with transcriptionally active chromatin, such as methylated
H3/K4, and deficient in heterochromatin-specific marks such as H3/K9
methylation (McKittrick et al. 2004). In Drosophila cells nearly all H3/K4
methylation is found on H3.3, suggesting that detection of H3/K4 methylation
(as seen in intergenic transcription domains in the globin locus) is indicative
of the replication-independent chromatin assembly pathway. Nucleosome
replacement also provides a mechanism for the activation of domains that are
silenced by presumably stable histone methylation marks.
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14
The Corfu Deletion

Over the years the many naturally occurring mutations in the b-globin locus
have provided a rich source of information regarding the effects of various
sequence elements on globin gene regulation (Collins and Weissman 1984;
Stamatoyannopoulos and Grosveld 2001). The Corfu mutation involves a 7.2-
kb deletion that removes the 5¢ part of the d-globin gene and several kilobases
of upstream sequence (Kulozik et al. 1988) including the db intergenic pro-
moter responsible for transcription of the adult subdomain (Fig. 2). This is the
smallest known deletion which removes a critical 1-kb region that appears to
be the minimal region of difference between deletions that cause HPFH
(hereditary persistence of fetal haemoglobin) or b thalassaemia (Collins and
Weissman 1984). HPFH is a relatively benign condition characterized by ele-
vated pancellular expression of fetal haemoglobin (HbF; product of the g
genes) in adult cells, while b thalassaemia can be a life-threatening anemia
resulting from abnormally low b-gene expression coupled with normal low
expression of the g genes (Stamatoyannopoulos and Grosveld 2001). Dele-
tions that remove the d- and b-genes result in thalassaemia, whereas similar
mutations that also delete the critical 1-kb region, located approximately 3 kb
upstream of the d-gene, often result in an HPFH phenotype. The Corfu muta-
tion has interesting phenotypic consequences depending on gene dosage.
Corfu heterozygotes have moderately reduced b-gene expression and normal
low-level g expression (~2 %). Paradoxically, Corfu homozygotes exhibit
greatly elevated HbF (80–90 %) and barely detectable HbA (product of the b-
gene). We have shown that the Corfu deletion which removes the intergenic
db promoter results in high-level transcription of the fetal g-genes on the
affected chromosome in both heterozygotes and homozygotes by RNA FISH
(Chakalova et al., unpubl. observ.). Post-transcriptional regulation of g mRNA
appears to be responsible for the low level of g expression in heterozygotes
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Fig. 2. Features of the human b-globin locus in adult erythroid cells. Active chromatin sub-
domains are represented by large black boxes. These domains show high levels of intergenic
transcription, nuclease hyperaccessibility, and histone modifications indicative of active
chromatin, such as H3 and H4 hyperacetylation, H3/K4 methylation. Active d- and b-gene
promoters are denoted by small arrows. Large arrows represent intergenic promoters across
the locus: LTR, HS3, HS2 and db promoter. Putative embryonic and fetal intergenic promot-
ers are shown as dashed arrows. The Corfu deletion is shown as a thick line below the map



which seems to be de-repressed in homozygotes. Intergenic transcription
analysis by RNA FISH reveals that intergenic transcripts in the db domain of
the deleted allele appear to initiate approximately 16 kb upstream of the
breakpoint, 5¢ of the g-genes (Goyenechea et al., unpubl. observ.). This entire
16-kb region which is normally in a closed conformation and unmodified in
adult cells exhibits increased DNase I sensitivity, hyperacetylation of H3 and
H4, as well as increased H3/K4 trimethylation. Thus it appears that deletion of
the normal 3¢ boundary of the g domain results in a fusion of the fetal and
adult domains and persistent activation of the intergenic promoter upstream
of the fetal g-genes. This persistent intergenic transcription through the g
domain is thought to unmask the g-genes, allowing greater access to the adult
transcription factor environment, and perhaps equally importantly recogni-
tion and interaction with the upstream LCR leading to high-level g-gene tran-
scription in adult cells in competition with the b-gene.

15
Higher Order Folding and Long-Range Regulation

High-level transcription of the globin genes is absolutely dependent on the
LCR. Although much indirect evidence suggested direct physical contact
between the LCR and genes as the mechanism of transcriptional activation,
direct evidence was lacking. Recently, two different techniques have been used
which have come to the same general conclusion: the LCR functions through
direct contact with the globin genes.The first method,RNA TRAP (tagging and
recovery of associated proteins), is a modification of the RNA FISH method
(Carter et al.2002).Briefly,hapten-labelled RNA FISH probes are hybridized to
nascent transcripts of an actively transcribing globin gene.Antibodies coupled
to horseradish peroxidase (HRP) recognize and bind the haptens on the RNA
FISH probes, concentrating HRP activity to the site of the transcribing gene.
The HRP is used to catalyze the activation of a biotin-tyramide molecule,
which covalently attaches and thus deposits biotin on chromatin proteins in
the immediate vicinity of the transcribing gene. Biotinylated proteins and
associated DNA are then purified and the enrichment of various DNA
sequences measured. RNA TRAP directed towards either the bmaj or bmin
genes reveals that the classical enhancer component of the LCR,HS2,is in prox-
imity to both genes when they are actively transcribed.The other HS (HS2,HS3
and HS4) appear to be more peripheral,or only transiently associated with the
gene, suggesting a major role for HS2 in transcription. This is consistent with
individual HS deletion studies,showing that deletion of HS2 leads to the largest
drop in expression compared to the other HS (Fiering et al. 1995; Hug et al.
1996; Farrell et al. 2000; Bender et al. 2001). The only HS found in proximity to
the active genes are HS1–4, totally consistent with functional studies, showing
that individual deletion of these HS has an effect on gene expression (Fiering et
al. 1995; Hug et al. 1996; Bender et al. 2001). Deletion of HS5 and HS6, which
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were not found in proximity to the genes by RNA TRAP, have been shown to
have no measurable effect on adult b-globin expression when deleted (Farrell
et al.2000).The HS at –62,–60 and 3¢HS1 also were never found in proximity to
the transcribing gene, suggesting no direct role in transcription. The spatial
arrangement of the different HS may give insight into their function in vivo.For
example, the proximity of HS2 to the active genes may represent a direct inter-
action with the transcriptional apparatus,whilst the more peripheral positions
of HS1, HS3 and HS4 could represent a different role in adding to the level of
transcription, perhaps by modulating chromatin or stabilizing the interaction
through binding to flanking sequences. However, it is also possible that HS1,
HS3 and HS4 are closely associated with the active gene (as is HS2) but are only
required transiently for activation.

The CCC (chromosome conformation capture) method involves cross-
linking chromatin in cells followed by restriction digestion and ligation under
dilute conditions, which favour intramolecular ligation (Dekker et al. 2002).
Distant genomic regions that are often in contact, and thus have high cross-
linking frequencies, are then detectable by PCR across the novel ligation junc-
tions. Though the resolution of CCC is somewhat poor compared to RNA
TRAP, the active b-globin genes were seen to ligate to the LCR at a higher fre-
quency than the inactive genes, again providing direct evidence for LCR–gene
contact (Tolhuis et al. 2002). However, unlike RNA TRAP, the CCC data sug-
gested contact between many other sequence elements such as the HS at –62
and –60 (approximately 35 kb upstream of the LCR) as well as HS5 and HS6 of
the LCR and 3¢HS1 located approximately 25 kb downstream of the bmin
gene. These data were interpreted as evidence of an active chromatin hub con-
sisting of a cluster of all the HS over the 150-kb region studied playing a role
in initiating and maintaining a structure conducive to transcription.

16
Nuclear Organization

As is the case with other genes, nuclear compartmentalization and organiza-
tion appears to impact b-globin gene regulation. Both the human locus on
chromosome 11 and the mouse locus on chromosome 7 reside in regions of
high gene density. Bickmore and colleagues have demonstrated a correlation
between the gene density of regions in which a particular gene resides and its
nuclear position relative to the chromosomal territory (Mahy et al. 2002b).
They found that genes on human chromosome 11 and mouse chromosome 7,
in the gene-rich region containing the globin genes, tend to be located on the
edge of the territory, or indeed outside the territory, presumably looped out
from the intensely stained territorial mass. In contrast, genes located in rela-
tively gene-poor regions tend to reside within the bulk of the territory.
Although transcription may be able to occur within the central regions of the
territory, extraterritorial positioning appears also to relate to transcriptional
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status or potential (Mahy et al. 2002a). Treatment of cells with transcriptional
inhibitors results in movement of extraterritorial regions to more territory-
proximal positions. Whereas the b-globin locus has been observed in a
slightly internal position relative to the chromosome territory and adjacent to
centromeric heterochromatin in lymphoid cells (Brown et al. 2001), it is often
in an extraterritorial position in MEL cells (Ragoczy et al. 2003).

The LCR is likely to contribute to functional positioning of the b-globin
locus. The human locus does not adopt an extraterritorial position in MEL
cell hybrids when the LCR has been deleted from chromosome 11 (Ragoczy et
al. 2003). Furthermore, the Hispanic thalassaemia deletion, which removes
the LCR and approximately 30 kb of upstream sequences including the LTR,
causes the locus to locate to centromeric heterochromatin (Schubeler et al.
2000), whereas loci with deletions that remove only parts of the LCR remain
positioned away from centromeric heterochromatin. This suggests that posi-
tioning away from repressive chromatin environments may be linked to
sequences outside the LCR.

17
Summary Model

Obviously, there is still much to learn regarding the gene activation pathway,
and though there are many gaps we are not deterred from proposing a general
hierarchy of events. The initial pre-activation of the b-globin locus domain
during erythroid differentiation in human and mouse most likely involves
chromatin modifications over a region of approximately 150 kb beginning
tens of kilobases upstream of the LCR and extending down to 3¢HS1. This
could probably best be described as a poised conformation in which the entire
locus is relatively decondensed compared to a non-erythroid locus, but not
quite as open as an active subdomain during gene expression. The HS at –62
and –60 in mouse and the potential human homologue at approximately
–110 kb may play a role in this initial opening along with other elements in the
locus (Bulger et al. 1999; Palstra et al. 2003). Intergenic transcription may be
involved in setting up this initial domain through very long, S phase-specific
intergenic transcription through the entire region. These changes may be
involved in preventing the globin locus from associating with repressive cen-
tromeric heterochromatin. As erythroid differentiation proceeds and the glo-
bin genes become activated, non-S-phase intergenic transcription in the LCR
and the developmentally appropriate active gene subdomains may promote
histone replacement with variant histone H3.3 and hyperacetylation of H3,
H4 and H3/K4 methylation. These modifications may allow increased factor
access and additional modifications of histones in promoter regions, for
example. This would promote LCR recognition of, and dynamic interaction
with, the appropriately modified gene(s) while ignoring intervening, distal, or
upstream genes lacking the proper conformation or modifications. The
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LCR–gene complex may promote extension of the locus beyond the confines
of the chromosome territory as a result of, or in order to facilitate, highly effi-
cient transcription of the globin genes.
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Epigenetic Regulation of Mammalian Imprinted
Genes: From Primary to Functional Imprints

Michaël Weber, Hélène Hagège, Nathalie Aptel, Claude Brunel, Guy Cathala,
Thierry Forné

Abstract Parental genomic imprinting was discovered in mammals some
20 years ago. This phenomenon, crucial for normal development, rapidly
became a key to understanding epigenetic regulation of mammalian gene
expression. In this chapter we present a general overview of the field and
describe in detail the ‘imprinting cycle’. We provide selected examples that
recapitulate our current knowledge of epigenetic regulation at imprinted loci.
These epigenetic mechanisms lead to the stable repression of imprinted genes
on one parental allele by interfering with ‘formatting’ for gene expression that
usually occurs on expressed alleles. From this perspective, genomic imprint-
ing remarkably illustrates the complexity of the epigenetic mechanisms
involved in the control of gene expression in mammals.

1
Introduction

From the classical point of view of Mendelian genetics, inheritance of each
parental allele of an autosomal gene in a diploid cell is considered as equiva-
lent. However, the discovery of parental genomic imprinting in mammals,
some 20 years ago, radically changed this conception.

Indeed, the two parental genomes do not equally contribute to embryonic
development. Mouse embryos issued from eggs containing two female pronu-
clei (gynogenotes) or two male pronuclei (androgenotes) have developmental
abnormalities and die before birth (McGrath and Solter 1984; Surani et al.
1984). Gynogenotes have placental defects, whereas androgenotes are charac-
terized by an overgrowth of extra-embryonic tissues. These phenotypes are
very similar to those observed in humans in the case of fertilization of an enu-
cleated oocyte by one or two spermatozoa, or spontaneous activation of an
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oocyte after duplication of the maternal genome. Thus, the paternal and the
maternal genomes have complementary roles and are both required for nor-
mal embryonic development.

The notion of genomic imprinting was also suggested by studies of mouse
embryos with uniparental disomies (i.e. mice that have inherited both copies
of a portion of a chromosome from the same parent). Such embryos show
strong developmental defects and, interestingly, it appeared that paternal or
maternal disomies have opposite effects on embryonic development (Cat-
tanach and Kirk 1985). Initially, ten distinct imprinted regions distributed
over six chromosomes were identified in the mouse genome (Cattanach and
Jones 1994) and some of them showed phenotypes similar to those observed
in human uniparental disomies (Ledbetter and Engel 1995).

