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Abstract 

Propagation of the chromatin landscape across cell divisions is central to epigenetic cell memory. 

Mechanistic analysis of the interplay between DNA replication, the cell cycle, and the epigenome has 

provided insights into replication-coupled chromatin assembly and post-replicative chromatin 

maintenance. These breakthroughs are critical for defining how proliferation impacts the epigenome 

during cell identity changes in development and disease. Here we review these findings in the broader 

context of epigenetic inheritance across mitotic cell division.  

 

Introduction [I] 

In eukaryotes, chromatin packages and organises the genome to protect the genome from environmental 

insults and orchestrate all DNA-based processes, including DNA repair, transcription, chromosome 

segregation, and suppression of transposable elements1-3. By preserving transcription programs, 

chromatin composition additionally reflects cell identity4,5. In this way, chromatin states contain epigenetic 

information, which is propagated between cell divisions to maintain cellular identity. The breakthrough in 

next-generation sequencing (NGS) paved the way for many discoveries that have deepened our 

understanding of development6, transgenerational epigenetic inheritance7, and disease8. In contrast, how 

DNA replication and the cell cycle influence chromatin and the epigenome remain more elusive, despite a 
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strong interest in the early years following discovery of the nucleosome 9,10. Now, this field is rapidly 

progressing, and contributing major breakthroughs towards answering the long-standing question: how 

are functional chromatin states propagated when cells divide? 

 

The process of DNA replication is both productive and disruptive, simultaneously synthesising new DNA 

and transiently dismantling chromatin to permit replication fork passage. To counteract this necessary 

disruption, histone chaperones, epigenetic modifiers, and chromatin remodelers accompany the 

replisome and reassemble chromatin post-replication. We are only just beginning to understand how 

chromatin components, potential carriers of epigenetic information, are handled at the replication fork, 

and how nascent chromatin matures post-replication. Advances in technologies are now permitting 

mechanistic analysis of the relationships between DNA replication, chromatin assembly, the cell cycle 

and the epigenome.  

 

In this review, we define “epigenetics” as mitotically inherited chromatin states. It is broadly accepted that 

chromatin states convey gene expression and repression information between cell divisions; the specific 

contribution of individual chromatin components, such as histone post-translational modifications (PTMs), 

DNA methylation, or histone variants, is less clear. Understanding how these components are 

propagated during DNA replication will help define their epigenetic properties. 

 

Here we discuss recent advances in chromatin replication in the broader context of epigenetic memory 

across mitotic cell division. We focus on histone- and nucleosome-based epigenetic information and will 

not cover regulation of DNA replication11, replication timing and 3D organisation12, or mitotic chromatin13,14, 

or general functions of histone chaperones15,16, histone variants17, histone PTMs 1,3,18 or DNA 

methylation19, as these are well-reviewed elsewhere. The review is organised temporally, first describing 

DNA replication-coupled chromatin assembly, and then discussing subsequent chromatin maturation 

through mitosis and in daughter cells. We highlight methodologies for studying epigenome maintenance 
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across the cell cycle, and discuss how inheritance of chromatin components contributes to cellular 

memory.  

 

Replicating chromatin [I] 

To permit DNA replication, proteins and RNA must be transiently disassociated from DNA. To re-

establish chromatin on newly replicated DNA, chromatin components are then re-assembled behind the 

replication fork (reviewed in20). Nucleosomes, the fundamental units of chromatin, consist of two H2A-

H2B dimers and one H3-H4 tetramer wrapped by 147 base pairs of DNA and spaced by DNA linkers21. 

Histone are modified by a large variety of PTMs, including phosphorylation, acetylation, methylation, 

ubiquitination, and ADP-ribosylation.1. Histone occupancy and PTMs play direct roles in gene 

regulation22, and inheritance of these features may therefore confer cellular memory. Nucleosome 

assembly at the fork is tightly integrated with DNA replication, and is therefore a key entry point to 

understanding how chromatin function is inherited in dividing cells. More broadly, chromatin assembly 

represents a unique experimental system to study epigenetics: if we can experimentally disrupt specific 

chromatin restoration events, long-standing questions about their importance in epigenetic cell memory 

can be tested.  

