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Abstract
In eukaryotes, chromatin and DNA replication are intimately
linked, whereby chromatin impacts DNA replication control
while genome duplication involves recovery of chromatin
organisation. Here, we review recent advances in this area
using a histone variant lens. We highlight how nucleosomal
features interplay with origin definition and how the order of
origin firing links with chromatin states in early mammalian
development. We next discuss histone recycling and de novo
deposition at the fork to finally open on the post-replicative
recovery of the chromatin landscape to promote maintenance
of cell identity.
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Introduction
Every cell division, for two daughter cells to inherit
equivalent genetic information, the genome must be
fully and accurately duplicated in S phase. In mammals,
this involves the use of about 30,000e50,000 replication
initiation sites, of which only a subset fires stochastically
in S phase. However, how these sites are defined and
selected to fire has remained a puzzle. In G1, origins are
licensed by the binding of the origin recognition com-
plex (ORC), followed by the loading of the mini-
chromosome maintenance (MCM)2e7 helicase. The
origins with the highest probability of usage represent

the most efficient ones, which initiate in early S phase,
while less efficient origins fire later. Thus, a
www.sciencedirect.com
spatiotemporal order of firing, known as the replication
timing (RT) programme is set in place in a cell type-
specific manner. The issue of origin selection,
involving ORC binding, origin licensing and firing,
which are central for DNA replication, has been recently
reviewed [1]. The importance of the regulation of the
RT programme throughout development and differen-
tiation has increasingly gained interest emphasizing the

tight correlation between chromatin features, origins,
and replication timing [2]. This is an intricate question
because while chromatin features may impact DNA
replication, in turn chromatin replication represents a
challenge for the maintenance of both genomic and
epigenomic integrity at each cell division in each cell
lineage. Indeed, in addition to replicating DNA, its or-
ganization in chromatin is also duplicated. Ensuring a
full nucleosome complement on newly synthesized
DNA requires the concerted recycling of parental and
deposition of de novo synthesised histones [3]. This

mixing with new histones dilutes parental histones and
their associated marks. To restore pre-existing post-
translational modifications (PTMs) on chromatin, read-
write mechanisms have been proposed to mark new
histones based on information from the old ones [4].
Thus, the mechanisms regulating DNA replication
interplay with the recovery of epigenetic states which
can itself impact DNA replication. Here, we will discuss
recent findings linking DNA replication and chromatin
from the perspective of an underappreciated component
of chromatin: histone variants. We will focus on four

main aspects: (i) how ORC binding interplays with
nucleosome organisation/composition, (ii) how the RT
programme connects with the reshaping of chromatin in
mammalian embryos, (iii) how chromatin dynamics co-
ordinates with the replication fork progression and (iv)
how this contributes to maintain chromatin integrity,
cell state and function.
How are origin positions and efficiency
defined?
Nucleosome organisation at origins: interplay with
ORC binding and histone variants
In Saccharomyces cerevisiae, initiation sites rely on specific
DNA sequences, known as the autonomous replicating
sequences (ARS). They are recognised by ORC
(composed of 6 members, ORC1-6) as a first step in the
process of initiation. Although w30% origins lack the
Current Opinion in Cell Biology 2024, 89:102397
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ARS consensus sequence, all exhibit a nucleosome-
depleted region (NDR) flanked by well-positioned nu-
cleosomes [5]. Furthermore, ORC1 binding is necessary
and sufficient to establish these nucleosome arrays
in vivo and on in vitro reconstituted chromatin in the
presence of remodellers [5]. Following these first ob-
servations, recent work further hints to the importance
of chromatin for replication initiation. Firstly, on an ARS-

containing plasmid in vitro, S. cerevisiaeORC1 colocalised
with nucleosomes regardless of the underlying sequence
[6]. Thus, even in budding yeast, nucleosome organi-
sation at the origins may contribute to ORC association.
Secondly, ORC1 mutants impaired in their ability to
establish nucleosome arrays lead to defects in S phase
entry and reduced cell viability [7]. Finally, in vitro
ORC1 directly remodels nucleosomes containing H2A-
H2B but not H2A.Z-H2B dimers [8]. While the in vivo
functional significance of this property remains to be
explored, it is tempting to speculate that it could