Altogether, these observations supported the idea that some mammalian
genes might behave differently depending on the parental origin of the allele.
This hypothesis was demonstrated a few years later with the identification of
the first imprinted genes: H19 (Bartolomei et al. 1991), Igf2r (insulin-like
growth factor 2 receptor) (Barlow et al. 1991) and Igf2 (insulin-like growth
factor 2) genes (DeChiara et al. 1991). Indeed, these so-called imprinted genes
are stably repressed on one allele depending on its parental origin. By con-
vention, the repressed allele is defined as the one bearing the ‘imprint’. Nearly
80 imprinted genes have now been described in human and mouse. Over the
last decade, genomic imprinting acquired an important place in the field of
developmental biology, as it turned out to be essential for normal embryonic
development in mammals and to be altered in numerous human pathologies
(Lalande 1996; Falls et al. 1999).

2
Imprinting Evolution

2.1
Conservation of Parental Genomic Imprinting in Therian Mammals

The term ‘imprinting’ was first used to describe a phenomenon observed in
insects (Sciara sp.) leading to the inactivation of the paternal set of chromo-
somes (Crouse 1960). However, parental genomic imprinting, i.e. the repres-
sion of one allele according to its parental origin, has only been described in
mammals and in flowering plants (Baroux et al. 2002). One should also men-
tion that a form of epigenetic regulation depending on the ‘parental’ origin
also exists in yeast (Allshire and Bickmore 2000).

So far, investigations into imprinted genes have been mostly restricted to
human and mouse, two mammals belonging to the group of eutherians (pla-
cental mammals). To better understand the evolution of imprinting, studies
have been performed in metatherians (marsupials), prototherians (mono-
tremes) and birds. Based on the analysis of the Igf2 and Igf2r genes, genomic
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imprinting appears to be conserved in marsupials but not in monotremes or
in birds (Killian et al. 2000, 2001a; O’Neill et al. 2000; Nolan et al. 2001). These
data favour the hypothesis that genomic imprinting appeared some 150 mil-
lion years ago at the time when monotremes and therian mammals (placental
mammals and marsupials) diverged (Fig. 1).

However, the evolutionary history of some imprinted genes, like the Igf2r
gene, seems to be more complex. In contrast to what has been shown in
rodents, the IGF2R gene is not imprinted in humans (Kalscheuer et al. 1993;
Ogawa et al. 1993), although IGF2R imprinting has been found sporadically in
some individuals (Xu et al. 1993). A systematic analysis of imprinting of this
gene in several mammalian species confirmed that it is imprinted in rodents
and artiodactyls (sheep, cow, pig), but not in primates. This suggests that
imprinting of the IGF2R gene was lost some 75 million years ago in the pri-
mate lineage (Killian et al. 2001b).

2.2
Theories on the Evolution of Parental Genomic Imprinting

By silencing one allele of several autosomous genes, genomic imprinting
seems to be in contradiction with the evolutionary advantage of diploidy in
mammals. Therefore, it has become a fundamental challenge for mammalian
developmental biology to understand the functional significance of genomic
imprinting (Wilkins and Haig 2003).
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Fig. 1. Parental genomic imprinting and evolution of therian mammals. The Igf2 and Igf2r
genes are imprinted in placental mammals and in marsupials, but not in monotremes or in
birds. This suggests that genomic imprinting appeared some 150–200 million years ago in
the branch leading to therian mammals (placental and marsupial). The alternative theory of
mammalian evolution regroups the monotremes and the marsupials in the same lineage
excluding the placental mammals. In this case, one should imagine that imprinting
appeared independently in placental mammals and marsupials, or that it has been specifi-
cally lost in monotremes. * Igf2r is not imprinted in the primates (Killian et al. 2001b). Ref-
erences: 1 Nolan et al. (2001); 2 Killian et al. (2001a); 3 Killian et al. (2000); 4 O’Neill et al.
(2000)



2.2.1
The Parental Conflict Theory

One key to better understanding the emergence of genomic imprinting is to
point out that most imprinted genes are involved in the control of embryonic
development. Indeed, several imprinted genes code for factors involved in the
insulin pathway (Igf2, Igf2r, Ins2, Rasgrf1 and Grb10). Others code for factors
regulating placental development (Mash2, Igf2 and Ipl) (Guillemot et al. 1995;
Georgiades et al. 2001; Constância et al. 2002; Frank et al. 2002) or are involved
in brain development and maternal or neonate behaviour (Lefebvre et al.
1998; Li et al. 1999). Of course, some imprinted genes appear to be unrelated
to any of the above-mentioned functions, but one has to keep in mind that
some genes may be imprinted only because they are located within imprinted
domains.

Strikingly, paternally expressed genes tend to favour placental develop-
ment and/or fetal growth (Igf2, Ins2, Peg1/Mest, Peg3, Rasgrf1, Gtl2, Gnasxl),
whereas maternally expressed genes, with a few exceptions such as the Mash2
gene (Guillemot et al. 1994, 1995), exhibit an opposite effect (Igf2r, H19, Grb10,
Cdkn1c, Gnas, Ipl). This is coherent with the phenotype of both androgenotes,
which are large embryos, and gynogenotes, which present growth retardation.

These observations, together with the phylogenic distribution of genomic
imprinting (see Sect. 1.1), support the so-called parental conflict theory
(Moore and Haig 1991). According to this theory, genomic imprinting results
from a conflict between the paternal and maternal genomes concerning the
amount of nutrients allocated to the embryo. The interest of the father would
be to favour the growth of the embryos in order to maximize their survival
rates, even at the expense of future progenies of the mother. Indeed, these lat-
ter have little chance to develop since mammals are essentially polygamous.
Conversely, the interest of the mother would be to limit fetal growth in order
to save its own resources for future progenies. Therefore, in the embryo, pater-
nally inherited genes are selected to stimulate the extraction of resources
from the mother, whereas maternally transmitted genes are selected to limit
the extraction of resources from the mother.

Such a conflict would give a selective advantage to imprinted alleles versus
non-imprinted alleles for the genes involved in development. This model pre-
dicts that genomic imprinting should not appear in oviparous species
(monotremes and birds) since the amount of nutrients allocated to the
embryo is predetermined by the mother (Haig 1999). This theory also implies
that imprinted genes are not necessarily the same in each species, and, in this
respect, it has been shown that the Igf2r, U2af-rs1 and Tssc4 genes are
imprinted in mouse but not in human (Kalscheuer et al. 1993; Pearsall et al.
1996; Paulsen et al. 2000), whereas the Ltrpc5 gene is imprinted in human but
not in mouse (Paulsen et al. 2000). Similarly, the Rasgrf1 gene is imprinted in
rat and mouse, but not in Peromyscus, another rodent species (Pearsall et al.
1999).
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Following this logic, one could argue that genomic imprinting does not
present any intrinsic role in mammalian development, but only reflects a
‘parental conflict’ leading to monoallelic expression. From this point of view,
the phenotypes associated with imprinting defects in human and mouse
would not reflect a crucial role of genomic imprinting in development, but
would rather be due to the perturbation of gene dosage at imprinted loci
(Jaenisch 1997).

2.2.2
Alternative Theories

Several other theories have been proposed to explain the evolution of parental
genomic imprinting in mammals. Among these, one of the oldest suggests
that genomic imprinting evolved to prevent parthenogenesis (Solter 1988).
This hypothesis also inspired the ‘ovarian time-bomb’ theory, which proposes
that genomic imprinting has been selected to reduce the risks of trophoblast
invasion following the parthenogenetic activation of unfecundated oocytes
(Varmuza and Mann 1994). However, this theory is controversial (Haig 1994;
Moore 1994; Solter 1994).

A recent and original hypothesis proposes that the monoallelic expression
of some genes is only the consequence of a selective pressure maintaining dis-
tinct chromatin structures on paternal and maternal chromosomes in order
to facilitate pairing of homologous chromosomes, DNA recombination and
repair (Pardo-Manuel de Villena et al. 2000). However, this theory does not
explain why imprinting evolved only in therian mammals and why it mostly
affects genes involved in fetal development.

3
Characteristics of Mammalian Imprinted Genes

Most mammalian imprinted genes are clustered into large chromosomal
domains encompassing hundreds of kilobase pairs. These domains contain
both paternally and maternally expressed genes, which are often regulated by
a common imprinting centre. They may also contain genes that escape
imprinting and are biallelically expressed. This organization implies that
genomic imprinting has evolved at the level of large chromatin domains
rather than at the level of individual genes.

There are as many paternally as maternally expressed genes and, so far, no
sequences or structures that would always and only specify imprinting have
been identified. However, it has been established that the proportion of
imprinted genes associated with a CpG island is higher than for the other
genes, suggesting that the presence of a CpG island could be involved in the
establishment or the maintenance of parental imprints (Paulsen et al. 2000).
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Numerous imprinted genes also contain tandem repeats (Neumann et al.
1995). These repeats do not share any homology but can be differentially
methylated in male and female germ lines and are frequently located close to
differentially methylated regions (DMRs) (Smrzka et al. 1995; Tremblay et al.
1995; Moore et al. 1997; Pearsall et al. 1999), suggesting that they may be
involved in the establishment of differential methylation at imprinted loci.
This latter observation has led to the hypothesis that imprinting has evolved
from a host defence mechanism against parasitic repeat sequences (Barlow
1993). In the case of the Rasgrf1 gene, it has been clearly shown that repeats
located 3¢ of the DMR (41 nucleotides repeated 40 times) are required for the
establishment of the paternal methylation and the monoallelic expression of
the gene (Yoon et al. 2002). Remarkably, these repeats are missing in rodent
species in which this gene is not imprinted (Pearsall et al. 1999). In contrast,
for some other imprinted genes like Igf2 (Moore et al. 1997), H19 (Stadnick et
al. 1999) and Grb10 (Arnaud et al. 2003), repeats found in the mouse are not
conserved in human despite conservation of the adjacent DMRs, and func-
tional studies could not reveal any obvious role in genomic imprinting (Stad-
nick et al. 1999; Reed et al. 2001; Thorvaldsen et al. 2002).

Finally, it has been shown in human and mouse that imprinted chromoso-
mal domains show significantly reduced numbers of short interspersed trans-
posable elements (SINEs) (Greally 2002; Ke et al. 2002). One interpretation is
that these elements are excluded from imprinted loci because they are tar-
geted by DNA methylation and could alter the regulation of imprinting. These
studies also revealed that maternally expressed genes show a higher G/C and
CpG content than paternally expressed genes.

4
Epigenetic Control of Imprinted Genes

How can both alleles of an imprinted gene be differentially expressed in the
same cellular context despite having an identical nucleotidic sequence? The
answer is that parental genomic imprinting involves epigenetic modifications,
i.e. heritable modifications that affect gene expression without changes in the
DNA sequence. These parental-specific marks are initiated in the germ lines
and are maintained during embryonic development to distinguish the
parental origin of the alleles.

4.1
DNA Methylation

Methylation of cytosine residues is a major epigenetic modification in
eukaryotic genomes. In mammals, cytosine methylation occurs predomi-
nantly at CpG dinucleotides and is dispersed over the whole genome. These
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CpG dinucleotides are globally underrepresented in the genome, but some
sequences of several hundreds of base pairs, the so-called CpG islands, har-
bour a high CpG dinucleotide content. Paradoxically, these CpG islands have
the general property to remain usually unmethylated, and they often co-local-
ize with promoters of constitutively active genes (Larsen et al. 1992). However,
hypermethylation of promoter-associated CpG islands in tumour suppressor
genes has been described in many tumours and is probably involved in the
tumourigenic process (Baylin and Herman 2000; Esteller 2002). Finally, it has
also been proposed that CpG islands could play a role in DNA replication
(Delgado et al. 1998).

Over the last decade, several DNA methyltransferases (Dnmts) have been
identified in mammals. Dnmt1 was the first methyltransferase to be cloned in
mouse (Bestor et al. 1988), and then in human (Yen et al. 1992). DNMT1 has a
higher affinity for double-stranded hemimethylated DNA than for unmethy-
lated DNA, and is responsible for the maintenance of DNA methylation after
each cycle of replication. Thereafter, studies with Dnmt1-deficient cells sug-
gested that other enzymes account for the de novo DNA methylation activities
(Lei et al. 1996), and three candidates have been identified by sequence com-
parisons: Dnmt2, Dnmt3a and Dnmt3b (Okano et al. 1998a; Yoder and Bestor
1998). DNMT3a and DNMT3b turned out to be the major de novo DNA
methyltransferases in mammals, establishing genomic methylation patterns
during early development (Okano et al. 1999). Moreover, a mutation of the
human form of DNMT3b is associated with ICF syndrome (immunodefi-
ciency, centromere instability, facial abnormalities), characterized by
hypomethylation of the satellite sequences and by centromeric instability
(Okano et al. 1999; Xu et al. 1999). In addition, the Dnmt3 family members
seem also to be involved in the maintenance of DNA methylation patterns in
cooperation with Dnmt1 (Liang et al. 2002; Rhee et al. 2002). In contrast, the
biological function of Dnmt2 still remains elusive. Early attempts failed to
detect any catalytic activity for DNMT2, despite the presence of a catalytic
domain (Okano et al. 1998b), but recent studies have suggested that DNMT2
could have residual cytosine-5 DNA methyltransferase activity in vivo (Her-
mann et al. 2003; Liu et al. 2003; Tang et al. 2003).

DNA methylation is essential for embryonic development. Indeed, Dnmt1
inactivation in the mouse is embryonically lethal as a consequence of a global
demethylation of the genome (Li et al. 1992), whereas its partial inactivation
leads to chromosomal instability and increased tumour frequency (Gaudet et
al. 2003). Similarly, deficiency in Dnmt3a or Dnmt3b is lethal during embry-
onic development or shortly after birth, whereas double mutants die at the
gastrulation stage (Okano et al. 1999).

DNA methylation was the first epigenetic mark to be identified as playing a
role in genomic imprinting in mammals. As early as 1987, several studies
showed that the expression of a transgene could be regulated by the establish-
ment of distinct methylation profiles in parental gametes (Reik et al. 1987;
Sapienza et al. 1987; Swain et al. 1987). Thereafter, the function of DNA methy-
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lation was reinforced by the discovery that the H19, Igf2 and Igf2r genes con-
tain regions that are differentially methylated on the parental alleles (DMRs)
(Sasaki et al. 1992; Bartolomei et al. 1993; Brandeis et al. 1993; Ferguson-Smith
et al. 1993). Indeed, DMRs have now been described in most of the imprinted
genes.

However, the main argument in favour of a role of DNA methylation in
genomic imprinting comes from the observation that imprinted expression of
numerous genes is lost in Dnmt1 –/– mouse embryos (homozygous deletion
of the Dnmt1 gene) (Li et al. 1993; Caspary et al. 1998). Additionally, the over-
expression of Dnmt1 induces loss of imprinting of some genes because of
biallelic methylation of regulatory sequences (Biniszkiewicz et al. 2002). The
sole exception is the Mash2 gene that maintains monoallelic expression even
in the absence of Dnmt1 (Caspary et al. 1998; Tanaka et al. 1999). Finally, the
use of 5-azacytidine, a DNA methylation inhibitor, induces loss of imprinting
of numerous genes both ex vivo in cultured cells (El Kharroubi et al. 2001) and
in vivo in the mouse (Hu et al. 1997).

These works emphasize the fundamental role of DNA methylation in the
maintenance of genomic imprinting in mammals.

4.2
Histone Modifications

Other epigenetic modifications are associated with genomic imprinting in
mammals. DNase sensitivity experiments and chromatin immunoprecipita-
tion assays (ChIPs) performed on the Igf2/H19 (Bartolomei et al. 1993; Fergu-
son-Smith et al. 1993; Hark and Tilghman 1998; Hu et al. 1998; Szabo et al.
1998; Khosla et al. 1999; Pedone et al. 1999; Kanduri et al. 2000; Grandjean et
al. 2001), U2AF1-rs1 (Shibata et al. 1996; Feil et al. 1997; Gregory et al. 2001),
Igf2r (Hu et al. 2000) and Snrpn (Schweizer et al. 1999; Saitoh and Wada 2000;
Fulmer-Smentek and Francke 2001; Gregory et al. 2001) loci have demon-
strated that imprinted genes harbour different chromatin structures and his-
tone acetylation patterns on each parental allele (Feil and Khosla 1999). As a
general rule, the repressed methylated allele is characterized by compact
chromatin and histone deacetylation, whereas the unmethylated expressed
allele is characterized by nuclease sensitivity and histone acetylation. Differ-
ent profiles of histone H3 methylation have also been described: H3 lysine 9
methylation is associated with the repressed methylated allele, and H3 lysine
4 methylation is associated with the active unmethylated allele (Xin et al.
2001; Fournier et al. 2002).

However, the importance of histone modifications in the establishment of
imprinting remains to be clarified. The fundamental question is to know
whether histone modifications can act as primary imprinting marks in the
gametes, or if they are established after CpG methylation to maintain and
strengthen the repressed state of the chromatin. Indeed, recent studies in
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mammalian systems suggest that DNA methylation can direct histone modi-
fications (Hashimshony et al. 2003) through the recruitment of histone
deacetylases (HDACs) and histone methyltransferases (against lysine 9 of his-
tone H3) by the MBD proteins (methyl-CpG binding proteins) (Wade 2001;
Fujita et al. 2003; Fuks et al. 2003).

However, at the Snrpn locus, chromatin modifications seem to represent
imprinting marks that are independent of DNA methylation. In human, the
imprinting centre AS-SRO maintains differential allelic chromatin structure
in the absence of differential DNA methylation (Perk et al. 2002). Similarly, in
mouse, the preferential H3 lysine 9 methylation of the maternal sequence of
the PWS-IC is maintained in the absence of DNA methylation and appears to
be sufficient for Snrpn gene repression (Xin et al. 2001).

Finally, the repressed allele of numerous imprinted genes can be reacti-
vated by some DNA methylation inhibitors, but not by histone deacetylase
inhibitors (Saitoh and Wada 2000; El Kharroubi et al. 2001; Fulmer-Smentek
and Francke 2001; Grandjean et al. 2001; Lynch et al. 2002), suggesting that
DNA methylation is the major epigenetic mark for most imprinted genes.

4.3
Asynchronous DNA Replication Timing

Another characteristic of imprinted genes is that they replicate asynchro-
nously during the S-phase of the cell cycle. The initial observations were made
by FISH experiments on the mouse H19, Igf2 and Snrpn genes (Kitsberg et al.
1993) and on the human PWS/AS locus (Knoll et al. 1994; Gunaratne et al.
1995).At the time, the common rule was that imprinted genes replicate earlier
on the paternal allele than on the maternal allele, independent of whether
they are paternally or maternally expressed. This suggested that early replica-
tion is a paternal characteristic of imprinted loci that is regulated at the level
of higher-order chromatin architecture (Greally et al. 1998; Kagotani et al.
2002).

However, one should be careful with the interpretations of these FISH data.
In these experiments, a replicating sequence is visualized as two close dots
and the asynchrony is revealed by a high number of cells presenting a charac-
teristic pattern of three dots (i.e. only one allele has been replicated), but this
could possibly reflect a difference in the kinetics of chromatid segregation
rather than a delay in chromosomal replication (Shuster et al. 1998; Gribnau
et al. 2003). Moreover, the FISH results could not be confirmed with alterna-
tive techniques like BrdU incorporation followed by S-phase fractionation
(Kawame et al. 1995). More recently, it has been shown in mouse ES cells that,
in disagreement with the FISH results, the maternal allele of the Igf2/H19
locus replicates before the paternal allele (Gribnau et al. 2003).

Despite these reserves, asynchronous replication seems to be directly
linked to genomic imprinting, since it is abolished at the human PWS/AS

Epigenetic Regulation of Mammalian Imprinted Genes 215



locus or at the mouse Igf2/H19 locus when their respective imprinting centres
are deleted (Gunaratne et al. 1995; Greally et al. 1998). Furthermore, it has
been shown at some imprinted loci that asynchronous replication timings are
set up in the gametes (Simon et al. 1999) and can be maintained in the absence
of DNA methylation (Gribnau et al. 2003), suggesting that they might be
involved in the establishment of genomic imprinting in the gametes.

4.4
Chromatin Architecture

Genomic imprinting may also establish a different higher-order chromatin
architecture on each parental allele, as suggested by the existence of allele-
specific patterns of association to the nuclear matrix at the Igf2 locus
(Weber et al. 2003). The existence of a differential chromatin organization at
imprinted chromosomal domains is also suggested by the observation that
the human PWS/AS and IGF2/H19 loci show different meiotic recombination
frequencies in the male and female germ lines (Paldi et al. 1995; Robinson
and Lalande 1995). However, it remains to be clarified how these large-scale
properties of imprinted domains are related to local epigenetic features at
the imprinting centres.

5
The Parental Genomic Imprinting Cycle

Parental imprints undergo a cycle during the life of the organism that allows
their reprogramming at each generation. Imprinting marks are inherited
from the parental gametes and are then maintained and ‘read’ in the somatic
cells of the individual before being erased in the germ line and re-established
according to the sex of the individual for the next generation (Fig. 2).

5.1
Erasure

Parental epigenetic imprints are erased in primordial germ cells (PGCs)
before being reprogrammed according to the type of the gamete (Szabo and
Mann 1995; Villar et al. 1995). The genome of primordial germ cells under-
goes a global demethylation, leading to the erasure of methylation at
imprinted loci between the 10th and 12th days of mouse embryonic develop-
ment (Szabo and Mann 1995; Davis et al. 2000; Hajkova et al. 2002; Lee et al.
2002; also see Chap. 6, this Vol.). Nuclear transplantation experiments have
confirmed that functional imprints, i.e. epigenetic features required for a sta-
ble monoallelic repression in the embryo (see below), have been erased at this
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stage (Obata et al. 1998; Kato et al. 1999; Lee et al. 2002). The mechanism of this
demethylation is still unknown, but the demethylation activity appears dom-
inant when the germ cells are fused with somatic cells (Tada et al. 1997).

Conceptually, it is interesting to note that the allele inherited from the par-
ent with the same sex is reprogrammed in the germ cells of the embryo rather
than being transmitted without modifications to the next generation.
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Fig. 2. The parental genomic imprinting cycle. Genomic imprinting results from epigenetic
modifications established in the male and female germ lines, maintained and ‘read’ during
cell divisions in the embryo to constitute functional imprints leading to stable monoallelic
repression. Above Example of a paternally and maternally repressed gene following the
apposition of epigenetic marks at imprinting centres (IC) in the oocyte or sperm. Parental
imprints are erased during early gametogenesis and then re-established to be transmitted
to the next generation according to sex of the individual. M Maternal chromosome; P pater-
nal chromosome



5.2
Establishment

5.2.1
Primary Imprinting Marks

The so-called germ line or primary imprinting marks are those epigenetic
modifications that are established in the gametes (when the two alleles are
physically separated) and that keep the epigenetic ‘memory’ of the parental
origin of the alleles in somatic cells throughout development (Fig. 2).
Establishment of imprinting is defined as the acquisition of such primary
imprinting marks in the germ lines between the erasure step and fertiliza-
tion.

DNA methylation (or protection from DNA methylation) probably repre-
sents such a primary imprinting mark for most of the imprinted genes iden-
tified so far. Indeed, numerous imprinted genes acquire differential methy-
lation patterns in the male and female gametes (these are called ‘primary
methylation imprints’) that are subsequently maintained in the embryo
(Brandeis et al. 1993; Stoger et al. 1993; Tremblay et al. 1995; Tucker et al.
1996; Shemer et al. 1997; Ueda et al. 2000). Establishment of primary
methylation imprints occurs during late differentiation of the gametes
(Szabo and Mann 1995; Obata and Kono 2002). In contrast to other autoso-
mal genes, passage through the germ line is required to establish methyla-
tion patterns at imprinted loci (Tucker et al. 1996), suggesting that they are
targeted by de novo methylation activities specific to the germ cells. A major
breakthrough came from the identification of the DNMT3L factor (Dnmt3-
like), a protein belonging to the DNMT3 family (Aapola et al. 2000, 2001).
DNMT3L is the first factor known to be involved in the establishment of pri-
mary imprints during gametogenesis, a class of factor that could be named
‘imprinters’. Dnmt3L is expressed in the male and female germ lines pre-
cisely at the time when the parental imprints are established. The homozy-
gous deletion of Dnmt3L in the mouse inhibits differentiation of spermato-
zoa in males, whereas embryos issued from Dnmt3L –/– females show
deregulation of numerous imprinted genes leading to premature death.
Indeed, the Dnmt3L deletion induces an absence of methylation at imprinted
sequences that are usually methylated in the oocytes without affecting
methylation patterns in the rest of the genome (Bourc’his et al. 2001; Hata et
al. 2002). Therefore, the Dnmt3L gene is specifically required to establish
maternal methylation imprints during oogenesis. Surprisingly, the DNMT3L
protein lacks the DNA methyltransferase catalytic domain and it has been
proposed that it could act indirectly via interactions with other members of
the Dnmt3 family (Chedin et al. 2002; Hata et al. 2002). Indeed, it has been
shown that the establishment of methylation imprints does not require
Dnmt1o (the Dnmt1 isoform expressed during oogenesis) (Howell et al.
2001).
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Finally, it remains unclear how male and female germ cells can establish
different methylation patterns. This could result from the existence of
different chromatin organizations in the male and female germ cells or 
from the expression of germ-line-specific ‘imprinter’ factors. Among these
factors, one could mention the zinc-finger protein CTCF which may protect
the H19 ICR from DNA methylation in the female germ line (Fedoriw et al.
2004), even if contradictory results have been obtained (Schoenherr et al.
2003).

5.2.2
Imprinting Centres

Over the past 10 years, it has become clear that most imprinted genes are not
regulated individually, but in a coordinate fashion at the level of structured
chromatin domains. Numerous imprinted loci contain an imprinting centre
(IC), a sequence of a few kilobases carrying the ‘primary imprinting marks’
established in the gametes and maintained in the embryo. These ICs regulate
the imprinting of several genes over long distances, as demonstrated by dele-
tion experiments in the mouse.

The existence of an IC was first proposed at the human 15q11–13 locus
after observation that microdeletions in Angelman and Prader-Willi syn-
drome patients are associated with disruption of imprinting of several genes
dispersed throughout 2 Mb of the locus (Buiting et al. 1995). This IC is a bipar-
tite regulatory element (Fig. 3D). The AS-SRO element, located 35 kb up-
stream of the SNRPN gene, is deleted in Angelman syndrome patients and
regulates the establishment of maternal imprints in the germ cells. The PWS-
SRO element, which includes exon 1 of the SNRPN gene, is deleted in Prader-
Willi syndrome patients and controls the establishment of paternal imprints
(Dittrich et al. 1996; Saitoh et al. 1996; Yang et al. 1998; Shemer et al. 2000;
Bressler et al. 2001; Perk et al. 2002). In addition, the PWS-SRO element is also
required to maintain imprinting on the paternal chromosome during embry-
onic development (Bielinska et al. 2000).

An IC was also identified at the Igf2r locus, located on chromosome 17 in
the mouse (Fig. 3E). This intronic element, methylated on the maternal allele,
was initially described as being required for Igf2r imprinting (Stoger et al.
1993; Wutz et al. 1997), then it turned out that it acts on the paternal allele as
a bidirectional repressor for several genes dispersed throughout a 400-kb
domain (Wutz et al. 2001; Zwart et al. 2001).

Finally, two ICs have been identified in the distal part of mouse chromo-
some 7, the orthologue of the human 11p15.5 locus, which includes the
Cdkn1c, Igf2 and H19 genes. The KvDMR1, located in intron 10 of the Kvlqt1
(Kcnq1) gene, is specifically methylated on the maternal allele and induces the
repression of several genes of the locus on the paternal allele (Fig. 3F) (Horike
et al. 2000; Fitzpatrick et al. 2002; Kanduri et al. 2002). This region is probably
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Fig. 3. Regulatory mechanisms of imprinted gene expression. A Gene promoter is
repressed by DNA methylation (lollipops). B Binding of a cis-acting repressor is regulated by
DNA methylation. C Insulator activity, which blocks promoter access to enhancers, is regu-
lated by DNA methylation. D–F Imprinting centres and antisense RNAs. D The human
15q11–13 locus, involved in Angelman (AS) and Prader-Willi (PWS) syndromes (ortho-
logue of the central part of chromosome 7 in the mouse). PWS is associated with a defi-
ciency in paternally expressed genes, whereas AS results from a deficiency in maternally
expressed genes (UBE3A is the main candidate gene for AS). At this locus, all paternally
expressed genes are associated with a 5¢DMR. The PWS-SRO element, which includes the
promoter and exon 1 of the SNRPN gene, contains a DMR whose maternal methylation is
inherited from oocytes in mouse but is established after fertilization in human (El-Maarri
et al. 2001). PWS-SRO is required on the paternal allele to activate paternally expressed
genes and represses UBE3A, whereas AS-SRO is required on the maternal allele to repress
paternally expressed genes and activates UBE3A (Dittrich et al. 1996; Saitoh et al. 1996; Yang
et al. 1998; Bressler et al. 2001). The AS-SRO element does not show any differential methy-
lation but displays a specific chromatin structure on the maternal allele that inactivates the
PWS-SRO element and prevents gene activation in cis (Shemer et al. 2000; Perk et al. 2002).
The UBE3A gene is subjected to imprinting only in the brain (Albrecht et al. 1997; Rougeulle
et al. 1997; Vu and Hoffman 1997). According to the current model, the PWS-SRO element
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upregulates an antisense RNA (UBE3A-as) in the brain that represses UBE3A on the pater-
nal allele (Rougeulle et al. 1998; Chamberlain and Brannan 2001; Runte et al. 2001). This
RNA is also the host of brain-specific snoRNAs that are repeated in tandem in numerous
copies (HPII-85 and 52) (Cavaillé et al. 2000; Runte et al. 2001). E The Igf2r/Air locus on
mouse chromosome 17 (orthologue of the human 6q locus). The maternally expressed Igf2r
gene contains two DMRs: one in the promoter region, which harbours a paternal methyla-
tion that is established after fertilization, and a sequence located in intron 2 that is methy-
lated in the oocytes and corresponds to the imprinting control element (ICE) of this locus
(Stoger et al. 1993; Wutz et al. 1997). The Slc22a2 and Slc22a3 genes are maternally
expressed in the placenta despite a stable hypomethylation of both parental alleles (Zwart
et al. 2001). Unmethylated ICE corresponds to the active promoter of the 108-kb-long Air
(Antisense Igf2r RNA) transcript (Lyle et al. 2000). Deletion of the ICE (Wutz et al. 2001;
Zwart et al. 2001) or expression of a truncated Air RNA (Sleutels et al. 2002) on the paternal
allele releases the repression of the Igf2r, Slc22a2 and Slc22a3 genes, suggesting a direct role
for Air RNA in the mechanism of bidirectional repression on the paternal chromosome. F
The Kvlqt1 locus on the distal part of mouse chromosome 7 (orthologue of the human
11p15.5 locus). Intronic KvDMR1 is methylated on the maternal allele in somatic and germ
cells and corresponds to the Kvlqt1-as promoter on the paternal allele (Lee et al. 1999;
Smilinich et al. 1999; Engemann et al. 2000; Yatsuki et al. 2002). Deletion of KvDMR1 on the
paternal allele induces reactivation of numerous genes in cis. (Horike et al. 2000; Fitzpatrick
et al. 2002)

involved in imprinting disorders leading to the human Beckwith-Wiedemann
syndrome (Lee et al. 1999; Smilinich et al. 1999).

Imprinting of the Igf2 and H19 genes depends on a second IC located 2 kb
upstream of the H19 gene. This sequence, called the imprinting-control
region (ICR), has an insulator activity that is regulated by DNA methylation
(Fig. 3C). On the maternal allele, the CTCF protein, a factor involved in bound-
ary function in vertebrates, binds the unmethylated ICR and blocks the access
of Igf2 promoters to enhancers located downstream of H19. On the paternal
allele, binding of CTCF is inhibited by DNA methylation.

Establishment of primary methylation marks at ICs may also require addi-
tional cis-regulatory elements. This is the case at the Rasgrf1 locus where a
repeat sequence controls the establishment of paternal methylation on the IC
during spermatogenesis (Yoon et al. 2002).

5.3
Maintenance

Immediately after fertilization, a global demethylation wave affects the
genome. The paternal genome is actively demethylated in the zygote, whereas
the maternal genome undergoes a passive demethylation during cell divisions
due to the absence of the maintenance methyltransferase until the blastocyst
stage (Rougier et al. 1998; Reik et al. 2001). Remarkably, the sequences carry-
ing primary methylation imprints have the unique property to resist this



demethylation wave and maintain their gametic methylation patterns
throughout development (Brandeis et al. 1993; Shemer et al. 1997; Tremblay et
al. 1997). This property is crucial to maintain distinct marks between the
parental genomes, because methylation imprints could not be re-established
in the somatic cells of the embryo (Tucker et al. 1996).

The mechanism by which imprinted domains resist demethylation after
fertilization is still poorly understood. One can imagine that paternally
methylated regions resist active demethylation in the zygote by acquiring
some specific chromatin features. DNMT1o is a DNMT1 isoform issued from
an alternative promoter (Mertineit et al. 1998) that replaces DNMT1 in the
embryo until the implantation stage. It specifically maintains the methylation
at imprinted loci during the fourth replication cycle at the transition from an
8- to a 16-cell embryo (Howell et al. 2001). However, except at the eight-cell
stage, DNMT1o is sequestered in the cytoplasm and the factors responsible
for the maintenance of methylation imprints during the other divisions until
the implantation stage are unknown.

The maintenance of methylation imprints in the embryo also implies that
unmethylated sequences resist the de novo methylation. This property is illus-
trated by the fact that imprinted regions can be de novo methylated in the
germ cells but not in the somatic cells of the embryo (Tucker et al. 1996). The
molecular bases of this resistance are still unknown, but probably involve pro-
teic factors that protect unmethylated sequences from the methylation
machinery (Birger et al. 1999), as it has been proposed for the CTCF protein at
the H19 ICR (Pant et al. 2003; Schoenherr et al. 2003).

5.4
Monoallelic Expression of Imprinted Genes

Primary imprinting marks established in the gametes lead to stable monoal-
lelic expression of imprinted genes in the embryo. This monoallelic expres-
sion is the consequence of distinct cascades of epigenetic events occurring on
the parental alleles during development. The active allele undergoes all the
required chromatin reorganization leading to gene expression, a process that
could be named ‘genome formatting’ (Paro 2000). In contrast, the imprinted
allele acquires a functional imprint that impairs the ‘formatting’ for gene
expression on this allele and maintains a stable silent state.

The acquisition of functional imprints, which is often called ‘imprint read-
ing’, involves the establishment of ‘secondary imprinting marks’, i.e. epigenetic
modifications established in cis after fertilization from the primary imprint-
ing marks. These secondary marks include additional DMRs that are possibly
cell-type specific and this hierarchy in the establishment of DMRs is crucial
for the mechanisms of genomic imprinting (Weber et al. 2001; Lopes et al.
2003).
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5.4.1
Formatting for Gene Expression

On the non-imprinted allele,‘formatting’ of the locus leads to a proper spatio-
temporal regulation of gene expression. This ‘formatting’ consists of a combi-
nation of local and higher-order chromatin reorganizations allowing activa-
tion and modulation of transcription during development, and requires
specific regulatory elements. Although not being directly involved in the
imprinting process, understanding how these elements are controlled is cru-
cial since, on the repressed allele, functional imprints are constituted to block
their activity. One striking example is provided by the DMR2/MAR2 endo-
derm-specific regulatory element in the mouse Igf2 gene. The DMR2 is not
required to maintain Igf2 imprinting on the maternal allele, but the methy-
lated DMR2 is required for high Igf2 expression levels on the paternal allele
(Murrell et al. 2001). This DMR controls the activity of a neighbouring matrix
attachment region (MAR2) that would itself favour long-range interaction
with distal enhancers (Weber et al. 2003). On the repressed allele, the func-
tional imprint keeps the DMR2 unmethylated, possibly to prevent activation
of MAR2 and Igf2 expression.

This example reveals how some secondary imprinting marks can reflect
functional imprints without being necessarily involved in the imprinting
process, i.e. the repression of the imprinted allele.

5.4.2
Acquisition of Functional Imprints

There is no single model for monoallelic repression that would be common to
all known imprinted genes. Indeed, as most imprinted genes are clustered and
share regulatory elements that can be tissue-specific, the acquisition of func-
tional imprints is subject to various spatio-temporal constraints during devel-
opment. Therefore, the mechanisms of imprinted expression may differ not
only from one imprinted gene to another, but also from one cell type to
another. Moreover, even if it is commonly accepted that repression of
imprinted genes is determined at the transcriptional level, one cannot exclude
a post-transcriptional contribution as suggested for the H19 and Igf2 genes
(Jouvenot et al. 1999).

Functional imprints in the embryo result from multiple mechanisms that
involve secondary DMRs, allele-specific binding of proteic factors as well as
non-coding antisense RNAs (ncRNAs).

Promoter Methylation

One common mechanism that gives rise to stable monoallelic repression is
differential allelic methylation of promoters (Fig. 3A). This allele-specific
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methylation can either be established directly in the gametes or, as is the case
for most imprinted genes, be acquired secondarily in the embryo from a cis-
IC. It is the case at the H19 locus, for example, where the IC located 2 kb
upstream of the gene induces promoter methylation on the paternal allele
during early development (Srivastava et al. 2000).

DNA methylation can lead to transcriptional repression notably by pre-
venting the binding of transcription factors, or through the binding of MBD
proteins (Wade 2001). These factors induce a local compaction of chromatin
by recruiting histone deacetylase or histone methyltransferase complexes.
Indeed, MeCP2 forms a complex with HDACs and the Sin3A co-repressor
(Jones et al. 1998; Nan et al. 1998), whereas MBD2 recruits the histone deacety-
lase complex Mi-2/NurD (Ng et al. 1999; Wade et al. 1999; Zhang et al. 1999).
Similarly, MeCP2 and MBD1 recruit methyltransferase activities targeted
against lysine 9 of histone H3 (Fujita et al. 2003; Fuks et al. 2003).

Modulation of Regulatory Sequences

The observation that some imprinted genes harbour methylated sequences
on the active allele led to the hypothesis that these regions have repressor
activities that are inhibited by DNA methylation (Fig. 3B; Sasaki et al. 1992;
Brandeis et al. 1993; Stoger et al. 1993; Feil et al. 1994). This model has been
demonstrated in the case of the Igf2 gene where the DMR1, an intragenic
DMR bearing a secondary imprinting mark, acts as a repressor on the mater-
nal allele and is inactivated by DNA methylation on the paternal allele in
mesodermic tissues (Constância et al. 2000; Eden et al. 2001). A similar model
could be proposed for the Dlk1/Gtl2 locus where repression of the maternal
Dlk1 allele depends on the unmethylated intergenic germ-line DMR (Ig-
DMR) (Lin et al. 2003).

Additionally, functional imprints may also involve indirect mechanisms
like the modulation of enhancer or silencer sequences that are located far
away from the gene. For example, functional imprint of the Igf2 gene involves
the CTCF/ICR insulator that impairs access to endodermic enhancers
(Fig. 3C).

Antisense Transcripts

Numerous imprinted genes are associated with oppositely imprinted genes
encoding untranslated antisense RNAs. The best-characterized examples are
the Igf2r/Air, Ube3A/Ube3A-as and Kvlqt1/Kvlqt1-as loci (see Fig. 3D–F).
However, the function of these RNAs in the establishment and the mainte-
nance of genomic imprinting remains to be clarified (Rougeulle and Heard
2002). These RNAs are very large and are paternally expressed from
unmethylated ICs. The Air promoter is located in the intronic IC identified
within the Igf2r gene, and it has been demonstrated that the Air transcript
is necessary for paternal repression of several genes in the locus (Sleutels et
al. 2002). This was the first demonstration that a non-coding RNA can be
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directly involved in the regulation of genomic imprinting. However, the
mechanism by which the Air RNA affects imprinting is still unknown. A puz-
zling observation is that it overlaps only one imprinted gene (Igf2r) while
being involved in the imprinting of several other genes of the locus. One can
imagine that the Air RNA initiates repression at the Igf2r gene that subse-
quently propagates to neighbouring genes, or that it covers a portion of the
chromosome like the Xist RNA does on the X chromosome (Clemson et al.
1996). Possibly, the Kvlqt1-as transcript could play a similar role in paternal
gene repression at the Kvlqt1 locus.

6
Conclusion

After almost complete sequencing of the mouse and human genomes, most
protein-coding genes have now been identified. However, the dynamics of
genome organization that governs gene expression remains a mystery. It is
clear, though, that, during development, genes undergo a ‘formatting’ for gene
expression and that genomic imprinting interferes with this formatting to
obtain a stable repression on the imprinted allele.

