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Abstract Although all nucleated cells within a multicel-
lular organism contain a complete copy of the genome, cell
identity relies on the expression of a specific subset of
genes. Therefore, when cells divide they must not only
copy their genome to their daughters, but also ensure that
the pattern of gene expression present before division is
restored. While the carrier of this epigenetic memory has
been a topic of much research and debate, post-transla-
tional modifications of histone proteins have emerged in
the vanguard of candidates. In this paper we examine the
mechanisms by which histone post-translational modifica-
tions are propagated through DNA replication and cell
division, and we critically examine the evidence that they
can also act as vectors of epigenetic memory. Finally, we
consider ways in which epigenetic memory might be dis-
rupted by interfering with the mechanisms of DNA
replication.

Keywords Epigenetic memory - Gene expression -
DNA replication - Histone modifications
Introduction

Histone proteins allow the packaging of several metres of
DNA into the eukaryotic nucleus. Eukaryotes possess four
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core histone proteins, H2A, H2B, H3 and H4. They form an
octameric complex, [H2A:H2B]:[H3:H4],:[H2A:H2B],
known as the nucleosome core. The crystal structure of the
nucleosome core revealed 146 base pairs of nuclear DNA
wrapped around each core particle in 1.65 turns of left-
handed superhelix [1]. Nucleosomes are spaced at
approximately 200 base pair intervals along the DNA,
while the intervening exposed DNA can be bound by one
of a number of specialised linker histone proteins
(reviewed in [2]). The formation of chromatin by binding
of the histone proteins to DNA is the first stage in the
processes that compacts DNA 30- to 40-fold into higher
order structures within the nucleus (reviewed in [3]).

The need to compact DNA into chromatin is at odds
with the requirement for access to the genetic code. Even
the formation of nucleosomes results in DNA-binding sites
for proteins such as transcription factors becoming occlu-
ded as well as acting as a barrier to the key DNA
transactions, transcription and replication. Of course, not
all DNA sequences need to be accessible all the time.
Different cell types exhibit distinct transcriptional pro-
grammes that are controlled through the regulation of
access to DNA via removing, remodelling or repositioning
nucleosomes. Indeed, key to maintaining cell identity is the
ability to ‘remember’ which genes are active and which are
inactive through DNA replication and mitosis (or occa-
sionally meiosis).

While the restoration of the transcriptional programme
following DNA replication could be achieved solely by the
maintenance of the signalling environment in which the
cell finds itself, there is extensive evidence that cells can
also intrinsically maintain gene expression states through
cell division. The nature of this ‘memory’, which is not
directly encoded by the DNA and hence can be termed
‘epigenetic’ in the sense that it is a heritable trait

@ Springer



698

P. Sarkies, J. E. Sale

independent of changes in the underlying DNA sequence
[4], has been the subject of intense research. Various
vectors of epigenetic memory have been proposed,
including DNA methylation, small RNAs, histone tail
modifications and histone variants. This review focuses on
how histone proteins and particularly post-translational
modifications of the histone tails might provide epigenetic
memory, and will therefore not deal in detail with DNA
methylation and RNA interference-based models, which
have been reviewed extensively elsewhere [5, 6].

While the body of the eight histone proteins goes to
make up the globular core of the nucleosome and provides
the scaffold around which the DNA gyres are wrapped, the
N termini of the histone proteins are unstructured and
protrude from the core, out past the DNA. The histone
proteins, and particularly the N-terminal tails, can be
decorated by post-translational modifications including
methylation, acetylation and phosphorylation. The effects
of these modifications on histone structure are only just
beginning to be appreciated, but a great deal of data
derived by examination of specific loci and, more recently,
through genome-wide studies has shown striking correla-
tions between certain modifications and particular
transcriptional states. Thus, transcriptionally active loci are
associated with acetylation of H3 at lysine 9 and 14,
shortened to H3K9/14ac [7], trimethylation of H3 at lysine
4 (H3K4me3) and acetylation of a number of lysines in the
N-terminus of H4. Conversely, repressed loci are found to
be enriched for H3K9me2 and me3 or for H3K27me3
(reviewed in [8]).

The array of potential modifications of histones coupled to
their association with specific transcriptional states and an
increased understanding of the enzymology of mark intro-
duction and reading led to the proposal of a histone code
[9, 10]. This concept is linked to the idea that the code can also
carry the long-term transcriptional memory necessary for the
maintenance of cell identity. However, not all histone modi-
fications have the properties necessary for carrying epigenetic
memory, and many are likely to simply mediate short-term
signalling functions [11]. Those marks that are candidates for
carrying epigenetic memory need to exhibit a number of
features, most importantly they must be stable, or at least
maintainable, during the cell cycle, and they must be copied
onto new chromatin after DNA replication such that they
remain associated with the same underlying DNA sequence.

This review will examine the evidence that histone
modifications can mediate long-term epigenetic memory in
the context of other potential mechanisms and will focus on
the mechanisms by which histone modifications are prop-
agated through chromosome replication. Additionally, we
discuss how the mechanisms of histone mark propagation
might be disturbed by problems encountered by the
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Fig. 1 Experimental models implicating histone modifications in the
propagation of epigenetic states. a A simplified illustration of
Polycomb/Trithorax regulation in Drosophila development. In the
embryo the expression of Ultrabithorax (UBX) is set by the activity
of Hunchback (Hb), which acts as a repressor, and Fushi tarazu (Ftz),
which acts as an activator. However, in the adult, neither Hb nor Ftz is
present and the embryonic pattern of UBX expression is maintained
by binding of the Polycomb and Trithorax complexes. b Position
effect variegation in the Drosophila eye. The Drosophila eye in wild
type flies has a red colour due to the expression of the gene white. An
inversion mutation can place the white gene in proximity to
heterochromatin. This can lead, through spreading of the heterochro-
matin, to stochastic silencing of white and a variegated eye colour
phenotype. Suppression of variegation, or Su(var), mutants are
identified through reversion of this phenotype. ¢ The S. cerevisiae
mating type locus. The mating type is determined by the presence of
the a or o mating type cassette within the expressed domain (green),
allowing the two genes determining mating type, Mat a/o1 and Mat a/
o2, to be expressed. The expressed domain is flanked by silent copies
of both a and « mating type cassettes, adjacent to cis-acting silencer
elements. Gene conversion can introduce either of the silent cassettes
into the expressed cassette to switch mating type. d Live cell imaging
to reveal the effect of H3K4 methylation on inheritance of transcrip-
tionally active states in Dictyostelium. The transcription frequency of
a reporter locus can be measured directly by observation of RNA
production in vivo via binding of the MS2 bacteriophage coat protein
to MS2 repeats engineered into the transcript. Cell division gives two
daughter cells with good correlation between the transcriptional rates.
However, reducing H3K4 methylation by introducing the H3K4A
mutation leads to failure of this correlation [38]

replication fork and how this can result in instability of
epigenetic memory of transcriptional states.

Evidence that histone modifications can be inherited

What evidence is there that histone modifications can act as
epigenetic marks, that is, be inherited directly during cell
division? General support for this notion has come from the
study of epigenetic model systems. In common to each of
these is the ability to genetically separate the mechanism of
maintaining a gene expression state from the initial process
of establishing that state, allowing the components that are
required specifically for maintenance of transcriptional
states to be identified. In this section we examine four
examples from evolutionarily divergent organisms that
have all implicated histone modifications as key in epige-
netic processes (Fig. 1).

Regulation of gene expression by the Polycomb
and Trithorax group proteins

During Drosophila development, proteins encoded by pair
rule and gap genes switch the expression of crucial genes
responsible for patterning segments on or off in different
regions of the embryo. Notably, these targets include the
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highly conserved Hox genes. However, the expression
states of Hox genes are then maintained throughout the
lifespan of the fly, in the absence of the initial signal
(reviewed in [12]). Thus, Hox gene regulation fits the
Holliday definition of an epigenetic process [4]. Evidence
in favour of a role for histone modifications in this process
comes from the study of two classes of mutant, Polycomb
and Trithorax, which show defects in maintaining silent
and active gene expression states respectively [13, 14].