contribute to define the NDR region and/or nucleosome
Figure 1

Origin definition: balance between sequence and chromatin-based infor
a. In budding yeast, origins are defined mainly based on sequence. Replicatio
recognised by ORC. Budding yeast origins also have a characteristic nucleos
osomal array. The presence of an NDR and a flanking nucleosome is importa
sequence. The ARS may also contribute to establish the NDR due to its seque
ORC1 shows variant-specific eviction activity for H2A-H2B, but not H2A.Z-H2
b. In metazoans, chromatin features play a larger role than DNA sequence in
motifs, which may preclude nucleosome formation and promote origin accessib
recognise the H4K20me2 mark. At early origins, H2A.Z can stimulate licensing
H3.3/H3.1 boundaries established by the H3.3-specific chaperone HIRA, defi
Variant-containing nucleosomes are labelled in yellow (H2A.Z), purple, (H3.1)
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array at origins. Collectively, these data imply that, even
at S. cerevisiae origins, distinct dynamics between
nucleosome and ORC binding are at play (Figure 1a).

In metazoans, origins are not sequence-defined but rely
on both DNA- and chromatin-based information [9].
More specifically, they often contain regions that can
form G quadruplexes (G4) and show chromatin acces-

sibility. In mammalian cells, it has been challenging to
obtain a consensus mapping of origins at high resolution
[1,10]. Instead, initiation sites within initiation zones
(IZs) of 20 up to w150 kb in length may be used sto-
chastically. Firing efficiency also correlates with tran-
scription, presence of “active” histone PTMs and open
chromatin [1]. In avian DT40 cells, dimeric G4 ele-
ments spaced 250 bp apart can establish a NDR
followed by a nucleosome array at the bA-globin origin,
promoting early initiation [11]. Thus, modulating
nucleosome organisation via genetic features may be a

common mechanism across species to regulate origin
Current Opinion in Cell Biology

mation
n initiation starts at the autonomous-replicating sequence (ARS), which is
ome organisation comprising an NDR over the ARS flanked by a nucle-
nt for origin function and promote ORC1 binding independently of DNA
nce properties which impede nucleosome formation. In vitro, S. cerevisiae
B, indicating a possible link between histone variants and origins in yeast.
origin definition. Initiation sites are enriched in G-rich elements like G4
ility. Mammalian ORC1 does not exhibit sequence-specific binding but can
by recruitment of Suv420h1, which deposits H4K20me2. At a larger scale,
ne early initiation zones (IZs).
and green (H3.3).
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activity. Notably, mammalian ORC1 recognises nucleo-
somes harbouring the H4K20me2 modification,
imposed by the Suv420h1 enzyme [12]. Since the his-
tone variant H2A.Z can directly recruit this enzyme at
origins, this can potentially link chromatin state to
licensing and activation of origins [13]. Additionally,
H2A.Z and the heterochromatin mark H3K27me3 were
also recently found enriched at efficient IZs in human

cells [14]. Indeed, ORC1 has been reported to associate
with H3K9me3, H3K27me3 and H4K20me3 nucleo-
somes [15]. However, as H2A-H2B dimers are more
labile than H3eH4 tetramers [16], how H2A.Z may act
as a heritable mark for origins is intriguing. Notably, the
post-replicative recovery of H3K27me3 on newly syn-
thesized H3eH4 has been linked to local H2A-H2B
recycling [17] (discussed below). Thus, a closer exam-
ination of H2A.Z recycling and H4K20me2 restoration is
needed, including considering whether metazoan ORC
can handle H2A-H2B in a variant-specific manner. This

highlights the importance of chromatin and potentially
distinct histone variants for replication initiation in
mammals (Figure 1b).

New ways of defining early initiation zones: H3.3/H3.1
balance
In mammalian cells, early-replicating domains show an
enrichment in the major non-replicative histone H3
variant, H3.3, while late replicating/heterochromatin
regions rather show enrichment in the replicative H3.1
[18]. The expression and deposition of these two vari-
ants display distinct features (see Delaney et al., 2023
[19] for review). H3.3 expression is not cell cycle
regulated. Its DNA synthesis-independent (DSI)