 

The DNA replication machinery is a large protein-nucleic acid complex, which in addition to DNA 

replication factors contains proteins necessary for chromatin duplication 23,24. In eukaryotes, DNA 

unwinding ahead of the fork is mediated by the replicative helicase CMG (CDC45 (cell division control 

protein 45)–MCM2–7 (minichromosome maintenance complex 2–7)–GINS) complex (reviewed in25). The 

CMG complex travels along the leading strand, which is synthesised in a continuous manner by DNA 

polymerase epsilon (Polε)26. The lagging strand is synthesised discontinuously, in short Okazaki 

fragments, by DNA polymerases alpha (Polα) and delta (Polδ), which are subsequently ligated by DNA 

ligase 126. Several essential replication factors also participate in nucleosome assembly.  

 

Nucleosome assembly pathways for new and parental histones [II] 
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Nascent chromatin contains both parental histones, recycled from disassembled nucleosomes 

immediately ahead of the fork, and newly synthesised, naïve histones (Figure 1). In HeLa cells parental 

and new histones mix in a 1:1 ratio27, but this might differ at special genomic locations and/or in other cell 

types. Parental and new histones differ in several ways28,29. New histones are uniformly di-acetylated at 

H4K5 and H4K12 in eukaryotes, and additionally acetylated at H3K56 in yeast10. These marks are critical 

for genome stability30,31, possibly because they are required for nucleosome assembly and chromatin 

maturation after replication10. Parental H3-H4 histones preserve their PTMs during chromatin assembly 

and maturation27,29,32,33. This is the foundation for inheritance of histone PTM domains, and thus is a 

cornerstone for potential epigenetic functions. It was speculated that parental H3-H4 tetramers split and 

mix with newly synthesised histones to ensure PTM inheritance34, a theory supported by the discovery 

that new H3-H4 were deposited as dimers35. However, earlier work and more recent mass spectrometry 

experiments in HeLa cells revealed little to no mixing between new and parental H3-H4 histones during 

DNA replication10,36, arguing that the majority of parental H3-H4 histones are probably recycled as intact 

tetramers (Figure 1). Indeed, nucleosomes formed from new or old H3-H4 histones appear to serve 

distinct functions in chromatin, in particular in directing DNA repair pathway choice37-39. 

 

Histone recycling by the replisome facilitates histone PTM inheritance  [II] 

Of the two nucleosome assembly pathways for new and old histones, new histone deposition is best 

understood (reviewed in15,16). A major breakthrough was the identification of the CAF-1 histone 

chaperone and its direct interaction with the replication fork via the processivity clamp PCNA 40-42. This 

demonstrates that chromatin assembly and DNA replication are tightly linked through coupling new 

histone deposition with fork progression. Now, analogous evidence connects parental histone recycling 

and DNA replication43-45, providing an additional layer of coordination. This argues that it is important for 

recycled parental histones, as potential carriers of epigenetic information, to stay tightly associated with 

their genomic location through DNA replication.  
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The leading and lagging DNA strands of the replication fork are synthesised by distinct mechanisms, and 

whether the recycling of parental H3-H4 is equally efficient and accurate between sister chromatids has 

in the past been the matter of extensive investigation10. Early work converged on a model where parental 

H3-H4 tetramers are randomly segregated to the two daughter strands46-51 (Figure 1a). NGS methods 

have recently corroborated this model43,44, while also excitingly and unexpectedly demonstrating that 

separate parental histone recycling pathways operate on the leading and lagging DNA strands, mediated 

by distinct replication fork components. 

 

MCM2, part of the CMG replicative helicase, has a highly conserved N-terminal histone-binding domain 

that can chaperone both H3-H4 dimers and tetramers52-56 (Figure 1a). It acts as a chaperone both on 

chromatin, as part of the CMG complex, and in its free form where it binds to soluble histones with other 

chaperones53,54,56,57. The MCM2 histone-binding domain mimics DNA’s interaction with histone H3-H4 in 

the nucleosome54,55,58, allowing it to shield histones from DNA binding and chaperone H3-H4 irrespective 

of PTM or H3 variant content across the genome54,59.  Cryo-EM studies have revealed that in the active 

replicative helicase, the N-terminal histone-binding domain faces ahead, towards the unwinding parental 

DNA strand25,60,61, placing it in proximity to where parental histones are released during chromatin 

disassembly. In yeast, MCM2 mutations that ablate histone-binding impair silencing56,62 consistent with a 

chromatin assembly defect. Recently, MCM2’s function in histone recycling was directly demonstrated by 