Both the Polycomb and Trithorax groups of genes include
enzymes capable of carrying out histone modifications
linked to determination of transcriptional states: the PRC2
Polycomb complex introduces H3K27me3 [15-18] and the
Trithorax complexes are involved in trimethylation of
lysine 4 of histone H3 [19, 20]. Because the genes that
these complexes act at are different in each segment, DNA
sequence alone cannot specify their localisation in differ-
entiated cells. Thus the initial targeting of these complexes
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must be genetically separable from their role in maintain-
ing gene expression states. Instead, the complexes could be
retained at specific loci due to epigenetic inheritance of the
histone modifications that the complexes themselves
introduce (e.g. [21]). Thus, indirectly, the existence and
phenotype of the Polycomb and Trithorax group mutants
might imply a role for histone modifications in the herita-
bility of gene expression states.

Position effect variegation in Drosophila

The first example of position effect variegation (PEV)
involved the stochastic silencing of the white gene when
positioned, by a translocation, into pericentromeric chro-
matin in cells in the developing eye [22, 23]. Silencing of
white is established in the imaginal disc, and this silencing
is then propagated through to the adult eye. Because the
gene, once inactivated, remains inactive for the lifetime of
the adult but does not actually become silenced in adult
eye cells, initiation and perpetuation of silencing are
separable, thus again implicating an epigenetic phenome-
non. Multiple mutants have been identified that exhibit
defective silencing of a pericentric white allele. Many of
these suppressors of variegation, or Su(var), mutations,
have been mapped to genes involved in modifying his-
tones (reviewed in [24]): H3K9 methylation and H4K20
methylation, as well as histone deacetylation are all
important in PEV.

An important PEV mutant that has given conceptual
insights into the role of histone modifications in tran-
scriptional memory is Su(var)2-5, the Drosophila HP1
homologue. HP1 itself lacks the capacity to modify
nucleosomes. However, HP1 can bind to the H3K9 meth-
ylation mark through its chromodomain [25, 26]. This
provides a possible mechanism to explain exactly how the
H3K9 methylation modification can lead to transcriptional
silencing: HP1 can dimerise, thus potentially allowing it to
bind to more than one modified nucleosome simulta-
neously, contributing to the compaction of chromatin [27].
Moreover, study of HP1 has also given some insight into a
possible mechanism for histone modification copying. HP1
can interact with the H3K9 methyltransferase SUV39. This
could lead to the recruitment of SUV39 to regions where
H3KO9me is found, providing a mechanism for spreading of
the mark in chromatin and potentially explaining how the
modification could be perpetuated through cell division via
a “self-recruitment” mechanism.

Mating type switching
Another important system that has given insight into the

role chromatin modifications may play in heritable gene
expression states is the mating type loci of both the fission
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yeast Schizosaccharomyces pombe and budding yeast
Saccharomyces cerevisiae. Although the initiation of
mating type switching differs in the two systems (reviewed
in [28, 29]), in both, mating type is determined by the
expression of one of two alleles of the mating factor.
However, there are also silent copies of both alleles located
elsewhere on the chromosome, allowing mating type to
‘switch’ by replacing the expressed allele with the alter-
native allele. The silent state of these dormant copies is
inherited during cell division.

It is important to note that it is more difficult to interpret
the yeast mating type switch as epigenetic than it is for the
systems from multicellular organisms described above.
This is because genes within the silent regions are never
expressed in wild type cells, meaning that it is possible that
the cis-acting DNA elements, which are required for
silencing, could simply re-establish the silent state every
time the cell divides. However, there is good evidence from
both fission yeast and budding yeast that establishment and
maintenance of silencing can be separated genetically,
suggesting that some component of the silent state is
maintained epigenetically. Simple evidence from S. cere-
visiae comes from the phenotype of the sir/ mutant [30].
sirl mutants exhibit a variegated defect in silencing such
that four-fifths of the population show expression of the
silent mating type genes and one-fifth keep these genes
silent. However, the progeny of cells from the silent or
active population show maintenance of the state of their
parent over many generations, with rare (1/250) excep-
tions. This suggests that sir/ mutants are deficient in
establishing silencing but not in maintaining it. In fission
yeast, where the silent region is larger, evidence of a
comparable phenomenon came from the insertion of a
reporter gene into the silent region, leading to a variegation
effect similar to the sir/ mutant, whereby two states of
reporter gene expression (either on or off) were found to be
heritable [31, 32]. Furthermore, when cells expressing the
reporter were crossed to those not expressing the reporter,
the expression state showed Mendelian inheritance such
that it co-segregated with the MAT locus [31]. This last
experiment dramatically confirms that this is an epigenetic
effect and, even more intriguingly, suggests that meiotic
inheritance is possible, at least for this system.

Given the epigenetic nature of mating type silencing, the
identification of genes involved in histone modification as
silencing mutants gives further support to the importance
of histone modifications in epigenetic states. Indeed, in
S. pombe, homologues of proteins involved in Drosophila
PEV have been identified as important in mating type locus
silencing, for example Clr4 [33, 34], the S. pombe homo-
logue of the SUV39 H3K9 methyltransferase, and Swi6
[35], the homologue of HP1. Another example is provided
by the histone deacetylase Sir2. sir2 mutants in
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S. cerevisiae are defective in silencing at the mating type
locus, and the Drosophila Sir2 homologue is a member of
the PRC2 Polycomb complex [36]. These observations
suggest deep conservation of a role for histone modifica-
tion complexes in epigenetic state maintenance. Further,
from the extensive study of these relatively simple systems,
it has recently become possible to construct detailed
computational models of how silencing is maintained [37].
Such studies are useful for understanding the minimal
requirements for any transcriptional memory system based
on histone modifications and will be discussed in more
detail below.

Correlation between transcription and histone
modification at the single cell level in Dictyostelium

Though analysis of well-defined genetic model systems is
highly suggestive of a role for histone modifications in
epigenetic processes, evidence that histone modifications
are directly responsible for carrying the information is still
lacking. For example, one could imagine a situation where
histone modifications act downstream of another factor,
itself inherited through cell division, to bring about
retention of the transcriptional state. Obtaining more direct
evidence that histone modifications are the causal factor
inherited through cell division ideally requires following
histone modification levels within single cells over mul-
tiple cell cycles. Recent work using the slime mould
Dictyostelium discoideum has come close to this ideal.
Transcription of genes in mother and daughter cells cor-
relates closely, but removing the bulk of H3K4me by
replacing one of the H3 genes with an H3K4A mutant led
to a reduction in the observed correlation [38]. This sug-
gests that the H3K4me modification is important in the
inheritance of transcriptional states through cell division.
Future work based on this kind of single cell approach
will be invaluable in establishing whether the role of
histone modifications is indeed causative. However, the
major conceptual barrier to histone modifications being
inherited is a mechanistic explanation of how they could
survive the process of DNA replication. In order to
understand how histone marks might be propagated, it is
first necessary to examine the dynamics of histones during
replication.

Histone dynamics during DNA replication

A simple consideration of the process of DNA replication
leads to the conclusion that when DNA duplicates in S
phase, the number of nucleosomes associated with the
DNA must also double. Without this, the number of his-
tones per segment of DNA would halve each time the cell

divides. Thus, newly synthesised histones also need to be
deposited on DNA during DNA replication. At the same
time, the nucleosomes ahead of the fork represent a barrier
for the unwinding of DNA and therefore need to be
removed, at least transiently. Nucleosome incorporation
after replication is indeed rapid, and failure to effectively
assemble newly synthesised DNA into chromatin behind
the replication fork leads to genomic instability and cell
death [39]. Crucially though, this incorporation of newly
synthesised histones necessarily imposes a challenge to the
perpetuation of histone post-translational modifications,
because the newly synthesised histones incorporated will
not carry the locus-specific information of the parental
histones. In order to understand what the final make-up of
chromatin might be after replication, in this section we will
look at what distinguishes old and new histones, before
considering the processes that govern the final distribution
of histones after replication.

What distinguishes old and new histones?

Much is known about the modifications that distinguish
pre-existing H3 and H4 from de novo H3 and H4 incor-
porated during replication. Newly synthesised H3.1 and H4
are devoid of methylation marks other than H3K9 mo-
nomethylation [40], which is imposed at a very early stage
in H3 biosynthesis [41] by an as yet unknown methyl-
transferase, possibly SETDB1 [40]. It has been proposed
that this modification acts as a stepping stone for sub-
sequent further methylation events following incorporation
of the H3 into chromatin [40]. Newly synthesised H4 is
diacetylated at K5 and K12 in organisms from Tetrahy-
mena [42], in which the equivalent residues are K4 and
K11, through to Drosophila and human [40, 43]. This mark
is imposed by the histone acetyltransferase HAT1, which
associates with the sNASP histone chaperone during the
preparation of the H3/H4 dimer for nuclear import [41].