By convention, parental genomic imprinting is defined as the stable repres-
sion of one allele depending on its parental origin. The term ‘imprint’ can be
used for ‘primary’ imprints, which keep the memory of parental origins, ‘sec-
ondary’ imprints, these allele-specific epigenetic modifications established
after fertilization, or ‘functional’ imprints, which include all the genomic and
epigenetic features involved in stable repression of the imprinted allele. These
intricate concepts can easily be misleading and therefore it is always very use-
ful to use a rigorous and consensual terminology. For example, the somatic
epigenetic reprogramming that occurs during reproductive cloning (cloning
of animals from somatic cells) probably involves ‘reformatting’ of functional
imprints but certainly not the reprogramming of primary imprints that would
require passage through the germ line.

In addition, the constitution of functional imprints depends on the
genomic context and on cell-type-specific constraints, and thus it is perhaps
not so surprising that imprinting mechanisms are so different from one gene
to another. Furthermore, regulatory elements involved in imprinting or gene
expression are shared between several genes in imprinted loci and one regu-
latory element involved in the imprinting of one gene may be required for the
expression of another gene. Therefore, when speaking about the function of
such regulatory elements, we should always specify from which gene we adopt
the point of view. Finally, the function of a given regulatory element can also
vary for the same gene during the imprinting cycle. For example, the
ICR/CTCF sequence at the Igf2/H19 locus is involved in the maintenance of
the Igf2 primary imprint (Schoenherr et al. 2003) but also as an insulator in
the functional imprint of Igf2.
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Mammalian genomes are highly and dynamically structured and research
during recent years has revealed how much local histone modifications or
DNA methylation are crucial for gene expression. However, how these local
epigenetic events are first brought into specific regulatory sequences remains
unclear (Orphanides and Reinberg 2002). Studies on parental genomic
imprinting indicate that some features of mammalian genomes, like the tim-
ing of DNA replication and the imprinting process itself, are controlled over
large distances. Obviously, investigating higher-order chromatin architecture
at the level of several tens of kilobase pairs will become crucial to under-
standing how gene expression and genomic imprinting are regulated. This
domain remains largely unexplored and this is essentially due to the lack of
techniques that would allow us to investigate chromatin organization at that
scale. The development of such methodologies, while emerging as a central
preoccupation for researchers in the field (Tolhuis et al. 2002), remains a
major technological challenge if we want to unfold the mystery hidden
behind epigenetic control of eukaryotic gene expression.
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Seed Development and Genomic Imprinting 
in Plants

Claudia Köhler, Ueli Grossniklaus

Abstract Genomic imprinting refers to an epigenetic phenomenon where the
activity of an allele depends on its parental origin. Imprinting at individual
genes has only been described in mammals and seed plants. We will discuss
the role imprinted genes play in seed development and compare the situation
in plants with that in mammals. Interestingly, many imprinted genes appear
to control cell proliferation and growth in both groups of organisms although
imprinting in plants may also be involved in the cellular differentiation of the
two pairs of gametes involved in double fertilization. DNA methylation plays
some role in the control of parent-of-origin-specific expression in both mam-
mals and plants. Thus, although imprinting evolved independently in mam-
mals and plants, there are striking similarities at the phenotypic and possibly
also mechanistic level.

1
Introduction

Epigenetic gene regulation refers to mitotically or meiotically heritable
changes in gene expression that do not involve changes at the DNA sequence
level. Therefore, epigenetic mechanisms allow a flexible regulation of gene
expression in addition to hard-wired regulatory networks. Epigenetic regu-
lation of gene expression can occur after environmental, developmental or
genetic changes, e.g. after changes in gene dosage, chromosome number or
ploidy levels. Genomic imprinting is a specific example of epigenetic pro-
gramming that occurs prior to fertilization during gametogenesis. Imprinted
genes are differentially expressed depending on which parent they are inher-
ited from (reviewed in Baroux et al. 2002a; Ferguson-Smith et al. 2003;
Gutierrez-Marcos et al. 2003). Thus, genomic imprinting is a mechanism that
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leads to nonequivalent parental genomes, in clear contrast to Mendel’s first
law of the equivalence of F1 hybrids. Normal embryonic development in
mammals requires the contribution of both paternal and maternal genomes
(Barton et al. 1984; McGrath and Solter 1984; Surani et al. 1984): disturbances
in imprinting result in developmental aberrations, disease and cancer (Fein-
berg 1993; Reik and Maher 1997). Genomic imprinting at a specific locus was
first described in maize (Kermicle 1970) and plays an important role in the
development of flowering plants (angiosperms) (Lin 1982; Birchler and Hart
1987; Grossniklaus et al. 1998). The genetic tractability of plant systems facil-
itates the elucidation of the regulation of genomic imprinting. Specifically,
plants allow the creation of interploidy hybrids, with altered ratios of
parental genome contributions and, therefore, altered ratios of imprinted
genes. Furthermore, in contrast to animals, genome-wide demethylation is
not lethal in plants, allowing questions regarding the role of methylation in
the regulation of imprinted genes to be addressed more readily. Genomic
imprinting has evolved in mammals and seed plants most likely in response
to similar selective pressures that maintain a fine balance between the com-
peting interests of the maternal and paternal genomes in the regulation of
embryo size and post-natal or seedling survival (Haig and Westoby 1989;
Moore and Reik 1996; Tilghman 1999). In this chapter we will highlight sim-
ilarities and differences between the mechanisms of genomic imprinting in
mammals and plants.

2
Seed Development in Angiosperms

Unlike animals, where gametes differentiate directly from meiotic products,
the plant life cycle alternates between a diploid sporophytic (spore-produc-
ing) and a haploid gametophytic (gamete-producing) generation (Fig. 1). The
diploid sporophyte develops from the fusion product of two haploid gametes.
Late in the development of the sporophyte, specific cells in reproductive
organs undergo meiosis to form haploid spores, which subsequently form
multicellular gametophytes through a series of mitotic divisions. A subset of
cells in the gametophyte differentiates to form the gametes. Land plants are
divided into four groups: the bryophyte group, including mosses and liver-
worts, a group consisting of ferns and horsetails, the gymnosperm group and
the angiosperm group. Together, gymnosperms and angiosperms are known
as seed-forming plants. Plants of all groups cycle between sporophytic and
gametophytic generations. However, the relative sizes and nutritional rela-
tionships between the two generations vary greatly between the groups. In
seed plants, the sporophytic generation is the dominant, free-living genera-
tion, whereas the gametophytes are very small and depend on the sporophyte
for nutrients (Li and Ma 2002). To date, genomic imprinting has only been
demonstrated in the angiosperm group. This could be due to insufficient
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Fig.1. Reproduction in mammals and flowering plants.Mammals: primordial germ cells are
formed early during embryogenesis and migrate later into the embryonic gonads. In female
embryos, the oogonia enter meiosis I and primary oocytes stop development at prophase of
meiosis I. In adult females, oocytes complete meiosis I, forming the secondary oocyte and
first polar body. Development of the secondary oocyte is arrested at metaphase II. In adult
males, spermatocytes undergo meiosis and form spermatids that differentiate into sperm.
Fertilized eggs (zygotes) complete meiosis II and extrude the second polar body. Maternal
and paternal genomes remain in separate pronuclei until the first round of DNA synthesis is
complete.The embryo and extra-embryonic membranes (giving rise to parts of the placenta)
develop from the same fertilized egg.The placenta regulates the transfer of nutrients from the
mother to the developing embryo. Flowering plants: germ cells are formed within flowers of
adult plants. Formation of female gametes occurs in the ovule, whereas male gametes are
formed in the anther. In the ovule the sporophytic megaspore mother cell undergoes meio-
sis,giving rise to four megaspores,one of which survives.This functional megaspore divides
mitotically to form the female gametophyte that contains the two female gametes,the haploid
egg cell and homo-diploid central cell. In the anther, meiosis of a sporophytic microspore
mother cell results in four microspores. Each microspore divides mitotically, forming one
vegetative and one generative cell.A second mitotic division of the generative cell yields the
two sperm cells. The egg cell and the central of the female gametophyte are fertilized by the
two sperm cells, giving rise to the diploid embryo and triploid endosperm, respectively. The
endosperm is a nourishing tissue that surrounds the embryo and transfers nutrients from the
mother plant to the developing seeds



analysis of the non-angiosperm groups or, alternatively, it is possible that
imprinting co-evolved in angiosperms with the process of double fertiliza-
tion.

The angiosperm ovule is the female reproductive organ central to sexual
reproduction. It originates as a protrusion from the placental tissues of the
carpel. Within the ovule a single cell at the distal end of the primordium dif-
ferentiates into the megaspore mother cell and undergoes meiosis to form a
tetrad of haploid megaspores. Only one of these survives and undergoes sev-
eral rounds of mitosis to form the multicellular female gametophyte (embryo
sac), which contains the gametes. This is in contrast to animals, where the
meiotic products differentiate directly into gametes. In the majority of
angiosperms, the female gametophyte consists of seven cells: three antipodal
cells, two synergid cells, one egg cell, and one central cell that contains two
polar nuclei (Drews et al. 1998; Grossniklaus and Schneitz 1998). The male
gametophyte (pollen) develops from microspores, the meiotic products pro-
duced in the male organs of the flower. At maturity it typically comprises two
sperm cells contained within a vegetative cell (Mascarenhas 1989). Seed devel-
opment starts with the double fertilization of the egg and central cells by the
two sperm cells, giving rise to the embryo and the endosperm, respectively.
The two sperm nuclei are genetically identical, as are the egg and central cell
nucleus in most species. However, the central cell typically contains two doses
of maternal genes, generating a triploid endosperm. The developing plant
embryo is surrounded by endosperm, which is thought to regulate the trans-
fer of nutrients from the maternal sporophyte to the embryo.

3
Development and Function of the Endosperm

Amongst angiosperms, a great variety of developmental pathways produce
endosperms of different size and form (Lopes and Larkins 1993; Baroux et al.
2002b). In some species, the endosperm is the major nutrient storage tissue of
the developing seedling and is maintained in the mature seed. This persistent
endosperm is found in some monocotyledonous species, e.g. the cereals, but is
essentially absent in others, e.g. the orchids. In contrast, many dicotyledonous
species have a transient endosperm, which is consumed by the developing
embryo,with the mature seed containing only one or a few endosperm cell lay-
ers (Maheshwari 1950; Vijayaraghavan and Prabhakar 1984). The endosperm
of Arabidopsis thaliana belongs to the transient type and endosperm develop-
ment starts after central cell fertilization with a series of syncytial nuclear divi-
sions. The endosperm forms three distinct domains: the micropylar domain,
which surrounds the developing embryo, the central peripheral domain, and
the chalazal domain (Boisnard-Lorig et al. 2001). The endosperm starts to cel-
lularize when the embryo has reached the late heart stage of development. The
cellularized endosperm cells no longer replicate,thus cellularization marks the
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end of endosperm proliferation (Brown et al. 1999). The embryo consumes the
cellularized endosperm through an ill-defined mechanism.

The formation of an endosperm could be a reason why land angiosperms
have been most successful in colonizing the planet. In gymnosperms, the
female gametophyte consists of a large number of cells and constitutes the
main source of nutrients for the developing embryo. In most angiosperms,
this role has been taken over by the endosperm, which develops post-fertil-
ization. What is the evolutionary origin of the endosperm? There are cur-
rently two theories (reviewed in Friedman and Williams 2004). One theory
suggests that the endosperm evolved from a supernumerary embryo. This
theory is based on the finding that in Ephedra, a taxon belonging to the Gne-
tales, double fertilization of the binucleate egg cell leads to the formation of
two embryos within one ovule. Often only one of the embryos continues to
develop and subsequently outcompetes and consumes the other embryo.
Thus, it is possible that the endosperm in angiosperms represents a develop-
mental transformation of an embryo into a source of nutrients (Friedman
2001). However, recent phylogenetic evidence suggests that Gnetales are more
closely related to gymnosperm conifers than to the angiosperms with which
they share double fertilization (Friedman 2001). The other theory about the
origin of the endosperm argues that the endosperm is homologous to the
gymnosperm female gametophyte but the endosperm acquired a sexual func-
tion. Transporting nutrients to an endosperm would limit the distribution of
food reserves to gametophytes that have been fertilized (Friedman 2001).
Both theories suggest that the main function of the endosperm is to provide
nutrients to the developing embryo, with the formation of the endosperm
coupled to fertilization. Thus, in many ways, the endosperm can be consid-
ered the functional equivalent of extra-embryonic tissues and the placenta in
mammals, an analogy that will be revisited in the discussion about the evolu-
tion of genomic imprinting.

4
A Role for Genomic Imprinting in Seed Development?

Mammals require the participation of both maternal (m) and paternal (p)
genomes during embryonic development. Embryos in which all genes are
either maternally derived (2 m:0p) or paternally derived (0 m:2p) do not com-
plete development, implying that functions specific to the maternal and
paternal genomes are required for normal development (Barton et al. 1984;
McGrath and Solter 1984; Surani et al. 1984). Similar requirements for mater-
nal and paternal genomes do not exist in all angiosperm species. Maternal
haploid embryos (1 m:0p) and paternal haploid embryos (0 m:1p) can pro-
duce rare viable seedlings in some angiosperms (Kimber and Riley 1963;
Sarkar and Coe 1966; Kermicle 1969). Apomixis (Nogler 1984), the asexual
formation of seeds without paternal contribution, can produce viable mater-
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nal embryos (2 m:0p) and has long been known to occur in dandelion (Tarax-
acum spp.), hawkweed (Hieracium spp.) and buttercup (Ranunculus spp.)
(Murbeck 1904; Rutishauser 1954). Apomicitically derived embryos complete
development only when surrounded by functional endosperm, which often is
the product of sexual reproduction but can also develop autonomously in
many species. These findings suggest that there is no absolute requirement for
both parental genomes to ensure normal embryo and endosperm develop-
ment. However, these are rare situations occurring under specific circum-
stances and it is not clear how much they tell us about normal seed develop-
ment. In fact, it has become apparent over recent years that maternal effects
on seed development are widespread and are due to genomic imprinting as
well as other molecular mechanism, such as dosage effects and the activities
of maternally stored gene products (Baroux et al. 2002a).

5 The Discovery of Genomic Imprinting in Maize

The concept of genomic imprinting in plants is based on genetic experiments
from a few pioneering groups (Kermicle 1970; Johnson et al. 1980; Lin 1982,
1984). Kermicle (1970) first demonstrated gene regulation by genomic
imprinting at a specific locus in maize. As mentioned above, the endosperm
and embryo are genetic twins, a main difference, however, being the 2 m:1p
genome ratio in the triploid endosperm versus a 1 m:1p ratio in the diploid
embryo. Kernels of maize varieties have different color patterns that range
from yellow to dark purple,with intermediate levels.The purple color is due to
the accumulation of the pigment anthocyanin in the outermost cell layer of the
endosperm (aleurone), among others controlled by the r1 (red) locus (Brink
1956). The R:r-std allele (hereafter referred to as R) of the r1 locus gives rise to
solid purple pigmentation when inherited from the mother. The reciprocal
cross,however,results in kernels with a mottled pigmentation where most cells
do not express the R phenotype. These observations imply that anthocyanin
accumulation is controlled by a maternal effect, because full pigmentation
requires that R be transmitted through the mother. In principle, maternal
effects can be caused (1) by the action gene products that were stored in the
female gametes prior to fertilization but are required post-fertilization (cyto-
plasmic basis), (2) by uniparental gene expression due to genomic imprinting
(chromosomal basis), or (3) by dosage sensitivity due to different copy num-
bers derived from maternal and paternal gametes in the endosperm.

Kermicle performed a series of elegant genetic experiments to investigate
the basis of the maternal effect observed with R. To test whether it resulted
from a dosage effect due to the two maternal R copies present in the
endosperm, the paternal copy number of R was changed using B chromo-
somes, which contain a translocated additional copy of the R gene. However,
pollen with two paternal copies of R crossed to a homozygous r-g mother
plant (r-g being a colorless tester allele) resulted in kernels that all had a mot-
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tled phenotype. From this, it was concluded that the gametic origin of R is
important for the kernel phenotype, not gene dosage. To distinguish between
a cytoplasmic and a chromosomal effect, Kermicle used the K10 R strain,
which produces mosaic seeds after R loss due to chromosome breakage. In
mosaic kernels that received R from both parents, a mottled phenotype was
observed after the maternal Rs had been lost, demonstrating unambiguously
that the low expression level of paternally inherited R alleles had a chromoso-
mal basis and, thus, was regulated by genomic imprinting.

A priori, it is not clear whether the imprinted state is the ‘on’ or the ‘off ’ state
of R (or a combination of the two). Kermicle (1978) isolated the trans-acting
locus mdr1 (maternal derepression of r1) and demonstrated that introducing
mdr1 through the female gametophyte suppresses the full color phenotype of
maternally inherited R. In the presence of R and mdr1, the resultant kernels
are mottled instead of fully pigmented as when R alone is maternally inher-
ited. As mdr1 was shown to be recessive, the proposed function of MDR1 is to
activate expression of the maternal R allele in the central cell. Therefore, the
imprinted state of the R allele is the ‘on’ state; the non-imprinted or default
state is the ‘off ’ state. This is in contrast to many imprinted genes in mammals,
where the imprinted state of a gene is often the ‘off ’ state. As discussed below,
the imprinted state of a locus being the ‘on’ state is becoming a common
theme for imprinted loci in plants, although the number of imprinted genes
studied is still small.

6
Studies on Other Potentially Imprinted Genes in Maize

For many years, genomic imprinting in plants was only studied in maize and
several other candidate imprinted genes were identified.As outlined above, an
unambiguous demonstration of imprinting requires that dosage effects and a
cytoplasmic basis are excluded. The latter is hard to achieve even using mole-
cular methods and has rarely been done. A demonstration of differential
steady-state levels of mRNA derived from maternal and paternal alleles is not
sufficient as such differences may result from long-lived, stored maternal
mRNAs. Thus, active transcription after fertilization has to be demonstrated
for all potentially imprinted genes that are already expressed in the female
gametophyte prior to fertilization. Despite these caveats, several maize genes
have been identified that are likely regulated by genomic imprinting. At the
molecular level, it was shown that specific alleles of the a-tubulin (Lund et al.
1995b) and zein storage protein (Lund et al. 1995a) gene families show parent-
of-origin-specific DNA methylation patterns that correlate with expression
levels in the endosperm. Maternally inherited alleles were found to be
demethylated and expressed at high levels during later phases of seed devel-
opment. These studies provided the first link between DNA methylation and
genomic imprinting in plants.
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Another interesting case of a potentially imprinted gene relates to the post-
transcriptional regulation of the 10-kDa zein protein (encoded by zps10 on
chromosome 9L) by a trans-acting mechanism mediated by the dzr1 locus on
chromosome 4S (Benner et al. 1989). dzr1 has yet to be cloned; there are no
loss-of-function dzr1 mutants known and the work described here relies on
natural allelic variants. So far, differential mRNA stability of zps10 is the only
known molecular phenotype controlled by dzr1. The 10-kDa zein protein
accumulates to high levels in the maize inbred line BSSS53; conversely, it accu-
mulates to low levels in the lines W64A and Mo17 (Chaudhuri and Messing
1994). Reciprocal crosses between BSSS53 and Mo17 lines reveal a maternal
effect on zps10 mRNA accumulation in the F1 hybrids. High levels of zps10
mRNA accumulated in the endosperm when dzr1+BSSS53 was maternally
transmitted, whereas low levels of zps10 mRNA were detected when maternal
dzr1 originated from the Mo17 background. Importantly, the changes in zps10
transcript level were independent of the contribution of dzr1+BSSS53 from
the paternal side (Chaudhuri and Messing 1994). Whereas the negative effect
of dzr1+Mo17 on zps10 mRNA accumulation depends on the transmission of
dzr1 through the female gametophyte and not the genetic dose, other dzr1
alleles (e.g. BSSS53 and W64A) show a typical gene dosage response. Thus, the
dzr1+Mo17 allele is likely regulated by genomic imprinting, although a cyto-
plasmic basis of the effect has not formally been excluded.

Importantly, for all these loci only specific alleles are regulated by genomic
imprinting whereas others are not (e.g. the BSSS53 allele of dzr1). This is an
important difference to imprinting in mammals, where allele-specific
imprinting is very rare and usually all alleles at an imprinted locus are subject
to the same epigenetic regulation (Baroux et al. 2002a). Recently, however, an
imprinted locus, no-apical-meristem (NAM) related protein1 (nrp1) has been
reported in maize, for which alleles from four inbreds tested were expressed at
much higher levels if inherited maternally (Guo et al. 2003). As nrp1 is not
expressed prior to fertilization, it is clearly regulated by genomic imprinting
and, to our knowledge, it represents the first maize gene with locus- rather
than allele-specific imprinting.

7
Maternal Control of Early Seed Development 
in Arabidopsis

Vielle-Calzada and coworkers (2000) discovered the exciting phenomenon
that early seed development in Arabidopsis is under extensive maternal con-
trol. The offspring of Arabidopsis plants, containing the reporter gene b-glu-
curonidase (GUS), crossed with wild-type plants showed differential GUS
expression depending on which parent the reporter gene was inherited from.
GUS expression was detected early in embryo and/or endosperm develop-
ment only if the reporter gene was inherited from the mother, whereas
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expression of the paternally contributed GUS was not detected early in seed
development. For a few genes that were also active at later stages of develop-
ment, paternally derived activity became detectable at the mid-globular stage.
This phenomenon was consistently observed in different transgenic lines, car-
rying the GUS reporter gene in different genomic locations. Analyses of
endogenous gene expression corroborated the data obtained with the GUS
transgenes: the paternal transcripts were detected only after mid-globular
stage. The differential accumulation of maternal and paternal transcripts in
the fertilization products strongly suggests a parent-of-origin control of early
gene expression after fertilization. There are three possible explanations for
this phenomenon: (1) the detected transcripts are maternally stored and there
is no active zygotic transcription until the mid-globular stage, (2) the genes
are regulated by imprinting, with the maternal allele being actively tran-
scribed after fertilization and the paternal allele being silent during early
embryogenesis, or (3) a combination of the two. It is likely that all three mech-
anisms play a role in the maternal control of early embryogenesis. As many of
the tested genes are already expressed prior to fertilization, the different pos-
sibilities cannot easily be distinguished. However, clear evidence that at least
some of these genes are regulated by genomic imprinting comes from (1) the
maternal-specific expression of genes that are not expressed prior to fertiliza-
tion, (2) the maternal-specific expression in specific cells of the young
embryo, and (3) the maternal-specific expression of genes that show a strong
increase in activity after fertilization.

The genes investigated in the study of Vielle-Calzada and colleagues (2000)
encode a broad range of proteins with diverse cellular functions, which would
suggest that the lack of paternal genome activity is a general phenomenon
affecting more than just a certain subset of genes. Of course, there are likely to
be genes that are not regulated through this general mechanism, similar to
genes escaping the X inactivation mechanism in mammals. Most likely these
genes play essential roles during early embryo and/or endosperm development
and could possibly represent genes that are specifically expressed from the
paternal side.Indeed,some genes that are expressed very early when paternally
inherited have been reported (Weijers et al. 2001). However, these also show
differences in expression levels depending on parental origin. There seems to
be considerable variability from gene to gene and from seed to seed with
respect to maternal and paternal expression levels. Consistent with this,
Baroux and coworkers (2002), who used a trans-activation system to express
barnase in developing seeds, reported that the majority of embryos showed
defects only at the globular stage,but a minority arrested as early as the two- or
four-cell stage.This suggests that depending on the particular locus or embryo,
a basal activity may be detectable at early stages but that there is a dramatic
increase in activity from the paternal genome at the mid-globular stage. These
observations have been confirmed in several laboratories for Arabidopsis (e.g.
Sorensen et al. 2001; Golden et al. 2002) but also for other species. An early
report using a viral promoter driving a reporter gene suggested that in maize
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the parental genome becomes active just a few hours after in vitro fertilization
(Scholten et al. 2002). Recently, however, two maize genes have been described,
which are active when inherited maternally, but, when inherited paternally,
they are silent at 5 and 10 days after pollination, respectively (Danilevskaya et
al.2003; Gutierrez-Marcos et al.2004).Using microarray analysis,an absence of
paternal activity could indeed be demonstrated for a very large number of
maize genes (D. Grimanelli, pers. comm.). This suggests that, as in many ani-
mals, early seed development in the angiosperms is largely under maternal
control and that maternal effects are widespread. To what extent those effects
are based on genomic imprinting and to what extent on cytoplasmic effects
remains an important open question.

8
Intragenomic Parental Conflict and the Evolution 
of Genomic Imprinting

Haig and Westoby (1989, 1991) proposed a theory suggesting that genomic
imprinting evolved as a consequence of an intragenomic conflict over the
allocation of nutrients from mother to offspring. Most of the seed’s nutrients
are directly transferred from the mother plant, and larger seeds with extra
food reserves produce more vigorous seedlings. However, the production of
larger food reserves causes greater metabolic costs for the mother, reducing
the resources available for future offspring. The pollen parent directly bene-
fits from an increase in seed size (with more vigorous offspring) without
experiencing any direct cost. Thus, the intragenomic conflict theory pro-
poses that genes controlling growth and vigor of the seed will be subject to
selective forces that bring genes promoting growth under paternal control,
whereas genes that restrict growth will come under maternal control. This
theory is consistent with many phenotypes that result from the disruption of
imprinted genes in animals, where they are required for fetal growth and
placental development (Moore and Haig 1991; Tilghman 1999; Arney et al.
2001), but none of the imprinted maize genes described above shows any
effect on seed development (Messing and Grossniklaus 1999). Nevertheless,
some parent-of-origin effects on the endosperm, which can be considered
the functional equivalent of the mammalian placenta because it mediates the
transfer of nutrients to the developing embryo, may be related to genomic
imprinting (Haig and Westoby 1991; Messing and Grossniklaus 1999; Alle-
man and Doctor 2000).

Increasing the dosage of paternally derived genes promotes the growth of
both placenta and endosperm, whereas increasing the dosage of maternally
derived genes has the opposite effect (Haig and Westoby 1991; Moore and
Haig 1991; Surani 1998; Arney et al. 2001). Normal endosperm development in
several species depends on a 2 m:1p genome ratio (Lin 1984; Haig and West-
oby 1991). In some Arabidopsis accessions, interploidy crosses between
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diploids and tetraploids result in viable triploid embryos. However, a cross of
a diploid mother with tetraploid pollen (2n ¥ 4n) results in enlarged seeds
with accelerated mitosis and delayed cellularization of the 2 m:2p endosperm.
In contrast, a 4n ¥ 2n cross results in small seeds, with reduced endosperm
mitosis and precocious cellularization of the 4 m:1p endosperm (Scott et al.
1998). These results are consistent with the predictions made from the
parental conflict theory. However, there are many other explanations, such as
dosage effects or interactions between the cytoplasm of the gametes with the
nuclear genome of the resulting zygote, that are also consistent with these
observations (Birchler 1993; von Wangenheim and Peterson 2004).

9
Imprinting of the MEDEA Locus in Arabidopsis

The medea (mea) mutant has a parent-of-origin effect, and was isolated in a
genetic screen for female gametophytic mutants (Grossniklaus et al. 1998).
The maternal inheritance of a mutant mea (meam) allele results in seed abor-
tion, regardless of the paternal contribution. In a heterozygous mea mutant
plant, half of the female gametophytes will carry a mutant meam allele and the
subsequent seeds will abort post-fertilization. MEA has a drastic effect on cell
proliferation. First, embryos derived from mea mutant gametophytes develop
slower than the wild type but reach a much larger size than a corresponding
wild-type embryo at the same developmental stage (Grossniklaus et al. 1998).
In mea mutants, endosperm proliferation is also abnormal. Second, in mea
mutant gametophytes endosperm can form in the absence of fertilization
(Grossniklaus and Vielle-Calzada 1998; Kiyosue et al. 1999). The MEA locus
was shown to be regulated by genomic imprinting (Vielle-Calzada et al. 1999)
and, interestingly, the phenotypes observed are consistent with the expecta-
tions of the intragenomic parental conflict theory: MEA is a maternally
expressed gene restricting growth and a mutation in MEA leads to the forma-
tion of delayed development and larger embryos as expected. However, the
theory was developed on the premise that a female would produce offspring
from different fathers. Arabidopsis, however, is an inbreeding plant that repro-
duces almost exclusively by self-fertilization. Both parents are united in one
plant, which removes any parental conflict, eliminating the selective pressures
thought to drive the evolution of uniparentally expressed genes. This appar-
ent contradiction can be resolved by assuming that Arabidopsis has retained
the imprinting system present in its out-crossing progenitors. A. thaliana and
its nearest out-crossing relative A. lyrata diverged around 5 million years ago
(Koch et al. 2000). Due to the generations of inbreeding, the ancestral imprint-
ing system may have partly broken down, e.g. tolerating changes in maternal
or paternal contributions resulting from interploidy crosses.Alternatively, the
rate of out-crossing in the wild may be sufficient to maintain the presumed
selective pressures that lead to the evolution of genomic imprinting.
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The mea mutation is caused by the disruption of a gene encoding a Poly-
comb group (PcG) protein, similar to Drosophila Enhancer of zeste [E(z);
Grossniklaus et al. 1998]. In Drosophila, the proposed function of PcG pro-
teins is the stable repression of homeotic genes through many rounds of cell
divisions, most likely by modulating the chromatin structure of their target
loci (Francis and Kingston 2001). Interploidy crosses ruled out the hypothe-
sis that the maternal phenotype was due to haplo-insufficiency of MEA in
the endosperm. Expression analysis showed that MEA is expressed in the
female gametophyte before fertilization and in both the embryo and
endosperm after fertilization (Grossniklaus et al. 1998). Analysis of nascent
MEA transcripts in endosperm nuclei showed that only two out of three
MEA copies were expressed, suggesting that the paternal MEA copy is silent.
Furthermore, allele-specific RT-PCR analysis confirmed that only the mater-
nal copies are expressed in developing seeds (Vielle-Calzada et al. 1999). A
mechanism that can explain allele-specific expression of MEA was recently
proposed (Choi et al. 2002; Xiao et al. 2003). Choi and colleagues (2002) have
shown that a putative DNA-glycosylase, DEMETER (DME), plays a crucial
role in activating MEA expression in the female gametophyte prior to fertil-
ization. dme mutants have a similar seed abortion phenotype as mea
mutants and also show a parent-of-origin effect. DME was reported to be
expressed in the central cell of the female gametophyte, and thus only the
maternal allele of MEA, not the paternal allele, can be activated by DME. In
plants, DNA glycosylases have been shown to be involved in DNA repair
processes (Garcia-Ortiz et al. 2001). However, DME is much larger than the
typical DNA-glycosylases used in DNA repair and, together with its role in
regulating MEA expression, it seems unlikely that DME is solely involved in
DNA repair. Instead, it is possible that DME’s biochemical function is to
excise 5-methylcytosine from the genome, as has been shown for related
DNA glycosylases (Jost et al. 2001). However, there are conflicting reports as
to whether the MEA promoter contains regions with cytosine methylation
(Choi et al. 2002; Xiao et al. 2003) and the exact function of DME is as yet
unclear. However, it is possible that activation of MEA requires a putative
demethylation activity of DME. The activation of the R locus by MDR1 in
maize, which was described earlier, shows striking similarities to the activa-
tion of MEA by DME and one can speculate that MDR1 encodes a protein
with similar functions to DME.

Xiao and coworkers (2003) identified the METHYLTRANSFERASE1
(MET1) gene as being a potential antagonist of DME. By screening for sup-
pressors of the dme mutant phenotype, several alleles of met1 were identified
(Xiao et al. 2003). The suppressor effect of met1 on the dme phenotype was
reported to be dependent on the presence of a wild-type MEA maternal allele,
suggesting that met1 mutations act upstream of MEA to suppress the dme
effect on seed viability. In the presence of mutations in met1, MEA transcrip-
tion in the central cell was restored in a dme mutant. Therefore, the simplest
hypothesis is that transcriptional activity of the maternal MEA allele is regu-
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lated via a methylation–demethylation-dependent mechanism that requires
the activity of MET1 and DME. However, as this hypothesis is based on
genetic data only, less direct models involving intermediate steps have not
been ruled out.

10
Function of MEDEA During Gametophyte 
and Seed Development

Even though a regulatory mechanism for MEA expression in the central cell
has been proposed (Choi et al. 2002; Xiao et al. 2003), there are still several
open questions concerning MEA expression and function during embryoge-
nesis. MEA expression was detected in the embryo after fertilization (Vielle-
Calzada et al. 1999), but no paternal transcripts were detected in either early
or late developing seeds using sensitive, allele-specific quantitative PCR
methods (D. Page and U. Grossniklaus, unpubl.). In contrast, Kinoshita and
coworkers (1999) detected paternal MEA transcripts in dissected late-tor-
pedo-stage embryos by regular RT-PCR. Furthermore, expression studies
using a reporter gene showed paternal MEA expression in the embryo in
some cases (Luo et al. 2000). Wether thesse contrasting findings are due to
technical differences or caused by second-site modifiers, which are prevalent
among Arabidopsis accessions (C. Spillane and U. Grossniklaus, unpubl.),
remains an open question. The regulation of imprinting in the embryo has
gotten little attention until now.

Another open question is the function of MEA before and after fertiliza-
tion. The mea mutant is in a class of mutants that have the ability to form
seed-like structures in the absence of fertilization [fertilization independent
seed (fis) mutants]. In the absence of fertilization, the central cell nucleus
starts to replicate and divide, forming an endosperm without embryo devel-
opment. Endosperm development is accompanied by the proliferation of
maternal tissues: the seed coat and the silique wall. Members of the fis mutant
class have been identified in independent mutant screens and reverse genetic
approaches. Four genes have been described thus far: MEDEA/FIS1 (Gross-
niklaus et al. 1998; Kiyosue et al. 1999; Luo et al. 1999), FERTILIZATION INDE-
PENDENT ENDOSPERM (FIE; Ohad et al. 1999), FIS2 (Luo et al. 1999) and
MSI1 (Köhler et al. 2003a). Mutants in all four genes have a similar maternal-
effect phenotype that leads to seed abortion, but, with the exception of MEA,
the nature of this maternal effect has yet to be clearly determined. All four
genes encode PcG proteins that most likely act together in a protein complex
(Köhler et al. 2003a). The MEA protein contains a SET domain, found initially
in three Drosophila proteins: Suppressor of variegation 3–9 [Su(var)3–9], E(z)
and Trithorax (Trx) (Jones and Gelbart 1993; Tschiersch et al. 1994). The SET
domain for these three proteins confers histone methyltransferase activity,
methylating different lysine residues of histone H3. Specifically, homologues
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of the Drosophila Su(var)3–9 from yeast, plants and mammals have been
shown to methylate lysine 9 of H3 (H3K9) (Rea et al. 2000; Jackson et al. 2002;
Peters et al. 2002), whereas proteins homologous to E(z) methylate H3K9 as
well as lysine 27 (H3K27) (Czermin et al. 2002; Kuzmichev et al. 2002; Müller
et al. 2002). Both methylation marks are associated with transcriptionally
inactive chromatin, in contrast to methylation marks applied by members of
the Trx family at lysine 4 (H3K4) (Briggs et al. 2001; Milne et al. 2002; Roguev
et al. 2001) that are associated at transcriptionally active loci (Kouzarides
2002). The presence of a SET domain within the MEA protein, as well as the
similarity of the MEA–FIE complex with the E(z)–Esc complex from
Drosophila, suggests that the MEA–FIE complex also has histone methyl-
transferase activity (Köhler and Grossniklaus 2002).

The ability of the fis mutants to undergo fertilization-independent endo-
sperm development indicates that the MEA–FIE complex represses genes that
promote endosperm development. Two days after fertilization, expression of
MEA is reduced (D. Page and U. Grossniklaus, unpubl.), implying that the
major function of the MEA–FIE complex is performed before and shortly
after fertilization. A direct target gene of the MEA–FIE complex is the type I
MADS-box transcription factor PHERES1 (PHE1). PHE1 expression is
induced during autonomous endosperm development in fis mutants, sup-
porting the hypothesis that the MEA–FIE complex is necessary for gene
repression before fertilization. In wild-type seeds, PHE1 expression is tran-
siently induced after fertilization, which is in contrast to fis mutant seeds,
where PHE1 expression is stronger and remains high until the seeds abort
(Köhler et al. 2003b). It remains to be seen whether the observed deregulation
of PHE1 after fertilization is due to epigenetic changes occurring previously
in the gametophyte. Thus, it is possible that PHE1 is transcriptionally
repressed in the female gametophyte by epigenetic marks placed by the
MEA–FIE complex. The onset of nuclear divisions after fertilization could
cause a dilution of these epigenetic marks and subsequently activate PHE1
transcription. The lack of these epigenetic marks in the fis mutant gameto-
phytes would cause precocious and stronger expression of PHE1 after fertil-
ization. If the function of the MEA–FIE complex is to repress paternal genes
that promote endosperm development, one could hypothesize that PHE1 is
paternally expressed and the MEA–FIE complex actively represses its expres-
sion.

It has been shown that the requirement of MEA function can be bypassed
by a mutation in the gene DECREASED DNA METHYLATION1 (DDM1)
(Vielle-Calzada et al. 1999). DDM1 encodes a SWI2/SNF2-related protein
(Jeddeloh et al. 1999) with chromatin remodeling activity (Brzeski and Jerz-
manowski 2003). Lack of DDM1 function causes a 70 % reduction in genomic
cytosine methylation, most likely due to a reduced efficiency of cytosine
methylation after replication. mea/mea, ddm1/ddm1 double mutants show a
reduced seed abortion ratio (37 % compared to 100 % in mea/mea mutants;
Köhler et al. 2003b), which correlates with reduced PHE1 expression levels,
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suggesting that part of the effect of ddm1 could be due to changes in the
methylation profile of MEA’s target gene PHE1 (Köhler et al. 2003b). Viable
mea/mea mutant seeds can also be obtained after pollination with
hypomethylated pollen derived from plants expressing an antisense copy of
MET1 (MET1as) in a mea mutant background (Luo et al. 2000). The changed
expression of paternal genes in hypomethylated pollen appears to balance the
post-fertilization effect caused by the mea mutation. Therefore, in addition to
the function of MET1 in methylating and in silencing the MEA locus in the
female gametophyte, MET1 likely plays a role in the formation of the male
gametes. It was shown that MET1as does not affect the expression of the
paternal MEA allele (Luo et al. 2000); thus this effect is likely acting via other
genes that may act downstream of MEA.

11
Imprinting of the FWA Locus in the Female Gametophyte

The FWA gene was originally identified from late-flowering mutants that
show ectopic FWA expression. The fwa-1 mutant does not have a nucleotide
change in the FWA gene, but rather the ectopic expression is associated with a
heritable loss of DNA methylation (Soppe et al. 2000). Recent investigations by
Kinoshita et al. (2004) suggest a mechanism that explains the stability of such
epigenetic marks in plants. FWA is expressed only in the central cell of the
female gametophyte as well as in the developing endosperm, but not in either
the egg cell or the embryo. This endosperm-specific expression is associated
with dramatically reduced DNA methylation of 5¢ direct repeats in the FWA
promoter in the endosperm. This region is highly methylated in sporophytic
tissues, pollen and embryos. After fertilization, only the maternal allele of
FWA is expressed in the endosperm. Paternal expression can be detected
when the male parent is deficient in MET1 activity. Interestingly, mutations in
the DNA methylase CHROMOMETHYLASE3 (CMT3) and the de novo
DOMAINS REARRANGED METHYLTRANSFERASE1,2 did not affect the
silencing of the paternal FWA allele. These results suggest that parent-of-ori-
gin-specific FWA expression is controlled specifically by MET1, the mainte-
nance methyltransferase. Additionally, the activation of FWA expression in
the central cell depends on DME, analogous to the mechanism of MEA activa-
tion by DME in the central cell (Choi et al. 2002; Kinoshita et al. 2004). Thus, in
contrast to mammals, the maternal-specific expression of FWA is established
by a maternal-specific activation of FWA, and possibly not by a paternal-spe-
cific de novo methylation. Therefore, the default state of expression for mater-
nal alleles of FWA, as for MEA, is the silent state, which is overcome by mater-
nal DME activity. Whether this is also true for the paternal MEA allele, or
whether specific activities are required to keep it silent, is currently unknown.