deposition is mediated by the histone regulator A
(HIRA) complex at sites of active transcription and high
nucleosome turnover. In contrast, the expression of
replicative H3.1 peaks in S phase. Its deposition occurs
in a DNA synthesis-coupled (DSC) manner relying on
the chromatin assembly factor 1 (CAF-1) complex. To
explore how these distinct H3 variant dynamics inter-
play to establish the genome wide H3.3/H3.1 enrich-
ment patterns, Gatto et al. (2022) followed their de novo
deposition during S phase [20]. They revealed that the
dual deposition mode of the variants leads to the for-

mation of boundaries at discrete H3.3-enriched sites
flanked by H3.1 genome-wide. These boundaries
corresponded to early replication IZs. While the variant
distribution with respect to early IZs could merely
reflect their deposition dynamics, the fact that knock
out (KO) of the H3.3 chaperone HIRA impacted repli-
cation underlined a potential role in regulating early IZs
in mammals [20] (Figure 1b). Indeed, the absence of
HIRA led to two classes of effects on early-replicating
sites. First, at boundaries associated with transcription,
the patterns of both H3.3 and nascent DNA synthesis

became less well-defined, therefore early initiation was
termed blurred. Second, at H3.3/H3.1 boundaries with
www.sciencedirect.com
low or no transcriptional activity, a complete loss of both
H3.3 enrichment and nascent DNA synthesis occurred;
hence these early initiation zones became buried. Thus,
HIRA proved critical for a chromatin-based definition of
early IZs to ensure precision in initiation in transcribed
regions and allow initiation in non-transcribed re-
gions [20].

HIRA-mediated H3.3 targeting may impact early IZs by
acting on either licensing or firing of origins, or both.
First, since lack of HIRA leads to an increased sensitivity
to DNase I digestion [21], a reduction in nucleosome
density and positioning may occur, affecting ORC
binding. Second, H2A.Z, a hallmark of unstable nucle-
osomes with H3.3 [22], is present at H3.3/H3.1
boundaries [20]. Thus, at these sites the two variants
may act in concert to promote firing efficiency. Finally,
H3.3 displays a unique serine residue at position 31,
which can be reversibly phosphorylated [19]. This

modification may provide a unique mechanism to attract
or repel licensing or firing factors in a dynamically
regulated manner.
Replication timing programme: controlling
the pattern of origin firing
RT programme remodelling along with chromatin
state re-establishment in early mammalian
development
In S phase, origins are activated sequentially according
to the cell type-specific RT programme. RT leads to
consistent patterns of regions that replicate in early or
late S phase within a cell type. In general, RTcorrelates
with transcription, chromatin states and 3D genome
organisation across cell types with few exceptions in
embryonic stem cell (ESC) differentiation [2]. Given
that zygotes and 2-cell stage embryos show distinct

transcriptional status [23] and 3D chromatin architec-
ture [24] exploring their interconnections with RT
proved attractive to study. In mouse, from zygotes to 2-
cell stage embryo and onward, RT starts as a rather
variable programme which acquires an increasingly
clearer partitioning in subsequent developmental stages
[25]. These properties have been confirmed in mouse
[26] and extended to bovine embryos [27]. RTchanges
at the 2-cell stage in mouse have been linked to chro-
matin accessibility but can occur independently of the
active transcription programme [25]. This time also

coincides with the time of establishment of canonical
H3.3 pattern [28]. Thus, given the role of H3.3/H3.1
boundaries in defining early IZs in somatic cells [20],
examining these boundaries in early development would
be important. Interestingly, H3.3 enrichment increases
along with advanced (earlier) RT of the repetitive
element MERVL upon induction of 2 cell-like cells from
mouse ESCs in culture [29]. Furthermore, during naı̈ve
to primed mouse ESC differentiation, H3.3 enrichment
and changes are the best predictors of steady-state RT
Current Opinion in Cell Biology 2024, 89:102397
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and RT shifts, respectively [26,30]. Thus, these data
underline a possible link between usage of the H3.3
variant and early replication during early develop-
ment transitions.
Coordination of histone dynamics at the
replication fork: key to maintain epigenetic
state
Replication itself poses a challenge to the maintenance
of origin and RT memory if they are chromatin based.
During S phase, parental nucleosomes with their spe-
cific histone variant and PTM composition undergo a
two-fold dilution in the wake of the replication fork.

The current view poses a tight coordination of de novo
histone deposition and parental histone recycling
(Figure 2) along with readerewriter complexes to re-
establish the pre-existing marks on chromatin prior to
the next S phase [19,31].