In yeast, newly synthesised H3 is also acetylated at K56
[44] by the HAT Rtt109 [45, 46], and this modification is
vital for proper chromatin assembly during S phase [47].
Importantly however, in human cells H3K56ac is found
only at very low levels on H3 bound by the histone
chaperone Asfl, a pool of H3 that is thought to reflect
molecules awaiting loading onto DNA, arguing that this
modification is not a general mark of new histones in
higher eukaryotes [48].

The modification pattern of newly synthesised histones
might be useful for propagation of epigenetic memory as
it could allow a distinction between old and new histones
to be made. However, to understand how this might
work, we first need to consider how parental nucleosomes
and newly synthesised nucleosomes come together during
replication.
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Fig. 2 Management of H3 and H4 during DNA replication. Parental
H3/H4 tetramers are displaced ahead of the advancing replicative
helicase and are redeposited on the double strand DNA emerging
from the polymerases on either leading or lagging strands. Newly
synthesised H3/H4 dimers are shown binding first to ASF1 before
being handed over to CAF1 bound to PCNA. The stoichiometry of
CAFT1 at the fork is unclear, but here two CAF1 molecules are shown
chaperoning one new dimer each

Global dynamics of nucleosomes at the replication fork

Given the requirement not to leave the DNA naked for too
long, there are three possible ways in which chromatin
might be replicated. First, the histones could be pushed off
the end of a linear chromosome. This seems unlikely
because there are multiple replication origins on eukaryotic
chromosomes and therefore the histones between two ori-
gins would be bunched together creating a hideous
contortion. A second possibility would be to keep the
parental nucleosomes associated with one daughter strand
and place the newly synthesised histones on the other
strand. Finally, the parental and newly synthesised nucle-
osomes could be deposited evenly on both daughters,
which would have the net effect of placing new and old
nucleosomes adjacent to one another (Fig. 2).

Several different lines of experimental evidence have
converged in favour of the latter possibility. An important
technique in elucidating the dynamics of nucleosomes at
the replication fork has been electron microscopy of
psoralen-crosslinked and deproteinised DNA. Histones
protect the DNA from crosslinking and thus, when they are
removed by protease and the DNA denatured, a single-
strand bubble forms, allowing the visualisation of sites of
nucleosome occupancy [49]. This technique demonstrated
that nucleosomes were incorporated within about 200 base
pairs of the replication fork in SV40 minichromosomes
[50]. Furthermore, by inhibiting protein synthesis, it could
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be shown that nucleosomes still formed on both daughter
strands, but with a density of around 50% of the density of
nucleosomes ahead of the fork, suggesting that the parental
nucleosomes were segregated evenly between the two
strands [50]. Parallel elegant biochemical studies employ-
ing density gradient centrifugation of radiolabelled
histones at cellular replication forks gave rise to broadly
similar conclusions [51, 52].

Together, these data suggest that newly synthesised
histones are deposited during replication at the same time
as parental histones are recycled. Therefore, an important
question is whether the old and the new histones can form
mixed octamers. The very fact that nucleosomes can be
observed on newly synthesised DNA in the absence of
protein synthesis implies that mixed octamers are not
obligatory; moreover, SV40 chromatin can be replicated
with octamers that have been cross-linked together [53].
In vivo, though, data from density labelling of replicating
cells suggest that parental H3/H4 tetramers tend to stay
together, with a random assortment of newly synthesised
and parental H2A/H2B dimers [52]. This makes sense
given the assembly pathway of the histone octamer in vitro,
where an H3/H4 tetramer is capped by two H2A/H2B
dimers [54]. Recently a mass spectrometry study, demon-
strating that the vast majority of parental H3.1/H4 remain
as tetramers through cell division, has complemented this
early work [55]. Additionally, these observations suggest
that, if histone proteins and their modifications are to carry
epigenetic memory, H3/H4 is a more attractive unit to
study than H2A and H2B.

Thus, overall evidence has converged on a simple model
whereby, on average, one newly synthesised tetramer will
be deposited for every parental H3/H4 tetramer on both
strands. Potentially, this allows the H3/H4 tetramer to act
as a vector for epigenetic information, raising the important
question of which enzymes are needed to control H3/H4
deposition.

Guiding histones: histone chaperones at the replication
fork

During chromatin transactions involving histone dis-
placement, specific chaperones are required to prevent
unscheduled and potentially disordered reassociation of
histones with DNA. These chaperones, which are drawn
from diverse protein families, all share in common sub-
units with acidic regions allowing them to bind to their
highly basic client proteins [56].

A large number of histone chaperones have been iden-
tified. However, the assembly and disassembly of
nucleosomes can take place throughout the cell cycle.
Therefore in assessing the function of these chaperones in
DNA replication it is important to establish whether they



Propagation of histone marks and epigenetic memory

703

act specifically in S phase, operate entirely outside of DNA
replication, or can participate to some degree in both rep-
lication-dependent and independent processes. Two
chaperones implicated in replication-dependent chromatin
assembly are CAF1 and ASFI.

CAF1

The paradigm for a chaperone linked to DNA synthesis is
CAF1, discovered due to its ability to support the assembly
of SV40 viral DNA into chromatin when used to supple-
ment replication-competent S100 extracts from HeLa cells
[57, 58]. Human CAF1 is a trimer consisting of p150, p60
and p48 subunits, which are conserved all the way through
to budding yeast [59]. CAF1 was shown to bind histones
H3 and H4 in vivo [60], suggesting that it is able to deposit
H3 and H4 on newly synthesized DNA, which then
nucleates assembly of the complete histone octamer.
Deletion of p150 in chicken DT40 cells [61], or its knock-
down in human cells [62], results in massive defects in
chromatin assembly and rapid lethality, supporting a vital
role for CAF1 in chromatin assembly in vivo.

What marks CAF1 out as a DNA synthesis-coupled
factor rather than one that is more generally important for
chromatin assembly? Conceptually one could imagine two
ways in which the activity of a chaperone might be con-
trolled. One would be to ensure regulation such that it only
acts at replication forks. Alternatively, the substrate spec-
ificity could be such that it only acts on newly synthesised
histones in S phase. It turns out that both these mechanisms
apply to CAFI1.

One simple mechanism regulating CAFI1 activity is
cell-cycle-regulated phosphorylation, which occurs on the
p150 subunit, by the replication-specific kinase CDC7-
DBF4 [63]. Phosphorylation in S phase prevents pl150
dimerising, thus allowing it to form the active CAFI1
heterotrimer and restricting its activity outside of S phase.
Perhaps a more important mechanism restricting CAF1
activity to replication is its interaction with PCNA, which
means that CAF1 is localised to on-going replication forks
[64]. Yeast PCNA mutants that no longer interact with
CAF1 are compromised for chromatin assembly [65],
suggesting that this interaction is essential for CAFI1
function in vivo. However, CAF1 activity is not absolutely
restricted to S phase [66, 67], and its interaction with
PCNA provides an elegant way in which chromatin
assembly can also be linked to DNA repair synthesis, as
PCNA loading at sites of repair will be sufficient for
CAF1 to be recruited [68].

Pulse labelling studies showed that CAF1 chromatin
assembly in vitro can only be carried out using newly
synthesised histones [69]. How could this specificity be
achieved? Purification of H3.3- or H3.1-bound proteins

demonstrated that CAF1 shows preference for the S-phase-
specific histone H3.1, rather than the histone variant H3.3,
which is expressed throughout the cell cycle [70]. This is
intriguing given the modest differences in sequence
between H3.3 and H3.1 (reviewed in [71]). The selectivity
appears to be so strong that a CAFI-dependent H3.1
deposition ‘signature’ can be detected on newly deposited
histones outside of S phase [72], a situation where H3.3 is
likely to be in significant excess relative to H3.1. It should
be noted however that this experiment utilised an epitope-
tagged H3.1 that was not expressed under the endogenous
promoter, so was not subject to cell-cycle-dependent reg-
ulation; the in vivo H3.3/H3.1 ratio in Gl may be even
higher forcing CAF1 to incorporate H3.3.

In yeast the situation is somewhat different. Yeast have
two copies of a single H3 gene which is homologous to
vertebrate H3.3 [73], and there is therefore no distinction in
terms of H3 substrate between replication-dependent and
replication-independent nucleosome assembly. In contrast
to vertebrate cells yeast mutants lacking CAF1 are viable,
though they have defects in chromatin assembly indicated
by loss of silencing at the mating type loci and telomeres,
which is likely due to the ability of the replication-inde-
pendent histone chaperone HIRA to substitute for loss of
CAF]I. Supporting this, a cafl/hira double mutant exhibits
much more extensive S-phase trauma and greater silencing
defects than either single mutant [74].

Another suggested source of substrate specificity
derives from the ability of CAF1 to interact preferentially
with acetylated H4 [60]. This would further assist CAF1
in selectively binding newly synthesised histones, which
are acetylated on H4 K5/12. Supporting this, CAF1 can
be pulled down with acetylated histones [75]. However,
the N terminal tails of histone H3 and H4 are dispensable
for chromatin assembly in vitro [76], suggesting that if
there is an increase in affinity, it is not necessary for
CAF1 to work. In yeast however, there is a role for
H3KS56 acetylation, a mark of newly synthesised histones,
in nucleosome assembly that appears to be dependent on
CAF1 [47].

Taken together, the evidence suggests that CAFI1 is
responsible for the deposition of newly synthesised his-
tones H3 and H4, particularly during replication. This
would account for the deposition of newly synthesised
[H3/H4], tetramers, separate from the parental [H3/H4],
tetramers, implied by the biochemical evidence discussed
above. However, this simple model of chromatin assembly
during replication must be questioned somewhat by results
from the epitope tagging experiments described above.
Intriguingly, though chromatin-bound, tagged H3.1 could
pull down endogenous H3, suggesting that tagged H3.1
is able to form mixed tetramers, soluble tagged H3.1
(the pool interacting with CAF1) could not pull down
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endogenous H3. This implies that CAF1 binds an H3/H4
dimer rather than [H3/H4], tetramers. Therefore, in order
for the activity of CAF1 to support deposition of newly
synthesised tetramers either two CAF1 complexes would
have to work together, which would be possible as PCNA
is trimeric, or another histone chaperone would have to be
involved in the deposition process. Important insight into
this has come from study of the histone chaperone ASFI1,
which also seems to be involved in replication-coupled
chromatin assembly.

ASF1

ASFI was initially identified as a locus whose overex-
pression counteracts silencing in yeast [77]. Evidence for a
role in S-phase chromatin assembly came from S. cerevi-
siae asfl mutants, which exhibit defects in S-phase
progression, and the ability of purified Drosophila ASF1 to
stimulate CAF1-mediated nucleosome assembly [78]. The
importance of ASF1 in S-phase progression is conserved
through to higher organisms: a DT40 mutant lacking ASF1
fails to survive more than two cell cycles after inactivation
[79], and in humans, simultaneous knock-down of the two
ASF1 genes leads to defects in S-phase progression and
chromatin assembly [80].

ASF1 however appears to show some important func-
tional differences to CAF1. First, ASF1 does not appear to
be recruited to replication forks in the same way as CAFI.
ASF1 has not been shown to interact with PCNA; instead,
yeast ASF1 appears to interact with the PCNA loading
complex Replication Factor C [81]. Mammalian ASF1 can
interact with MCM proteins, probably bridged by H3/H4,
as mutant ASF1 protein deficient in histone binding no
longer pulls down MCMs [82]. Moreover, the association
of ASF1 with unperturbed replication forks appears to be
dynamic [48] in contrast to the stable association seen for
CAF1.

Another important difference to CAF1 is that ASF1
appears to be involved in replication-independent nucleo-
some disassembly in yeast, both on a global scale [83] and
at specific loci [84]. Human ASF1 knockdown has also
been shown to reduce H3.3 deposition in G1. There are
also some interesting differences in the phenotypes of the
yeast asfl and cafl mutants. In particular, asfl mutants do
not show defects in silencing, although asfl/cafl double
mutants show greater silencing defects than either of the
single mutants. Overall therefore, these studies suggest that
ASF1 is a general histone chaperone, which can contribute
in S phase, whereas CAF1 is dedicated to new DNA syn-
thesis. Thus it seems likely that ASF1 and CAF1 cooperate
in nucleosome assembly. Below, we consider two classes
of model that have been proposed for ASF1 and CAFI1
cooperation.
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Asf1 as an accessory for de novo nucleosome assembly

The effect of ASF1 on in vitro chromatin assembly, where
it appears to be capable of stimulating CAF1 but probably
cannot substitute for it [78], supports a view in which ASF1
is an accessory for chromatin assembly during replication.
This idea is further supported by the fact that CAF1 and
ASF1 interact [85] and are found together in complexes
with soluble tagged histone H3.1 [70].

How might such an accessory role for ASF1 be under-
stood? Important insight into this was provided by the
crystal structure of ASF1, showing that it interacts with a
dimer of H3/H4 [86]. Moreover, the structure showed that
the interaction between ASF1 and H3/H4 prevents
[H3/H4], tetramer formation because the tetramerisation
interface is blocked in the complex. This suggests two
possibilities for how ASF1 could assist CAF1 in nucleo-
some assembly. First, as described above, CAF1 would be
able to accept histones from ASF1 as it also interacts with
dimeric H3/H4. Thus ASF1 would act as a donor in a
supply chain to move newly synthesised histones onto
chromatin. In this view, two CAF1 complexes would need
to collaborate in order to deposit newly synthesised tetra-
mers. A second possibility is that CAF1 and ASF1 could
each deposit one dimer to complete an [H3/H4], tetramer.
This might seem to go against the fact that purified CAF1
alone can mediate nucleosome assembly in vitro [57].
However, CAF1 might be able to function independently of
ASFI in vitro due to the ability of two CAF1 complexes to
associate with PCNA, whilst in vivo, perhaps with more
limiting CAF1 levels, ASF1 might be able to contribute.
This idea might explain the ability of ASF1 to stimulate
CAF1 chromatin assembly by increasing the number of
dimers available for deposition, without being absolutely
essential for the process in vitro.

Asf1 in parental nucleosome management

An alternative but not exclusive possibility for the role of
ASF1 derives from a consideration of its role in replication
fork progression. Depleting ASF1 from human cells leads to
increased replication fork stalling and this correlates to
inhibition of unwinding of DNA [82]. This suggests that
ASF1 might be helping replication fork progression by
assisting in the disassembly of parental nucleosomes ahead
of the fork. In support of this idea, overexpressing free H3.1/
H4 in order to try and saturate ASF1 with free histones and
prevent it from stripping parental histones, seemed to phe-
nocopy Asfl depletion [82]. This led to the proposal that
ASF]1 could act both to accept parental H3/H4 from ahead of
the fork and supply newly synthesised histones to CAF1.
Since ASF1 can only bind an H3/H4 dimer [86], an
important corollary of a role for ASF1 in disassembling
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nucleosomes ahead of the fork is that parental [H3/H4],
tetramers must be split, at least transiently, before recom-
bining on the newly synthesised DNA. However, this
presents a problem. Since CAF1 also binds dimers, and
ASF1 can supply histones to CAF1, there would be nothing
to stop CAF1 depositing nucleosomes with an H3/H4
dimer from parental histones and an H3/H4 dimer from
newly synthesised nucleosomes to form a mixed tetramer.
This runs contrary to the weight of evidence presented
above suggesting that parental H3/H4 tetramers stay
together during DNA replication. Therefore, the obligate
involvement of ASF1 in the displacement of parental his-
tones seems unlikely.

How then might one explain the fork-stalling phenotype
observed on ASFI1 depletion? One possibility is that tet-
ramer splitting is only required at certain regions of the
genome, either due to a compact chromatin structure that is
not conducive to replication fork passage, or due to an
increased probability of replication stalling due to struc-
tured DNA [87]. If replication were to stall such that the
synthesis of new DNA was interrupted, parental tetramers
removed from DNA ahead of the fork would need to be
dissipated into the pool of histones as they could not be
deposited. ASF1 might therefore only split parental
[H3/H4], tetramers under conditions where they cannot be
loaded behind the replication fork. Indeed, under condi-
tions of replication stress induced by hydroxyurea
treatment, ASF1 does indeed associate to a much greater
extent with histones carrying modifications typical of
chromatin-bound histones, suggesting that Asfl is captur-
ing and splitting histones displaced from DNA that cannot
be replaced due to interrupted DNA synthesis [48].

Overall therefore, though the possibility of ASFI1-medi-
ated parental tetramer-splitting during unperturbed
replication is fascinating, there is not yet enough unequivo-
cal data supporting it to outweigh the stable tetramer model.
Thus, any model for what happens to histone modifications
during cell division must deal with a situation in which H3/
H4 tetramers are segregated evenly onto the two daughter
strands, and new histones are deposited by CAF1, supplied or
supplemented by ASF1, as two H3/H4 dimers. These newly
synthesised histones will contain a different complement of
post-translational modifications, thus posing a challenge to
epigenetic stability. In the next section we will consider
models for how histone modifications on parental nucleo-
somes can be perpetuated despite this challenge.

Mechanisms of histone mark propagation
during replication

At the end of a cycle of DNA replication, an even distri-
bution of parental and newly synthesised nucleosomes will

be found on both daughter strands. How then can the
histone modifications on the parental nucleosomes be
introduced onto the newly synthesised nucleosomes to
allow the recovery of the original pattern of modifications?
We begin with a consideration of the most popular model
whereby histone modifications can be perpetuated.

The recruitment-copying model for epigenetic
inheritance

A conceptually appealing model to allow parental modifi-
cations to be introduced into newly synthesised
nucleosomes involves the direct copying of histone modi-
fications onto newly synthesised H3/H4 using adjacent,
parental nucleosomes as a template (Fig. 3a). Central to
this model is the ability of modified nucleosomes to
directly recruit enzyme complexes that are capable of
introducing the same modification that mediated the
recruitment of the complex. For example, the chromodo-
main of HP1 can recognise H3K9me2/3 and in turn recruit
the histone methyltransferase SUV39HI1 [25, 26]. This
mechanism potentially allows modification of an adjacent
nucleosome and can explain the spreading of heterochro-
matic domains, as illustrated above with the examples of
PEV in Drosophila and silencing of the yeast mating type
loci. It could also explain maintenance of heterochromatic
regions enriched for H3K9 methylation, because H3K9
methyltransferases would be recruited to regions of H3K9
methylation following replication, where they could
introduce the modification onto newly synthesised histones
[25, 26].

Recently this model has also been extended to cover the
Polycomb modification H3K27me3. The EZH2 enzyme is
solely responsible for introducing H3K27me3 in Dro-
sophila and forms part of the PRC2 complex important in
maintenance of Hox gene silencing [15]. Two independent
groups showed that the H3K27me3 mark could be recog-
nised by the EED subunit of the PRC2 complex, allowing
the potential for EZH2 recruitment to sites where
H3K27me3 is found on parental nucleosomes [21, 88].
Furthermore, in accordance with the copying model, EZH2
was found to be recruited to Polycomb repressed regions in
S phase. Finally, artificially recruiting EED to a reporter in
human cells could recapitulate the observed behaviour of
PRC2 target loci including stable transcriptional repres-
sion. Together these two studies provide convincing
evidence that H3K27me3 could propagate after cell divi-
sion, giving a potential mechanism for epigenetic
inheritance. There are, however, some complicating factors
in interpreting these results. One point is that EED does not
solely recognise H3K27me3. Indeed, the H3K9me3 mod-
ification is actually recognised more strongly [88]. This
might suggest that the H3K9 methylation, which is also
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Fig. 3 Models for the propagation of histone-based epigenetic
memory. a The mark-copying model. For clarity only a single strand
is shown. A region containing repressive histones is shown. After
replication, approximately 50% of the H3/H4 tetramers are newly
synthesised and lack the repressive modifications. These marks can be
copied onto the newly synthesised tetramers by the concerted action
of a mark-reading enzyme (‘reader’ e.g. HP1) and a mark-copying
enzyme (‘copier’ e.g. the histone methyltransferase SUV39H1). This
results in reconstitution of the pre-existing chromatin environment.
b The H3.3 model. i Passage of RNA polymerase II (RNAP) through
an active locus leads to exchange of H3.1 for H3.3. After replication
the H3.3 is diluted by incorporation of newly synthesised H3.1, which

found at Polycomb repressed sites, might be the causal
modification in the reestablishment of the repressive
chromatin structure during S phase. Alternatively, a com-
binatorial effect of two modifications might be a way to
install robustness into the system. More challenging for the
idea that histone modification self-propagation at Poly-
comb targets is required for transcriptional repression is the
observation that H3K27me3 is not actually found at the
Polycomb response elements (PREs) [89]. These DNA
sequence elements, which are found upstream of repressed
targets in Drosophila and bound in vivo by DNA-binding
proteins such as Pipsqueak and Pho, are absolutely required
for the maintenance as well as initiation of HOX gene
expression patterns. Moreover, Polycomb complexes have
been shown to remain bound to these sequences through
DNA replication of a plasmid in extracts, leading to the
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according to the model behaves in a repressive manner. However, the
presence of H3.3 favours recruitment of RNAP and, in turn, leads to
replacement of the ‘repressive’ H3.1 with H3.3. ii In a silent locus, the
repressive environment means RNAP does not access the DNA for
transcription. Thus, no H3.3 is incorporated. During replication,
incorporation of H3.1 results in maintenance of this state. ¢ Replica-
tion timing model. In this model, active loci (i) are replicated early
and this favours histone acetylation, which propagates the active state.
Conversely, inactive loci are late replicating and are repressed by lack
of acetylation, and incorporation of methyl marks (ii). HAT histone
acetyltransferase, HMT histone methyltransferase

suggestion that the histone modifications are inherited
secondary to the Polycomb complexes themselves [90].
Again, however, it is possible that the requirement for
PREs may be an example of robustness where both factors
together contribute to the reestablishment of the chromatin
domain.

Thus far, there is no evidence of a self-recruitment type
mechanism for the ‘active’ H3K4me3 mark, because none
of the enzymatic activities capable of introducing the mark
have been shown to themselves recognise H3K4me3.
However, the involvement of this modification in Trithorax
gene regulation discussed above is suggestive of a role in
epigenetic inheritance. In this regard, the EZH?2 studies are
important because the EED H3K27me3 recognition
domain was not recognisable as a known methyl-histone-
binding domain, in contrast to the PhD finger or
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chromodomain (although, interestingly the structural epi-
tope recognising the modification, an aromatic cage, is
superficially similar to the PhD finger) [88]. Therefore, it is
possible that self-recruitment mechanisms could apply to
other modifications with as yet unknown domains impor-
tant in recognition. Even so, it is unlikely that every single
histone modification will be copied in this self-propagating
manner, and ultimately one might imagine a distinction
between ‘primary’ marks, which would be genuinely epi-
genetic, and ‘secondary’ marks whose inheritance would
be dependent on that of the primary marks.

This distinction is important in the context of a second
restriction on which marks can copy themselves, namely
the stability of the modification. After new histones are
incorporated in S phase, the modifications on the parental
histones must persist for long enough to allow recruitment
of their cognate enzymes. A general belief is that the half-
life of acetylated histones, which has been measured to be
around 15 min [91], is too rapid to allow this modification
to act as an epigenetic mark [92]. Recent experiments using
SILAC to separate histones incorporated during S phase
from those already present in chromatin support the idea
that the turnover of methylation is slower in vivo than that
of acetylation [93]. Indeed, these studies revealed a fall in
the levels of trimethylated H3K27 and H3K9 after S phase,
rising gradually before levelling off once pre-S-phase
levels are reached after about 6 h, which would fit the
recruitment/copying model. In contrast, the levels of
acetylation equilibrate much more rapidly, suggesting any
step-wise copying would have to occur on a much shorter
timescale. How, then, could the pre-S-phase pattern of
acetylation be recovered after S phase? Is it possible that
histone H3K9/14 acetylation might be a ‘secondary’ epi-
genetic mark, which could be recruited downstream of a
‘primary’ methylation mark such as H3K4me3? Supporting
this type of model is evidence in S. cerevisiae showing that
H3K4me3 can recruit the histone acetyltransferase GCNS
through its chromodomain [94]. Moreover, other examples
of such secondary histone modification are known: the CW
domain in an Arabidopsis H3K36 methyltransferase,
ASHH?2, recognises H3K4me3 [95]. Given the plethora of
known histone modifications, this type of mechanism,
whereby a handful of histone modifications are strictly
epigenetic with other modifications occurring downstream,
would seem to be the most parsimonious way to explain
histone modification inheritance.

Although acetylation itself may not have the potential to
act as an epigenetic mark, it is worth noting that there is
evidence that the recruitment/copying model can apply to
unmodified histones as well as modified histones. An
important example of this is in S. cerevisiae silencing,
where the SIR silencing complex, including the deacetylase
SIR2, can be recruited specifically to deacetylated histones

[96]. Thus, in this case, the lack of a histone modification
on the parental nucleosome would be perpetuated sug-
gesting that deacetylated states might be able to spread
even if acetylated states cannot. As a further example of a
similar mechanism, the LSD1 corepressor binds to H3 that
has been unmodified on H3K4 via its BHC80 subunit [97].
This complex contains the LSD1 demethylase, which can
demethylate H3K4me3 [98]. Thus, unmodified H3K4me3
could potentially copy itself during cell division in the
same way as deacetylated H3 in S. cerevisiae, allowing a
silent state at a promoter to be recovered after S phase.

Recently, the conceptually appealing nature of the mark-
copying model has been subject to much more rigorous
analysis by the development of computer models that have
tested its core assumptions. These models are based on two
of the well-understood systems discussed above, namely
the S. cerevisiae and S. pombe mating type loci, where
there is probably a more complete understanding of the
components involved than for any other system. The
importance of modelling is to show, first, whether the
mechanism proposed can account for the observed stability
of the silent state, and second, what the minimum
requirements of any epigenetic memory system based on
histone modifications are likely to be.

Dodd et al. [37] produced a computer model for the S.
pombe mating type switch, discussed above, that used
realistic parameters describing enzyme activity and the
effect of DNA replication to recapitulate the observed bi-
stability of the transcriptional states of the locus.
(Bistability refers to the ability of a system to rest in either
of two states, in this case silenced or active.) Importantly,
they also found that this bistability was dependent on the
ability of a modification to spread more than one nucleo-
some away, suggesting that restricting the activity of a
recruited histone-modifying complex to the adjacent
nucleosome is unable to give a robust system.

An interesting set of studies based on the S. cerevisiae
mating type switch reached similar conclusions in terms of
the importance of mark spreading [99]. They also reached
an additional conclusion that was not accessible to the
S. pombe study, namely the role of cooperativity in the
recruitment-copying model. The reason for this is that
S. cerevisiae lacks H3K9 methylation, so that there might
in theory be only two modification states: acetylated and
deacetylated. This model is able to maintain stable epige-
netic states as long as there is cooperativity: an increased
probability of recruiting the deacetylase if there are an
increased number of deacetylated histone tails within the
locus. Intriguingly, in a system with three modification
states (acetylation, methylation and no modification), such
as is found in the S. pombe mating type locus, recruitment
alone without cooperativity is enough to maintain the
existing state of the system through multiple cell divisions.
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Endowing robustness on the system thus provides a pos-
sible explanation for some of the observed complexity of
the histone code, which will be interesting to follow up
with more detailed experiments.

Problems with the mark-copying model

Despite the theoretical and experimental support for the
mark-copying model, many authors have questioned whe-
ther it can account for epigenetic inheritance, leading to the
proposal of alternative mechanisms to explain the propa-
gation of histone modifications through cell division. The
objections raised can be grouped together into two general
categories.

Robustness of epigenetic states

The first type of problem that has been raised in conjunc-
tion with the copying model is its robustness. The central
issue is that the 50% segregation of parental histones that
occurs on DNA replication is likely to be stochastic. This is
unlikely to be a problem for the long domains of modified
nucleosomes characteristic of constitutive heterochromatin,
but if one were to consider the inheritance of a very short
tract of three modified nucleosomes, such as might be
envisaged for the extent of the H3K4me3 mark at a tran-
scriptional start site [100], there would be an approximately
one in eight chance that none of these would end up on one
of the daughter strands and all three would end up on the
other. This does not seem to be sufficiently robust for an
adequate epigenetic mechanism.

There are three arguments that could be presented to
address this issue. First, one could imagine copying from
the other strand might occur to restore the original state.
However, there is currently no evidence for the copying of
nucleosome marks in trans; moreover, it seems difficult to
imagine how the precise alignment between sister chro-
matids that would allow this could be generated. A second
possibility is that inherited chromatin domains are much
longer than three nucleosomes in length; shorter domains
would need then to be reset by some other system. In
support of this suggestion it should be noted that whilst
H3K4me3 generally marks quite a tight zone around the
transcriptional start site of most genes [100], in Trithorax-
regulated regions it seems to spread over a much longer
distance [89]. Therefore perhaps H3K4me3 is only inher-
ited at Trithorax-regulated genes. Alternatively, crosstalk
with another, more widely distributed modification could
help to provide robustness in the face of the cases where
one modification failed to segregate properly. A third
argument is to note that the one in eight chance stated
above assumes that there is complete independence
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between the segregation of parental nucleosomes onto
either strand over this length. However, considering an
average of 200 bp per nucleosome ahead of the fork, equal
segregation would require 600 bp of uncoated double-
stranded DNA available behind the fork. In fact, however,
nucleosomes are deposited within 200 bp of the fork [50],
meaning that the assumption of complete independence
over three nucleosomes may not be valid.

Dynamics of nucleosome and histone modification
turnover

A second problem with the mark-copying model for
chromatin inheritance is a growing view that chromatin is a
much more dynamic entity than traditionally thought. This
can be subdivided further into the process of introducing
and removing modifications on nucleosomal histones and
the process of turning over the histones themselves within
the nucleosome. The dynamics of histone modification
relates to the problem described above for why histone
acetylation is generally believed not to be an epigenetic
mark, namely that if the turnover of a particular modifi-
cation is rapid on chromatin, it is not possible for this
modification to be used as a template for the restoration of
that same modification. The crucial point that takes this
further is a consideration of the enzymes that remove
modifications from chromatin. Challenging the view that
histone methylation is a stable modification, recent work
has identified a number of specific histone demethylases
[101]. Importantly, histone demethylases are targeted not
only against ‘active’ histone modifications such as
H3K4me3, but also demethylases that act on H3K27me3
[102] and H3K9me3 [103], which are characteristic of
‘silent’ chromatin. The existence of these enzymes has led
to the view that, rather than being a silent, static environ-
ment, even regions of silent chromatin are a hub of activity
[104]. If this is the case, the lifetime of any particular
modification on chromatin might be expected to be too
short even for histone methylation to be epigenetic.
Evidence in favour of this dynamic viewpoint has been
presented for the H3K4me3 modification by Rando et al.
[105] who studied global turnover of H3K4me3 in S. ce-
revisiae. By synchronizing cells in G1 and releasing them,
they could follow the fate of H3K4me3 that had accumu-
lated as a result of arrest over time. Their results show
clearly that the H3K4me3 is removed on a timescale that is
too rapid to simply represent dilution of the modification
by new histone incorporation. Knocking out the yeast
H3K4me3-specific demethylase JHD2 led to increased
persistence of the modification in chromatin. This was
interpreted as evidence against the ability of H3K4me3 to
act as an epigenetic mark. However, this interpretation
assumes that the activity of the demethylase is constitutive
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at all loci. Whilst there is some evidence in support of
JHD2 activity at specific loci, such as the GAL genes
[106], this does not exclude the possibility that JHD2 could
be recruited to specific genes in order to actively turn them
off after removal of stimuli, for example after alpha factor
release. Indeed, the requirement for H3K4 demethylases
could suggest the ability of this mark to be propagated
independently of the initial signal, at least under some
circumstances.