Seed Development and Genomic Imprinting in Plants 251



12
The Role of Imprinting During Gametophyte 
and Seed Development

The R locus as well as MEA and FWA are imprinted genes where the default
(non-imprinted) state of the maternal allele is the ‘off ’ state, while the
imprinted state is the ‘on’ state. It is possible, however, that the genetic regula-
tion of the paternal and maternal allele differs and that both epigenetic states
have to be actively established. As the chromosomes inherited by the
endosperm are not transmitted to the progeny, DME- and MET1-mediated
epigenetic modifications do not need to be reset for the next generation. This
is fundamentally different to the situation in mammals, where epigenetic
modifications of imprinted genes are reset during reproduction. For imprint-
ing in the embryo, however, a resetting of imprints is expected to occur. There
are two main differences during plant and animal gametogenesis. First, there
is no predetermined germ line in plants. Cells that will differentiate into the
male and female gametophytes are derived from the reproductive meristem, a
pluripotent group of stem cells. The second difference is that the gametes are
formed through mitotic divisions of meiotic products in plants, and are
located within the male and female gametophytes. The female gametophyte
contains the two female gametes, the egg cell and the central cell. The male
gametophyte consists of a vegetative cell containing the two male gametes.

If the imprint is established during gametophyte development, there are
four possibilities at which stage this could occur: pre-meiotic, post-meiotic,
pre-mitotic or post-mitotic. If the parental imprint occurs after mitosis in
only one of the daughter cells, this would lead to two non-equivalent female
gametes (egg and central cell) or two non-equivalent sperm cells (Messing
and Grossniklaus 1999). It is known that during pollen development, methy-
lation differences are established between the vegetative and generative cell,
which gives rise to the sperm cells (Oakeley et al. 1997). These global methyla-
tion changes could be associated with an erasure of existing imprinting
marks and reprogramming of the genome, similar to the situation in animals.
However, both sperms are functionally equivalent and are thought to fertilize
egg and central cell randomly in most plant species (Dumas and Mogensen
1993; Russell 1993). Thus, it is unlikely that epigenetic differences lead to non-
equivalent sperm cells. Therefore, epigenetic differences between cells are
most likely established only in the female gametophyte prior to fertilization,
e.g. by the action of a putative DNA-glycosylase like DME. Currently, there are
no published investigations about the timing of methylation changes during
female gametogenesis, which could expand our understanding of the role of
imprinting during plant reproduction. However, clearly epigenetic states
introduced during female gametophyte development have the potential to
control differentiation processes that could control the different fate of, e.g.,
the egg and central cell (Messing and Grossniklaus 1999).
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13
Imprinting and Apomixis

Apomixis is defined as asexual reproduction through seed; consequently, the
progeny of apomictic plants are genetic clones of the mother. Introducing
apomixis into a desirable genetic background would allow its propagation
while keeping its genetic composition intact, giving apomixis a great agro-
nomical potential (Spillane et al. 2004). Apomictic plants have successfully
overcome the fertilization-dependent barrier of embryo development. How-
ever, many apomicts require fertilization of the central cell, forming the
triploid endosperm, implying that the 2 m:1p ratio is crucial for successful
endosperm development in these species (Koltunow and Grossniklaus 2003).
Fertilization of an unreduced polar nucleus by a normally reduced sperm
would result in an ‘unbalanced’ 4 m:1p genome ratio that is often lethal. In nat-
ural apomicts, two different strategies have been devised to prevent unbal-
anced genome ratios causing seed abortion: (1) alterations in either gameto-
phyte development or the fertilization process, and (2) changes in the
sensitivity towards unbalanced ratios of maternal to paternal genome ratios
(Savidan 2000; Grossniklaus et al. 1998; Grossniklaus et al. 2001). Some species
employ the first strategy: gametophyte development is altered such that the
embryo sack contains four instead of eight cells,with a single,unreduced polar
nucleus, and after fertilization the 2 m:1p ratio is restored (Nogler 1984).
Ranunculus auricomus uses an alternative mechanism,where the double fertil-
ization process is modified, with both reduced sperm nuclei fusing with the
unreduced polar nuclei, restoring a 2 m:1p genome ratio (Rutishauser 1954).
The second strategy is used in Tripsacum dactyloides and Paspalum spp.,where
a single reduced sperm fertilizes the unreduced polar nucleus, giving rise to
unbalanced genome ratios with no negative impacts on endosperm develop-
ment (Grimanelli et al. 1997; Quarin 1999). Furthermore, in many apomictic
species of the Asteraceae,autonomous endosperm development occurs in con-
junction with autonomous embryo development,resulting in a 2 m:0p genome
ratio in the endosperm. How natural apomicts manage to bypass the genome
dosage sensitivity in the endosperm is a fascinating, but unresolved, question.

Another experimental approach to investigating apomixis utilizes the
model plant Arabidopsis (Grossniklaus et al. 2001). In wild-type Arabidopsis
plants, autonomous embryo and endosperm development does not occur. In
mutants of the fis class, seed-like structures develop in the absence of fertiliza-
tion (Chaudhury et al. 1997). However, embryo development does usually not
occur, although a few embryo-like structures have been reported (Chaudhury
et al. 1997; Köhler et al. 2003a), and endosperm development is abnormal, as it
fails to cellularize.This aberration can be overcome when,e.g.,the autonomous
endosperm mutant fie is combined with a hypomethylated genome, allowing
completion of endosperm development (Vinkenoog et al. 2000). This shows
that the requirement of a paternal genome for successful endosperm develop-
ment can be bypassed under certain conditions even in Arabidopsis.
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14
Possible Epigenetic Marks Distinguishing Maternal and
Paternal Alleles

14.1
Chromatin Structure

In several plant species, transgene silencing is connected with modifications
in DNA methylation and chromatin structure. Silencing of the HYGROMYCIN
PHOSPHOTRANSFERASE transgene locus in Arabidopsis is correlated with
both increased methylation and changes in chromatin structure demon-
strated by an increased resistance to DNAseI and micrococcal nuclease diges-
tion (Assaad and Signer 1992; Ye and Signer 1996). Heterochromatin is
defined as chromatin that is inaccessible to DNA binding factors (and the
aforementioned nucleases) and transcriptionally silent, which distinguishes it
from the more accessible and transcriptionally active euchromatin (Grewal
and Moazed 2003). The heterochromatic state is stably inherited through
many cell divisions and, not surprisingly, plays a central role in regulating
gene expression during development and cellular differentiation in many sys-
tems. Like the previously discussed DNA methylation, heterochromatiniza-
tion is a potential mechanism to render parental genomes functionally dis-
tinct. Histones and their subsequent post-translational modifications play a
pivotal role in the assembly of heterochromatin. DNA and histones are assem-
bled together to form the nucleosome. The DNA is wrapped approximately
two turns around a core octamer composed of two subunits from each of the
following four histones: H2A, H2B, H3 and H4. Consistent with a role for chro-
matin structure in imprinting, different histone variants are specifically
expressed during pollen development. Atypical isoforms of the core histones
H2A, H2B and H3 accumulate in condensing nuclei of generative cells in
tobacco (Xu et al. 1999) and the lily Lilium longiflorum (Ueda and Tanaka
1995). One possible role for these particular isoforms is in chromatin conden-
sation of the sperm nuclei, similar to the role that protamine proteins play in
mammals (Ueda et al. 2000).

In addition to the increased complexity generated by the use of different
histone isoforms, the aminotermini of histones can contain different post-
translational modifications that influence the chromatin condensation state.
The two most prominent modifications are methylation and acetylation at
lysine residues of amino termini of H3 and H4. Histone acetylation correlates
with transcriptional activity (euchromatin), whereas decreased acetylation
correlates with a transcriptionally repressed state (heterochromatin). In addi-
tion to hypoacetylation, heterochromatin is also characterized by methylation
of lysine 9 of histone H3 (H3K9). As mentioned above, the SET domain pro-
tein Su(var)3–9 and its homologues methylate this residue. KRYPTONITE
(KYP) is one homologue of Su(var)3–9 in Arabidopsis and has been shown to
methylate H3K9 residues at specific target loci (Jackson et al. 2002). Interest-
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ingly, kyp mutants have a loss of methylation at CpNpG trinucleotides, in
addition to the loss of H3K9 methylation marks. Methylation marks at CpNpG
trinucleotides are also lost in the DNA methyltransferase chromomethylase3
(cmt3) mutant. The DNA hypomethylation in kyp mutants is therefore most
likely a consequence of the failure to recruit CMT3 to methylated H3K9
residues. The LIKE HETEROCHROMATIN PROTEIN1 (LHP1) homologue
may mediate the recruitment of CMT3 to methylated H3K9 sites, as LHP1 has
the ability to bind to methylated H3K9 residues and interacts with CMT3 in
vitro (Jackson et al. 2002). However, recent results suggest that the relation-
ship between histone methylation and DNA methylation is a complex one,
involving regulatory feedback loops (Tariq and Paszkowksi 2004).

14.2
DNA Methylation During Gametogenesis

Two key events in the formation of gametes in mammals are the initial erasure
of epigenetic marks in primordial germ cells and the establishment of new
epigenetic marks in the germline (Surani 1998). Even though it is not com-
pletely clear whether DNA methylation patterns alone establish the imprints,
genome-wide changes in methylation occur before and after fertilization in
mammals.

Global changes in DNA methylation have also been observed in tobacco
pollen sperm cells during maturation (Oakeley et al. 1997). Recent investiga-
tions of the met1 mutant of Arabidopsis have provided compelling evidence
that critical methylation changes occur during male and female gametogene-
sis. Saze and colleagues (2003) showed that an absence of MET1 activity
caused dramatic epigenetic diversification of the gametes. This diversity
seems to be a consequence of passive postmeiotic demethylation, which led to
gametes with hemi-methylated and fully demethylated DNA. These hemi-
methylated sequences become fully methylated again in the zygote once
MET1 is provided. The effects of MET1 depletion were observed in both male
as well as female gametes. It is intriguing that the reduction of the gameto-
phytic phase during plant evolution has not gone beyond two postmeiotic
divisions, the minimum number of divisions required to obtain a fully
demethylated genome in the absence of MET1 activity. Saze and co-workers
(2003) conclude that DNA methylation provides essential information for
subsequent chromatin modifications. The study of Johnson and colleagues
(2002) provides an alternative explanation for these observations, as they
failed to observe a direct correlation between the loss of DNA methylation
and the loss of histone H3K9 methylation marks. However, the loss of H3K9
methylation marks directly correlated with the level of expression of the tar-
get gene. Johnson et al. (2002) hypothesized that the loss of DNA methylation
caused the transcriptional activation of normally silenced loci, which in turn
lead to a loss of histone methylation due to the transcription-coupled incor-
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poration of the histone variant H3.3 (Ahmad and Henikoff 2002). However,
the study of Saze and co-workers (2003) provides clear evidence that DNA
methylation is involved during gametogenesis in plants, although the relative
importance for gametogenesis of DNA methylation compared to chromatin
structure is still unknown.

14.3
DNA Methylation During Seed Development

The work of Adams and associates (2000) investigated the role of DNA methy-
lation patterns in parent-of-origin effects during seed development. Recipro-
cal crosses with the previously described MET1as lines produced endosperm
with phenotypes similar to those obtained from interploidy crosses. Cytosine
methylation is reduced by as much as 85 % in the MET1as lines (Finnegan et
al. 1996). Crossing MET1as as a pollen donor to pollinate wild-type plants
resulted in seeds that were small, containing fewer peripheral endosperm
nuclei and a small chalazal endosperm. Cellularization in the affected seeds
occurs earlier than in wild-type endosperm. This phenotype closely resem-
bles a seed phenotype obtained from a 4n ¥ 2n cross, giving rise to the
hypothesis that in the hypomethylated pollen, maternal genes become acti-
vated that are normally silent. In contrast, a hypomethylated mother plant
pollinated with wild-type pollen produces seeds that have a higher seed
weight, due to an overproliferation of endosperm nuclei, an overgrowth of the
chalazal endosperm and a delay in cellularization. In this example, genes nor-
mally expressed in the paternal gametes are postulated to be activated due to
a hypomethylated maternal genome, phenocopying the seeds derived from a
2n ¥ 4n cross (Adams et al. 2000). The phenotypes suggest that hypomethyla-
tion removes imprint marks, giving rise to either a maternalized paternal
genome (hypomethylated pollen) or a paternalized maternal genome
(hypomethylated mother plant). While this hypothesis conveniently explains
the phenotypic similarities of seeds obtained after reciprocal crosses with
either hypomethylated parents or parents with a different ploidy, it is impor-
tant to remember that the global demethylation in MET1as lines is also
accompanied by a redistribution of methylation marks that can lead to hyper-
methylation at some loci, as has been demonstrated for the SUPERMAN and
AGAMOUS loci (Jacobsen et al. 2000). Therefore, it is impossible to draw a
direct correlation between the observed effects and the hypomethylation of
the genome.
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15
Conclusions

To date, genomic imprinting at individual genes as discussed in this chapter
has only been described in seed plants and mammals. Due to their long evo-
lutionary separation, genomic imprinting must have evolved independently
in these two groups of organisms. Nevertheless, many aspects of imprinting
show striking similarities between plants and animals. On the one hand, they
share a ‘placental habit’ and similar selective pressures may have led to the
evolution of imprinting with similar phenotypic effects. These are consistent
with the intragenomic parental conflict hypothesis for the evolution of
imprinting but can also be explained by other hypotheses. On the other hand,
molecular mechanisms involving, e.g., DNA methylation seem to have been
used in both animals and plants for the regulation of imprinted genes. Future
work will show how far these parallels will go.
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