Deposition of newly synthesized histones in S phase
The CAF-1-dependent DSC deposition of de novo
synthesised replicative H3.1-H4 (Figure 2a) plays a
crucial role in maintaining genome and epigenome
integrity. This pathway can ensure restoration of a
proper nucleosome density, and/or also establish a link
with heterochromatin establishment by exploiting the
interaction of CAF-1 with HP1a-SetDB1 [32] or the

enzymatic subunit EZH2 of Polycomb repressive com-
plex 2 (PRC2) [33] (Table 1). In S. cerevisiae which does
not have the repressive H3K9me3 or H3K27me3 marks,
CAF-1 contribution to maintain inactive states most
likely relates to its chromatin assembly properties
ensuring nucleosome occupancy [34]. In mouse ESCs,
by inducing rapid protein depletion of CAF-1 in S phase,
heterochromatin accessibility increased [35]. In addi-
tion, transcription increased in H3K27me3 heterochro-
matin domains, potentially resulting from dilution of the
mark or defects in chromatin assembly leading to lower

nucleosome density [35]. Deposition of new histones
can also occur in a DSI manner, uncoupled from fork
progression [3] (Figure 2a). For this reason, DSI incor-
poration in S phase has largely been overlooked. How-
ever, DSI deposition of the non-replicative H3.3 by
HIRA in S phase is crucial to define early IZs and to
rapidly recover H3.3 in the wake of replication [20]
(discussed above). Furthermore, in the absence of CAF-
1, incorporation of H3.3 by HIRA can act as a compen-
satory mechanism [21]. This is in line with the recent
observation that following CAF-1 depletion, nucleosome

density is increased in mature compared to nascent
chromatin in early-replicating regions, implying nucle-
osomes are assembled there in a DSI manner in the
hours after fork passage [35]. Finally, in heterochromatin
another H3.3-specific chaperone, death domain-
associated protein (DAXX), interacts with the methyl-
transferases SetDB1 and Suv39h1 and promotes K9
methylation of new H3.3 prior to chromatin
Current Opinion in Cell Biology 2024, 89:102397
incorporation [36] (Table 1). DAXX targets H3.3 to
repetitive and transposable elements, promoting the
presence of H3.3K9me3 which is critical for their
repression in mouse ESCs [19]. These studies highlight
an underappreciated role for DSI deposition in
supporting both active and inactive chromatin state
maintenance in S phase by targeted delivery of histone
variants with distinct pre-deposition marks by

their chaperones.

Read-write mechanisms and recycling of parental
histones in S phase
Parental histone recycling on the leading and lagging
strands involves distinct sets of chaperones, many of
which are replisome components (Figure 2b). On the
leading strand, two non-essential subunits of DNA po-
lymerase ε (Polε), POLE3-4 (dpb3-4 in yeast), handle
H3eH4 tetramers [37,38]. On the lagging strand, the
MCM2 [39,40] subunit of the replicative helicase co-
operates with the H3eH4 chaperone anti-silencing
function 1 (ASF1) [41] and DNA polymerase a (Pola,
in yeast and mammals) [42,43], as well as chromosome

transmission fidelity 4 (Ctf4, in yeast) [42] to recycle
parental H3eH4. In yeast, a non-essential subunit of
the lagging strand polymerase d (Pold), Pol32, was also
recently shown to contribute to H3eH4 recycling on
this strand [44,45]. In mammals, parental H2A-H2B is
also transferred on the lagging strand by Pola, while its
recycling mechanism on the leading strand remains
unclear [17] (for review see Flury and Groth, 2024
[46]). It would be interesting to investigate if other
replisome-associated factors could contribute to histone
recycling and how this may be impacted by replication

stress. Symmetric local recycling is required to maintain
the epigenetic landscape without affecting overall
nucleosome occupancy [31]. Curiously, combined loss of
MCM2 histone binding and dpb4 (mcm2-2A dpb4D)
attenuates both the strand bias and the impaired
silencing compared to mcm2-2A single mutant alone in
fission yeast. This highlights the importance of sym-
metry even in a context where less parental histones are
recycled [47].

Even when histones are efficiently recycled locally,

parental PTMs are usually diluted by half after repli-
cation, yet restored prior to the next S phase. Read-write
mechanisms re-establishing repressive marks have been
linked to de novo histone deposition (as discussed
above), but they also require histone recycling for
templating (Table 1). Concerning H3K27me3, associa-
tion of the general histone chaperone nucleophosmin
(NPM1) with MCM2 specifically in late S phase has
been invoked to ensure H3.1K27me3 maintenance and
repression of PRC targets [48]. Additionally, the local
recycling of H2A-H2B dimers by Pola allows the for-

mation of nucleosomes with ‘old’ H2A-H2B and ‘new’
H3eH4 [17]. Since PRC2 can recognise the parental
www.sciencedirect.com
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Figure 2

Histone dynamics during replication
a. De novo deposition of histones mostly in S phase involves dedicated histone chaperones at distinct locations and time. Newly synthesized or naïve
H3.1/2-H4 and H3.3-H4 dimers harbor pre-deposition marks. Their flow under the control of ASF1 allows a transfer to variant-specific chaperones. The
CAF-1 complex promotes new H3.1/2-H4 deposition coupled to fork progression through interaction with PCNA on both nascent DNA strands, a process
that occurs genome-wide. The formation of H3.1-H4 tetramers requires dimerisation of p150, the largest CAF-1 subunit. This dimerization may contribute
to coordinate de novo H3.1/2-H4 deposition leading and lagging strand. In early S, in euchromatin HIRA rapidly replaces H3.1/2-H4 with newly
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H2AK119ub and catalyse H3K27me3 on new histones,
this can provide a short-term memory of Polycomb-
mediated repression. Concerning H3K9me3, unlike
most PTMs which are almost symmetrically recycled
(StewarteMorgan et al., 2020 [31]), it shows a strong
bias towards the leading strand in mid-S, which is un-
detectable in G1 [49]. The strongest H3K9me3 asym-
metry is detected at late IZs enriched in L1 LINE

elements oriented head-on (HO, i.e. contrary) to repli-
cation fork direction. This H3K9me3 bias depends on
both the transcriptionedriven association of the human
silencing hub (HUSH) complex to HO L1 LINEs and
its interaction with Polε subunits [49]. This H3K9me3
asymmetry, possibly promoted by HUSH passing
H3K9me3-H4 to Polε, may also be affected by tran-
scription. However, such bias is not detected for the
repressive H4K20me3 mark, which may co-occur along
with H3K9me3 and should be recycled together [4].
Thus, another interpretation would be that the inter-

action of Polε with HUSH ensures its availability spe-
cifically at expressed HO L1 LINEs. Finally, since a bias
for H3.3 has been reported towards the leading strand in
wild-type (WT) cells [50] and DAXX-mediated
H3.3K9me3 deposition is important for repeat
silencing, how a variant bias could play a role in this
context will be interesting to explore.

Coordinating de novo deposition and recycling at the
fork
Coordination of parental histone recycling and deposi-
tion of newly synthesized histones at the fork ensures
efficient chromatinization of nascent DNA. This re-
quires a proper control of the supply of new and parental

histones involving the general H3eH4 chaperone ASF1.
In addition to the importance of ASF1 in histone recy-
cling, de novo deposition by both DSC and DSI pathways
take advantage of ASF1 interaction with CAF-1 and
HIRA to provide new histones [3] (Figure 2). Further-
more, disrupting the balance between the levels of
histones and ASF1 impairs DNA unwinding, high-
lighting the importance of coordination between DNA
replication and histone dynamics at the fork [41]. The
importance of ASF1 for recycling may also have a
variant-specific aspect. Upon ASF1 depletion, local

H3.3 recycling at replication sites is disrupted only in
mid/late, but not early S [18]. Thus, at early IZs, HIRA
may coordinate de novo deposition [20] and parental
synthesized H3.3-H4. In late S, at heterochromatin domains, ATRX/DAXX rep
centromeres, HJURP ensures the new deposition of CENP-A-H4 replacing p
Almouzni (2021) [3], Delaney et al. (2023) [19].
b. Ahead of the replication fork, nucleosomes are disassembled into an H3–
thesized DNA is largely mediated by replisome components, which do not disc
handle H3–H4 on the leading strand. On the lagging strand, H3–H4 recycling
interaction with ASF1. Other replisome components like Pola also contribute t
they receive and hand over histones. Additional aspects not shown in this figur
CENP-A-H4 recycling on both strands at centromeres in mid/late S [62], (ii) Po
for FACT [63–65], AND-1/Ctf4 [42], Pold [44,45] and RPA [66] for recycling o
Groth (2024) [46].
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H3.3 recycling, as reported in the context of transcrip-
tion [51]. Interestingly, the structure of the HIRA
trimer is comparable to that of the yeast recycling factor
Ctf4 [52]. Finally, recent work showed that ASF1 not
only promotes histone protein provision but also con-
tributes to regulate replicative histone mRNA meta-
bolism [53]. This further emphasizes the importance of
ASF1 in acting as a ‘chaperone checkpoint’ to balance

the new and parental histone supply at the replica-
tion fork.

In symmetric recycling mutants [31,54], new histone
deposition also shows a strand bias indicating de novo
deposition and recycling are coordinated on each strand.
The sliding clamp proliferating cell nuclear antigen
(PCNA), present on each strand as a trimer, could act as
a coordination hub for polymerases and chromatin-
related proteins [55]. For example, PCNA contacts
CAF-1 and the leading strand polymerase Polε through

the same motif [56], resulting in a mutually exclusive
interaction [57]. In contrast, S. cerevisiae PCNA interacts
with CAF-1 and the lagging strand polymerase Pold
through different surfaces [44]. This may play a role to
balance recycling by replisome components and new
histone deposition by CAF-1. Further studies using
different interaction mutants will help to dissect
these mechanisms.

Chromatin dynamics during replication: importance
of symmetric recycling for cell state
The in vivo importance of symmetric recycling was
recently illustrated in mouse ESCs. MCM2-2A histone
binding mutants compromised in symmetric recycling

showed reduced pluripotency and differentiation po-
tential [50,54,58]. These cells exhibit an asymmetric
H3K27me3 enrichment on the two strands in S, which is
maintained in the following G1 and results in a genome-
wide redistribution of the mark. This impacts
H3K27me3 at the promoters of bivalent genes with a
transcriptional dysregulation in steady state [54] and
differentiation [50],. H3K9me3 is also redistributed,
showing a reduction at repetitive elements linked to
their transcriptional upregulation [50,58]. Interestingly,
in cultured MCF7 cancer cells the MCM2-2A mutation

gave rise to similar results, reducing H3K27me3 at genes
linked to development and differentiation without
affecting proliferation rates [59]. Yet, after
laces H3.1/2-H4 with H3.3-H4. Only later during the following G1 at
laceholders H3.3-H4 deposited in S. For reviews, see Ray-Gallet and

H4 tetramer and two H2A-H2B dimers. Their recycling onto newly syn-
riminate between the H3 variants. POLE3-4 (non-essential Polε subunits)
involves MCM2 which may transfer histones onto DNA directly or through
o lagging strand recycling in mammalian cells, although it is not clear how
e for simplicity include (i) HJURP which together with MCM2 contributes to
la for H2A-H2B recycling on the lagging strand [17] and (iii) possible roles
n the lagging strand as demonstrated in yeast. For review, see Flury and

www.sciencedirect.com

www.sciencedirect.com/science/journal/09550674


Table 1

Chromatin state recovery links to de novo deposition and recycling factors at the fork.

Histone chaperone Variant specificity Strand
specificity

Promote recovery of Through interaction with Location/time Organism References

De novo
deposition

CAF-1 H3.1-H4 both H3.1 PCNA genome-wide mouse, human [56,67,68]
H3K9me3
H3K27me3

HP1-SetDB1
EZH2

heterochromatin/late S [32,33]

HIRA H3.3-H4 N.D. H3.3 DNA? early replication mouse, human [20,21]
H3K27me3 accessibility? Polycomb

(EZH2, SUZ12, Jarid2)
SWI/SNF

N.D. [69,70]

DAXX H3.3-H4 N.D. H3.3
H3K9me3

HP1-SetDB1, Suv39h1 heterochromatin
N.D.

mouse, human [36,71]

HJURP CENP-A-H4 N.D. CENP-A CENP-C centromeres/early G1 mouse, human [72]

Recycling Bone fide histone chaperones
ASF1 H3.1/H3.3-H4 N.D. H3.1, H3.3 MCM2 genome-wide human [41]

H3.1
H3.3

N. D. late S
early & late S

[18]