Another source of dynamics in chromatin is the disas-
sembly of nucleosomes outside of S phase. If this is taking
place at a rapid rate then this might challenge the idea that
histone modifications persist for long enough to act in an
epigenetic fashion. In particular, it is expected that rapid
nucleosome turnover will occur throughout the gene body
during active transcription as RNA polymerase access is
blocked by nucleosomes in vitro [107]. This might suggest
that modifications found in transcriptionally active chro-
matin would not exist for long enough to be epigenetic.
Interestingly however genome-wide studies of nucleosome
turnover in yeast that consider FLAG-tagged histone H3
incorporation outside of S phase showed that, although
there is a correlation between RNA pol II ChIP and H3
turnover, it is not particularly strong and there are many
highly active genes that show rather low rates of H3
turnover [108]. This suggests that H3 displacement and
exchange with non-nucleosomal H3 are not essential for
transcriptional activity. This agrees with a recent single-
molecule study [109], showing that RNA pol II pushes
through a nucleosome by transient unwrapping and re-
wrapping of the DNA around the nucleosome rather than
complete nucleosome disassembly. Therefore, RNA pol II
transcription alone would not prevent histone marks on the
body of a gene from being epigenetic.

RNA pol II transcription is not the only way that S-phase-
independent genome-wide nucleosome disassembly can
occur. Chromatin remodelling complexes can catalyse
nucleosome turnover outside of S phase and independently
of transcription [110]. Outside of S phase, this predominantly
involves the incorporation of the histone variant H3.3, which
is believed to occur preferentially at active genes and pro-
moters [111]. However, a recent experiment found evidence
for a significant rate of genome-wide histone turnover [112].
Using isotope labelling and mass spectrometry in Drosoph-
ila, Henikoff and colleagues were able to interrogate the
entire genome, including Polycomb/Trithorax-regulated
zones. Even in these regions they found an average timescale
of nucleosome turnover shorter than the cell cycle, prompt-
ing the interpretation that, even in silent regions, modified
histones do not persist long enough to template chromatin
restoration after S phase.

Importantly however, even in a situation where histones
and their modifications are turning over rapidly, it is still

possible for an epigenetic mechanism based on mark
copying to work. Even if all the regions of the genome turn
over their histone modifications and/or nucleosomes at the
maximum observed rate, it will be less than the rate that
occurs in S phase when effectively 50% of the modified
nucleosomes are removed simultaneously within minutes
as the replication fork moves through. When nucleosomes
or nucleosome modifications are removed stochastically
within a tract, therefore, one might imagine that a new,
‘naked’ nucleosome could be ‘clothed’ very easily by
virtue of its proximity to its surrounding partners. Addi-
tional robustness could be provided by the existence of
more than one modification associated with a particular
epigenetic state, all of which could help to bring new-
comers into line. Indeed, simulations based on the
recruitment-copy model explained above can be modified
to introduce a term for dynamic nucleosome disassembly,
without leading to a failure of bistability [37].

Alternative models of chromatin inheritance

The criticisms presented in the previous section have led
some to propose alternative models for histone-dependent
inheritance of chromatin states. In this section, two of the
most popular of these models will be considered.

H3.3 inheritance model

A model for chromatin inheritance that has been put for-
ward by Henikoff is based on the incorporation of H3.3
into chromatin [113]. The motivation for this model is the
lack of concrete evidence that histone modifications, in
particular those associated with active genes, can template
themselves, coupled with the fact that the dynamics of
nucleosome assembly suggest that the persistence of
modified nucleosomes may be limited. Three crucial
assumptions are necessary for this model. The first is that
chromatin with H3.3 is intrinsically more labile and
accessible to RNA polymerase. The second is that tran-
scription leads to the deposition of H3.3. The third
assumption is that during DNA replication, the default state
of newly synthesised histones incorporated into chromatin
is most similar to silent chromatin. These three assump-
tions can be combined into a model (Fig. 3b) which
enables the chromatin state of active genes to be perpetu-
ated through cell division in the following way:

1. A gene that is active during interphase will tend to
acquire higher levels of H3.3.

2. During S phase, H3.3 at an active gene will be
segregated evenly between the daughter strands. Thus
an active gene will end up with 50% H3.3 and 50%
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newly synthesised H3.1, but a silent gene will have
much less H3.3.

3. In the following interphase, RNA pol II will try to
access the genome for transcription. However, at genes
where there is very little H3.3 this access will be at low
frequency and therefore the gene will not be tran-
scribed. Only at the genes that have sufficiently high
levels of H3.3 remaining will RNA pol II access occur.
Thus, it is the H3.3, rather than any modifications
carried on the histone, that acts as an epigenetic mark
to recall the transcriptional state.

How could this explain histone modification inheri-
tance? The idea is that histone modifications such as
H3K4me3 occur downstream of transcription, thus leading
to their enrichment at regions where H3.3 is found. This
would allow their apparent perpetuation during cell divi-
sion. By contrast, regions without H3.3 would acquire
modifications typical of repressive chromatin, by default.
The presumed advantage over the mark-copying model
presented above is that transcription could begin very soon
after replication of any particular region, suggesting that
this mode of inheritance could be compatible with rapid
nucleosome turnover.

Although evidence directly supporting a role for H3.3 in
transcriptional memory has been provided by Ng and
Gurdon, who showed using depletion experiments that
H3.3 was essential for epigenetic memory of MyoD tran-
scription in a Xenopus nuclear transfer model [114], there
is currently limited evidence in support of any of the three
assumptions required for the H3.3 inheritance model to
work. First, although there is a broad consensus that H3.3
destabilizes nucleosomes, this seems to depend on the
modification status of H3.3 and the composition of the rest
of the nucleosome, with the H2Az variant also being
important in destabilization [115]. Second, the correlation
between H3.3 deposition and transcriptionally active
regions is not absolute. H3.3 deposition is also observed to
be higher at telomeres, for example, and it is speculated
that this is to do with the H3.3-specific chaperone DAXX,
partnered by ATRX [116], which may be active at these
regions. Moreover, given that RNA pol II transcription
does not actually require nucleosome disassembly (see
above), the incorporation of H3.3 is unlikely to be due to
the act of transcription itself. Without this link some other
epigenetic information would be required in order to ensure
that H3.3 is perpetuated. In this regard, it is particularly
interesting that Ng and Gurdon suggest that the H3.3-
dependent memory is independent of transcription, as
increased H3.3 levels occur before transcription starts.
Further, an H3.3 variant that could not be methylated on
K4 failed to preserve transcriptional states, despite being
incorporated into chromatin. Thus, their work could be
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interpreted in favour of a model whereby H3.3 K4 meth-
ylation is able to recruit H3.3 insertion and propagation,
which is, in essence, simply an extension of the recruit-
ment-copying model.

What about the evidence supporting the third assump-
tion, that the state of newly formed chromatin is most like
silenced chromatin? In order for this to be true, newly
synthesised histones would have to acquire repressive
modifications by default, rather than remaining ‘naive’ as
required for the recruitment/copying model. An important
piece of evidence that is consistent with this idea is the
association of PCNA with components of heterochromatin
formation, which would localise enzymatic activities
required for addition of heterochromatic marks to the
replication fork, where they can modify newly synthesised
histones. For example, PCNA interacts with the DNA
methyltransferase DNMT1 [117] and, via DNMTI, the
H3K9 methyltransferase G9a [118]. Moreover, CAFI,
responsible for binding newly synthesised histones, as well
as interacting with PCNA, interacts with the heterochro-
matin protein HP1 [119].

However, despite the evidence of a molecular link
between PCNA and heterochromatin complexes, there is
no specific evidence that newly synthesised histones
acquire repressive modifications irrespective of their
deposition site; it is equally possible therefore that the
interactions between PCNA and heterochromatic com-
plexes simply exist to increase the efficiency and speed of
heterochromatin reformation after replication by a mark-
copying type mechanism. Moreover, there is a significant
theoretical challenge to a simple ‘default is silent’ model
that comes from the understanding that there is more than
one type of silent and active chromatin [120]. In particular,
H3K9me3-silenced centromeric heterochromatin is distinct
from Polycomb-silenced chromatin as the former is HP1-
dependent and latter is not [120]. How would the replica-
tion machinery know which silent state to put in during
division? On the basis of these problems, we suggest that
currently an H3.3-based model is not as well placed to
explain epigenetic inheritance as the recruitment-copying
model, though of course more evidence in support of the
assumptions upon which it is based would change this
view.