SCAR-seq in mammalian cells43 and by eSPAN in yeast44 (Table 1). When integrated with information 

about fork directionality or replication origin location, these methodologies can track partitioning of new 

and old histones (based on their PTMs) on the leading and lagging strands (Figure 2). In wild-type 

mESCs, parental histones are partitioned approximately equally between the two sister chromatids. In 

mESCs lacking MCM2-histone binding, parental histones show a strong preference for the leading 

strand, indicating a defect in lagging strand recycling43 (Figure 1b). This defect is phenocopied in yeast in 

two different scenarios: (1) mutation of MCM2 to prevent histone binding, and (2) mutation of the 

interaction between Polα and Ctf445, presumably detaching the lagging strand from the CMG replicative 

helicase63 (Figure 1b). Combined, these data argue that MCM2 recycles parental histones to the lagging 
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strand, and that this requires tight coordination of lagging strand synthesis with helicase progression. The 

histone-binding domain of MCM2 may function as a platform, sequestering H3-H4 tetramers before 

handing them to downstream chaperones that directly facilitate deposition on the lagging strand.  

 

Polε, the core enzyme of leading strand replication26, has recently also been shown to bind and 

chaperone histone H3-H4 in budding yeast, fission yeast and mammalian cells44,64,65 (Figure 1). Within 

the polymerase complex, chaperone activity is mediated by two non-catalytical subunits, POLE3-4 in 

mammals [66] and their homologs Dpb3-4 in budding yeast [44]. Using eSPAN in yeast (Table 1), 

deletion of either Dpb3 or Dpb4 was shown to impair parental histone recycling to the leading strand 44 

(Figure 1c). Consistent with a nucleosome assembly defect, deletion of these subunits impaired silencing 

in fission and budding yeast44,64. In mammalian cells, genetic deletion of Pole4 generated a Polε 

hypomorph with global defects in chromatin assembly, including both new histone deposition and old 

histone recycling, and replication fork instability65,66. Because fork progression and nucleosome assembly 

are co-regulated67, fork collapse may contribute to these chromatin defects. It will therefore be important 

to define the structural basis of H3-H4 chaperoning by POLE3-4, to separate its functions in replication 

and nucleosome assembly, and confirm the conservation of POLE3-4 as a universal, histone variant-

indiscriminate H3-H4 recycler like MCM2. Importantly, the double mutant of Dpb3 and Mcm2 histone 

binding showed additive silencing defects in budding yeast62, underscoring that the two pathways 

cooperate to ensure histone inheritance and maintenance of silent chromatin states.  

 

Histone-binding properties has also beed described for other replication factors in yeast, including RPA68 

and Polα69, which chaperone H3-H4 and H2A-H2B, respectively. Their exact contribution to histone 

recycling and de novo histone deposition will be important to address. In addition, dedicated histone 

chaperones like ASF1, HJURP, and FACT15 can contribute to parental histone recycling by cooperating 

with replisome-integrated chaperones. ASF1 co-chaperones histone H3-H4 with MCM253-55,57, and 

handles parental histones released from the fork during replication stress in mammalian cells57,70. 

Imaging of new and old histones using SNAP-tag technology also revealed changes in recycling of 
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histone variants in the absence of ASF170. Intriguingly, HJURP, which chaperones the centromeric 

histone H3 variant (in mammals, CENPA) and is required for parental CENPA maintenance across cell 

divisions59, was recently shown to operate in a similar manner to ASF1, co-chaperoning CENPA-H4 with 

MCM2 in human cells59. ASF1 and HJURP respectively bind H3-H4 and CENPA-H4 as dimers (reviewed 

in15), and it is important to resolve how this is compatible with deposition of parental tetramers. FACT, a 

chaperone with key roles in transcription, replication and repair, has both H3-H4 and H2A-H2B 

chaperone activity (reviewed in71). It is essential for replisome progression on a chromatin template in 

vitro72 and in vivo73. FACT can chaperone a H3-H4 tetramer and form a ternary complex that includes a 

H2A-H2B dimer in vitro74,75, which could allow coordination of H2A-H2B and H3-H4 recycling. 

Furthermore, elegant cryo-EM structures show FACT engaged with partially assembled nucleosome 

intermediates through complex interactions with DNA and histones 76,77. These properties of FACT are 

compatible with its multiple roles in chromatin replication, including nucleosome disassembly, histone 

transfer and nucleosome assembly. