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Abstract

Before each division, eukaryotic cells face the daunting task of completely and accurately
replicating a heterogeneous, chromatinized genome and repackaging both resulting daughters.
Because replication requires strand separation, interactions between the DNA and its many
associated proteins — including histones — must be transiently broken to allow the passage of the
replication fork. Here, we will discuss the disruption and re-establishment of chromatin structure
during replication, and the consegquences of these processes for epigenetic inheritance.

Introduction: the epigenetic challenge

In our understanding, the term epigenetics is used to describe the inheritance of patterns of
gene expression that are not based on changesin DNA sequence [1]. Epigenetic processes
need not rely on histones or post translational modifications [2], but they should fulfill three
key requirements: first, to regulate gene expression; second, to be maintained through cell
division; and third, to template their own duplication; thus, epigenetic factors must be
heritable in the absence of ongoing inducing signals[3].

Chromatin is frequently associated with epigenetics; chromatin structure is determined by
myriad histone modifications, histone variants, transcription factors, remodeling enzymes,
and RNAs[4-8]. The primary repeating unit of chromatin is the nucleosome, which contains
~147 bp of DNA wrapped around an octameric core composed of two copies of each of the
core histone proteins: H2A, H2B, H3, and H4 [9]. The core histones interact to form H2A—
H2B and H3-H4 dimers; two H3-H4 dimers associate to form the (H3-H4), tetramer, and
H2A-H2B dimers bind on either side of the tetramer to form the octamer. The large number
of histone post-trand ational modifications found on histones within transcriptionally active
or repressed chromatin [10,11], and the associated ‘ histone code’ hypothesis [8], leads
intuitively to the attractive possibility that histones may act as global carriers of regulatory
information to control gene expression through generations. However, if histone
modifications are to serve as epigenetic vectors they must surmount the challenge of DNA
replication, in which chromatin is disassembled ahead of the replication fork and
reassembled onto two daughter genomes.

Eukaryotic replisomes contain up to five distinct histone chaperones (extensively reviewed
[12]), which together minimize the amount of non-nucleosomal DNA at the replication fork
and ensure timely redeposition of nucleosomes on nascent DNA. After displacement, H3—
H4 dimers and/or (H3-H4), tetramers are passed to PCNA-associated CAF-1[13,14] via
FACT [15-17], Asf1[18,19] or other chaperones [5] for deposition. Electron microscopy
has suggested the disruption of 1-2 nucleosomesin front of the replication machinery [20],
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and we have shown that ongoing lagging-strand synthesisisintrinsically linked to the
immediate redeposition of histonesin Saccharomyces cerevisiae[21**], suggesting that the
location of parental histones on the daughter strand to which they have segregated should
closely correspond to their position within the parental genome. Consistent with this, a
clever epitope switching method that allows parental and nascent histone H3 to be
distinguished has shown that the parental histones are generally redeposited within ~400 bp
of their prereplication positionin S cerevisiae[22°]. The reassembly of nucleosomes close
to their parental locations renders theoretically feasible the inheritance of histone post-
trang ational modifications within relatively discrete domains (H2A and H2B are deposited
after H3 and H4 [23,24] and will not be discussed further).

Importantly, (H3-H4), tetramers generally remain intact during replication fork passage
[25°,26,27°] and appear to segregate randomly to the two daughter genomes [28]. Some
tetramers, containing variants of H3 whose deposition is independent of S-phase [29], split
[27] but the significance of thisis presently unclear. It is notable that key histone chaperones
[30,31] — including CAF-1 [32] — interact with two H3—-H4 dimers most likely in the form
of a(H3-H4), tetramer [32]. The production of two daughter genomes necessitates that
nucleosomes containing parental (H3-H4), cores are intermixed with an equal humber
containing newly synthesized H3-H4, devoid of parental modifications but carrying
characteristic deposition-related marks [33,34]. 7rans-acting maintenance modification
complexes (see below), targeted by marks on parental histones, can subsequently modify
newly synthesized histones to harmonize the chromatin modification state across domainsin
the two daughter genomes.