Replication timing model

A different proposal for how histone modifications may be
inherited is based on very early work showing that different
regions of the genome are replicated at different times, and
that the timing of replication correlates with different levels
of chromatin compaction [121]. Generally, regions rich in
highly expressed genes, with high levels of histone
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acetylation, tend to be expressed earlier than chromosomal
regions with high levels of repressive chromatin and silent
genes [122]. If early replication somehow led to increased
deposition of histone acetylation during the replication
process itself, whilst late replication led to the increased
deposition of repressive histone marks, then changing
whether a gene is early or late replicating will change
whether it is active or not (Fig. 3c). Since different regions
tend to be replicated early or late in different cells this
could provide a mechanism to allow duplication of chro-
matin structure without recourse to direct copying of
histone modifications themselves [123].

There are two clear requirements for this theory. The
first is to demonstrate that the replication timing changes
cause changes in the histone modification spectrum.
Proving this is technically challenging although interesting
experimental evidence in support of this has come from
experiments where reporter genes were injected into early
or late S-phase cells [124]. This study revealed that when
injected early, the reporter genes became highly acetylated
on H3 K9/14, whereas this did not occur when the genes
were inserted into late S-phase cells.

The second requirement is that the replication-timing
program be inherited independently of histone modifica-
tions [125, 126]. Here, the evidence is equivocal. Certain
experiments have suggested that replication timing can be
functionally separated from gene expression; for example,
deletion of the f-globin locus control region followed by
its expression in an erythroid background did not alter the
replication timing of the f-globin locus despite leading to a
loss of expression [127]. However, other experiments have
suggested that forced recruitment of histone acetyltrans-
ferases to the -globin locus origin of replication can make
replication occur earlier, implying that, in contrast to the
requirements of the model, histone modifications may drive
replication timing rather than the other way around [128].
Even more confusingly, opposing histone modifications
can be associated with early firing origins in the chicken
p-globin domain [129]. Therefore there may be many
different ways in which origin timing could be regulated,
which would argue at least against a very simple form of
the model.

A further problem for the model is a lack of explanation
for how it might work at a molecular level. Since multiple
histone modification complexes interact with PCNA, it is
possible that PCNA could somehow coordinate a chro-
matin replication program such that early replication
coincided with histone acetylation and late replication with
H3K9 methylation. As mentioned above, PCNA is known
to interact with various components of facultative hetero-
chromatin introduction. However, their levels or ability to
interact with PCNA would have to be tightly controlled so
that the complexes only occur at the end of S phase. This

has not been documented. The problem is even more
pronounced for early-replicating regions because the
interaction of PCNA with histone H3K9/14 acetyltrans-
ferases has not yet been shown. These problems make the
replication timing theory hard to defend at present.

Taking both theoretical and experimental considerations
together, the recruitment/copying model for histone mod-
ification inheritance seems at present the best supported of
the alternatives that have been put forward. However, there
are still significant doubts about the extent to which the
model can account for the inheritance of transcriptionally
active chromatin, and the relationship between the rate of
modification turnover and its inheritance. The model
clearly needs to be tested much more rigorously. In the
next section, we discuss how recent work on the connection
between replication stress and epigenetic inheritance may
provide a novel angle to analyse how epigenetic states can
be maintained through DNA replication.

Replication stress and epigenetic inheritance

In the previous sections, two important requirements of the
mark-copying model, namely mark stability and the ability
for marks to recruit histone-modifying complexes, were
considered. However, there is another vital requirement,
not often mentioned, which relates closely to the mecha-
nism of DNA replication. In order for the information
carried by parental nucleosomes to be inherited, it is
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Fig. 4 Buffering of histones by ASF1 resulting from replication
arrest. Replication fork arrest following treatment of cells with
hydroxyurea leads to uncoupling of the polymerases and helicase due
to the helicase running ahead of the deoxynucleotide-depleted DNA
polymerases. This results in displacement of parental histones, with
their marks, which are split and buffered by a pool of ASF1 associated
with the replicative helicase [48]
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Fig. 5 Model for epigenetic instability caused by replication arrest. p (i)

Leading strand replication is arrested by e.g. a G-quadruplex DNA in
REV1-deficient cells [133]. i This leads to uncoupling of leading and
lagging strand synthesis and the restart of leading strand replication
downstream of the block (ii). Excess parental H3/H4, displaced by the
helicase, is buffered by ASF1 as in Fig. 4. The stalling structure is
resolved and resulting single strand gap filled in at a later stage, which
crucially is remote from a supply of parental histones displaced ahead
of the replicative helicase. Thus, chromatinisation of the gap is carried
out only with newly synthesised histone lacking any parental
modifications. These histones lack repressive modifications and allow
RNA Polll access for transcription. The model proposes that loss of
modifications is reinforced by the repeated replication arrest at the
same structure [133]

imperative that they be deposited near their original loca-
tions on DNA. In turn, this requirement means that the
synthesis of new DNA must be tightly coordinated with the
unwinding of DNA ahead of the replication fork. Without
this coordination, parental nucleosomes will be displaced
but not replaced, and their epigenetic information will be
lost.

In this regard, agents that disrupt processive replication
might be expected to interfere with the process of histone
recycling and thus to a loss of epigenetic information. In
particular, uncoupling of the replicative helicase from the
synthesis of new DNA will lead to extrusion of long seg-
ments of single-stranded DNA, which is a poor substrate
for nucleosome assembly [130], and would be expected to
lead to an excess of parental histones. Support for this idea
comes from experiments mentioned above where the
modified histones associated with ASF1 were identified by
mass spectrometry [48]. The observation that increased
numbers of histones carrying modifications typical of
parental histones were bound to ASF1 after replication
stress suggests strongly that histones were displaced from
the template but not replaced under these conditions
(Fig. 4).

To test this idea further, one would want to show
changes in the level of histone modifications at particular
loci as a result of replication stress. DNA-damaging agents
and replication fork—stalling agents such as hydroxyurea
act stochastically across the genome, so unless very high
doses are used, the chance of replication stalling in the
same place repeatedly is limited. However, there exist also
certain natural sites in DNA that have the capability to stall
replication, such as G quadruplex (G4) DNA (reviewed in
[87, 131, 132]). In vivo, specific proteins can help the
replication fork to deal with difficult to replicate sequences,
but in mutants where this ability is compromised, replica-
tion stress might lead to repeated aberrant histone recycling
around these sites.

We used this idea to look at histone modifications and
gene expression changes around sites of G4 DNA in chicken
DT40 cells lacking the translesion synthesis polymerase
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REV1 [133], which has been shown to be required to
maintain replication fork progression after DNA damage
[134, 135]. Replication forks in cells without REV1 stall
more frequently at sites of DNA damage and leave gaps,
which are filled in post-replicatively. In addition to its role in
DNA damage tolerance, REV1 is required for efficient
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replication of G4 DNA-—containing plasmids [133], thus
might be expected to show increased replication fork stalling
and uncoupling of the helicase from the synthesis of new
DNA at sites where G4 s are found. Both at the G4-con-
taining p-globin gene and genome-wide, G4 DNA was
associated with loss of gene repression, including loss of the
H3K9me2 modification. At the same time, modifications
characteristic of newly synthesised histones accumulated,
consistent with biased deposition of new histones. This
hypothesis was supported further by transplanting a G4 DNA
sequence into a locus without one, which led to loss of
silencing of the gene in revl mutant cells. Thus, these data
support a model whereby repeated uncoupling of the helicase
and the polymerase at sites of G4 DNA leads to loss of
parental histone modifications and loss of the epigenetically
maintained state of the gene [133] (Fig. 5).

The correlation between replication stress at G4 DNA
and epigenetic instability is important because it supports a
key tenet of the recruitment-copying model, namely that
there needs to be precise coupling between the displace-
ment of parental histones ahead of the replication fork and
their replacement on newly synthesised DNA. Thus, indi-
rectly, these experiments suggest that histone recycling is
indeed important for maintaining gene expression, because
interfering with it results in the inability to maintain stable
gene expression.

Conclusion

In this article, we have argued that a model of epigenetic
memory based on the propagation of histone marks is a
viable explanation for how cells maintain gene expression
states through cell division. The model is supported by
genetic and biochemical evidence from diverse systems,
and theoretical evidence from computational simulations.
Moreover, we have discussed how recent studies into how
defects in replication affect epigenetic inheritance pro-
cesses can also be interpreted in support of the model.
Therefore, though histone post-translational modifications
are unlikely to be the sole source of epigenetic information
in cells, they are likely to provide at least part of the answer
to a question that is of great importance in understanding
the development and survival of multicellular organisms:
how do different cell types remember what they are sup-
posed to be?
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