FACT H2A-H2B, H3–H4 N.D. genome-wide yeast [63–65]
HJURP CENP-A-H4 N.D. CENP-A N.D. centromeres human [62]
HIRA? H3.3-H4 N.D. H3.3 N.D. early replication human [51]
Replisome components chaperoning histones
Polε (POLE3/4) H3.1/H3.3-H4 leading H3.1, H3.3 N.A. genome-wide yeast, human [37,38]

H3K9me3 HUSH complex L1 LINEs/mid-S onward mouse [49]
MCM2 H3.1/H3.3/CENP-A-H4 lagging H3.1, H3.3, CENP-A N.A. genome-wide yeast, mouse, human [39–42]

H3.1K27me3 NPM1 heterochromatin/late S mouse [48]
Pola H3.1/H3.3-H4 lagging H3.1, H3.3 N.A. genome-wide yeast, mouse [42,43]

H2A-H2B lagging H3K27me3 Polycomb N.D. mouse [17]
H2A.Z-H2B? lagging H4K20me2 Suv420h1? N.D. human [13]

Pold (Pol32) H3–H4 lagging N.D. PCNA genome-wide yeast [44,45]
CTF4 (AND-1) H3–H4 lagging N.D. MCM2, Pola genome-wide yeast [42]
RPA H3–H4 N.D. genome-wide yeast [66]

Rows in italics and question marks indicate speculative functions. HJURP, Holliday junction recognition protein; FACT, facilitates chromatin transcription; AND-1 (acidic nucleoplasmic DNA-binding protein);
RPA, replication protein A; CENP-A, Centromeric protein A; EZH2, Enhancer of zeste-2; SUZ12, Suppressor of zeste-12; SWI/SNF, Switch/sucrose nonfermenting; N.D. – not determined. N.A. – not applicable.
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transplantation in mice for 4 or 7 weeks, these cells
showed more growth, higher metastatic potential and
larger cell heterogeneity compared to WT MCF7 cells
[59]. Thus, symmetric histone recycling could ensure
maintenance of the H3K27me3 landscape and thereby
cell state [50,54,58].
Conclusions and perspectives
The balance of information from DNA sequence versus
chromatin should be considered to define origin across
species. To understand how chromatin contributes to
the regulation of replication initiation in S phase while it
is itself disrupted by the passage of the fork, it is critical

to consider how nucleosome features associated with
origins are recovered and transmitted post-replication.
One novel aspect in the heritable nature of origin defi-
nition will be to integrate the contribution of histone
variants with their distinct deposition modes and dy-
namics. A mechanistic understanding will require inte-
grating ORC1 binding and its chromatin remodelling
activity on combinations of metazoan sequences with
different nucleosome composition. As ORC1 reasso-
ciates with chromatin after mitosis, the kinetics of
chromatin state recovery together with G1 length may

contribute to the regulation of this process.

Notably, replication organisation changes both during
development and in the context of cancer. In early
embryogenesis, RT shows distinct features, whereas
during stem cell differentiation major replication
changes correlate with H3.3 redistribution. Thus, it will
be important to determine if H3.3 contributes to
reshaping replication in this context. In cancer, a driver
role has been attributed to missense mutations in both
H3.1 and H3.3, termed ‘oncohistones’. These sub-
stitutions have been documented to impact global his-

tone PTM patterns and levels in a variant-specific
fashion [60]. H3.3K27M specifically blocks cell reprog-
ramming and enhances growth during Drosophila devel-
opment, phenocopying Polycomb suppression [61].
Similarly, recycling mutants confer a proliferative
advantage to cancer cells in vivo, accompanied by reor-
ganisation of PTM distribution and dysregulation of
developmental genes. However, in both cases, it is still
unknown if they also interfere with the replication
programme of the cells. Future investigations dissecting
the impact of chromatin state recovery on replication

could reveal if it may constitute a therapeutic vulnera-
bility in the context of cancer. Finally, the processes
discussed above all take place in the context of higher-
order chromatin architecture in the nuclear environ-
ment, which may be both instructive and affected by
replication (rev in Oji et al., this issue) and histone
variant incorporation. We envision that a holistic
approach that integrates the different aspects of regu-
lation and mechanics of replication is a way forward to
Current Opinion in Cell Biology 2024, 89:102397
understanding how chromatin state is propagated
alongside genome doubling.
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