Histone-mediated inheritance of chromatin domains

Histone modifications are clearly maintained in specific domains through the action of
factors that target modification enzymes. Studies have shown that methylation of histone H3
lysine-9 (H3K9me) and lysine-27 (H3K27me) is catalyzed by methyltransferases that reside
in complexes containing subunits that also bind methylated histone tails [35-38]. This
provides a simple mechanism by which maintenance modification complexes can propagate
amodification to nearby histones. The prototypic example of this behavior is provided by
H3K9me3: thisis bound by HP1, which recruits H3K 9-specific methyltransfereases and, by
oligomerizing, can spread this modification across adomain [39]. Thus, provided that
modifications recognized in ¢iscan be propagated in fransto nearby nucleosomes, domains
of modified chromatin can potentially be maintained via simple mechanisms that do not rely
on signaling or sequence-specific DNA binding proteins, and that are robust in the face of
twofold dilution during replication [40].

Recently, a series of elegant experiments by the Crabtree laboratory [41°] has lent
experimental support to the assertion that H3K9 methylation can be transmitted via truly
epigenetic mechanisms. Through the small-molecule-induced recruitment of HP1a,
Hathaway and coworkers were able to induce H3K9me3 at the Oct4 locus in mouse
embryonic stem cells (ES) and embryonic fibroblasts (M EFs); the ensuing methylation
spanned ~10 kb, making it remarkably similar in size to endogenous H3K9me3 domains.
Critically, in MEFs, which do not express ES cell pluripotency factors, the induced
H3K9me3 domain was heritably transmitted through DNA replication and persisted through
multiple cell divisions after removal of the HP1a stimulus. Further /17 si/icomodeling
demonstrated that a simple equilibrium between modification and replication-independent
histone turnover or demethylation could give rise to stable, inherently bounded domains
where spreading of the mark along the chromosome was opposed by removal of the
modification [41,42] (see Figure 1a). According to the model proposed by the authors,
steady state levels of H3K9me3 are the result of the opposing influences of histone
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methylation and turnover; this equilibrium can clearly be altered, which sits well with
experimentsin Drosophilathat have shown that pericentromeric heterochromatin domains
containing H3K9me3 are sensitive to the dosage of factors that either promote or oppose
heterochomatin [43]. Consistent with this, targeting an activator to the ectopically
methylated chromatin generated by Crabtree and colleagues was sufficient to disrupt the
steady state and favor unmethylated H3K9 [41*°]. Earlier studiesin human fibroblasts have
described a similar scenario for the persistence of H3K27me3. Hansen ef &/. [36] showed
that H3K27me3, which is catalyzed by the Polycomb Repressive Complex 2 (PRC2), isaso
bound by PRC2; and, using a heterologous reporter system, found that transient recruitment
of PRC2 led to H3K27me3 and gene repression that persisted through cell divisions.
Importantly, methylation of H3K27 appears to be important for the long-term persistence of
the repressed state as targeting a catalytically inactive methyltransferase greatly diminished
the long-term silencing of the reporter.

Euchromatin and heterochromatin are spatially distinct, and are replicated at different times
in S-phase [44,45]. Recent work has indicated that the spatial organization of chromatin
within the nucleus directly impacts the time at which it replicates, and that proximity to
early-replicating or late-replicating domains [46] is by far the best predictor of when agiven
region of the genome will be replicated [47** ,48™]. The broad division of the genome into
early-replicating and late-replicating regions based on spatial proximity presumably
provides a simple means to increase the robustness with which domains of common
modifications can be inherited, as the binding of euchromatin-specific or heterochromatin-
specific maintenance factors to the replisome can be both spatially and temporally
controlled. Consistent with this hypothesis, microinjection experiments have shown that the
assembly of transcriptionally competent chromatin is dependent upon the timing of the
injection, with DNA injected early in S-phase being assembled into acetylated chromatin
and expressed at higher levels[49,50]. Temporally separating the replication of active and
repressed chromatin can therefore be sufficient to establish distinct chromatin types, even on
naked DNA. Spatial segregation of chromatin domains likely adds alayer of redundancy,
ensuring that chromatin domains are properly inherited by providing ahigh local
concentration of certain modifying factors; replication in this context will likely ensure that
the resulting chromatin on the daughters will be modified by physically associated factors,
regardless of the fate of parental histones and their modifications.

Inheritance mediated by nonhistone proteins

Although histones and their modifications are often described as epigenetic, in most cases
thereisin fact no direct evidence to support the assertion that modifications themselves are
the key determinants of epigenetic processes. Indeed, severa observations make it difficult
to reconcile the generality of histones and epigenetics: first, modifications themselves
appear to have little instructive capability and are often correlative rather than causative of
basi ¢ processes such as gene transcription [4,51]; second, histone modifications such as
acetylation and phosphorylation have very short half-lives [52]. Longer-lived modifications
such as methylation may not necessarily persist through generations because the histones
themselves could be replaced before the next cell cycle viareplication-independent turnover
[53°,54]. On aglobal level, it has long been recognized that parental histones are passaged to
the daughter genomes during DNA replication, but whether such passaging is consistent
across the genome, and whether all histones maintain their modifications, often remain open
guestions. Recent experiments suggest that the assumption that all parental histone
modifications are transferred to daughter genomes may be overly simplistic. Petruk ef &.,
asked whether H3K4me3, which is catalyzed by the trithorax protein Trx, or H3K27me3,
catalyzed by the polycomb group protein E(z), was associated with replicating DNA in
Drosgphilaembryos [55%]. Surprisingly, the methylated histones in question were not
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detected during S-phase or found to be in proximity to the replication fork. Intriguingly,
however, the methyltransferases Trx and E(z) were observed to colocalize with the
replisome. These findings are consistent with other recent work that shows that the
polycomb group complex PRC1 remains continuously associated with chromatin replicated
in vitro[56,57]. Although one should not discount the possibilities that chromatin assembly
in Drosgphilaembryos may be unusual, or that methylated histones may be present during
S-phasein low quantities, these studies highlight important questions regarding the necessity
of histones as mediators of epigenetic processes. propagation of histones and their
modifications may not be required, provided that factors capable of establishing chromatin
structures de novo are continually present (see Figure 1b).

Theresults of Hathaway et &. [41] and Petruk ef &. [55] may represent two ends of a
spectrum: if an appropriate balance between histone methylation and turnover is struck, then
modifications can persist without establishment factors; however, if turnover/demethylation
is dominant then establishment factors will be required. It is unclear why one mechanism
should be favored over another, but clues may lie in the size and stability of the chromatin
domain. Computational modeling has shown that a chromatin domain can persist if the
propagation rate (i.e. methylation) is greater than the turnover rate [34]; a necessary
consequence of thisis achromatin domain that may expand tens of kb. Indeed, in
Drosophila, 1arge domains of H3K27me3 spanning hundreds of kb are found in the bithorax
complex region [58], which isaregion of comparatively low histone turnover [59].
However, while such domains may be stable and easily persist through DNA replication,
they may be too robust to allow rapid changes in gene expression or may simply be too large
to be compatible with the intricate aspects of gene regulation mediated by fine-scale
chromatin structure.

Evidently the association of chromatin modifying and remodeling factors with the
replication fork islikely to aid the inherence of chromatin structures through DNA
replication. Petruk ef a. suggest that Trx and E(z) may persist at the replication fork through
interactions with single stranded DNA; HPla is aso found at the replication fork in
complex with the histone chaperone CAF-1 and the H3K9 methyltransferase SetDB1 [60] as
are other remodeling factors such as SMARCAD1 and histone deacetylases [61].
Furthermore, modifying complexes can travel with DNA polymerase e to progressively
modify histones at the fork [62]. However, we should not discount the role of sequence-
specific transcription factors, which may be retained through DNA replication and are often
fundamental to the establishment of chromatin states.

Transcription factors and the limits of epigenetics

Recently, van Steensel and colleagues employed a Daml D approach to map the localization
of 53 broadly selected factorsin Drosgphila, identifying five distinct chromatin types that
each contain a characteristic mixture of chromatin-associated factors [63]. Interestingly,
many proteins are not confined to a single chromatin type, demonstrating that
physiologically relevant chromatin structures are unlikely to be specified by the action of a
single exclusive factor, but rather result from the combinatorial and/or redundant action of
many activities. In addition, many regions of histone modification span only afew
nucleosomes and are asymmetric [64]. Increased turnover (or restricted, hyperaccurate
propagation by maintenance complexes) at these sites may be necessary to restrict the spread
of the mark, but this also diminishes its ability to persist in the absence of the ongoing
presence of inducing signals such as transcription factor binding, reducing the potential for
epigenetic inheritance.
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Similarly to nucleosomes, transcription factors must be removed from DNA before its
replication. By analyzing Okazaki fragmentsin budding yeast, we have recently found that
some transcription factors influence how Okazaki fragments are processed, which suggests
that these factors are able to bind as rapidly as histones behind the replication fork [21].
Interestingly, the three proteins for which we observed rapid rebinding — Abf1, Rebl, and
Rapl — are key determinants of chromatin structure and help organize nucleosomesin gene
promoters [65,66]. A recent study by the Lieb laboratory found that the occupancy times for
even high-turnover Rapl binding sitesin S. cerevisiacare of the order of 30 min [67°] —
almost aslong as S-phase. Given that transcription factors, unlike histones, can be present at
one local copy per two daughter genomes, asymmetric transcription factor binding behind
the fork coupled with long residence could represent a means to establish distinct patterns of
gene expression in daughter cells. In metazoan systems, rapid transcription factor
reassociation with chromatin might play key regulatory roles at the promoters of tissue-
specific genes during differentiation. For example, recent work has shown that the
hematopoietic transcription factor GATAL dissociates from DNA during S-phase, but
rebinds to regulators of tissue-specific gene expression before M-phase. This ‘mitotic
bookmarking’ [68] facilitates the rapid re-activation of these GATA1 targetsin the
subsequent G1, anchoring a complex of multiple transcription factors that do not reassociate
in M after S-phase dissociation. The establishment of chromatin asymmetry by transcription
factors, however, requires that protein binding be stable over time periods comparable with
the duration of S-phase, and isthus likely to be restricted to a subset of transcription factors
with unusually long residence times on DNA.

Conclusions and perspective

Asthe precise roles of histone modifications and sequence-specific DNA binding proteinsin
the perpetuation or alteration of gene expression state are further delineated, the answersto
many important questions in the field of epigenetics may become clear. What isthe fate
during chromatin disruption and reassembly of the many histone modifications that are
currently presumed to be directly inherited? For modifications such as H3K4me3 and
H3K27me3 in Drosophilaembryos, which are apparently erased during S-phase, it will be
interesting to ascertain how this removal is accomplished and what, if any, isits biological
purpose. Furthermore, the division of some cells— stem cells, for example — is
accompanied by changes in expression state in a specific daughter. To what extent is this
mediated by the asymmetric rebinding of transcription factors and/or modified histones
behind the replication fork?
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(a) Histone dependent inheritance

A domain of histone modifications is maintained at steady state by the
i of vs histone turnover
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% L% {Lr':‘. '

Replication fork proceeds through chromatin; modified parental histones
are passaged to the daughters; nascent histones are also deposited on

the replicated DNA. )
J g O=
<

o=

Nascent histones are modified by maintenance enzymes targeted by
inherited modifications on parental histones.

Steady state is re-established on both daughters

_pl R

S O

LN SIS N
o

Key @ @ Modified nucleosomes

(O Nascent/unmodified nucleosomes

g’ @2 Histone

Figure 1.

Simplified schematic depiction of mechanisms by which chromatin domains may be

(b) Histone independent inheritance

Histone modification enzymes are targeted by cis-elements and
modified histones.
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maintained through DNA replication. (a) Histone-dependent inheritance: parental histones
and modifications are retained on the daughter genomes following replication fork passage,
but are diluted by nascent histones. Inheritance of modifications is mediated by maintenance
enzymes targeted to inherited modifications. (b) Histone-independent inheritance: parental
histones or modifications are not maintained; the chromatin stateis re-established de novo
by factors targeted to cis-acting elements in the DNA.
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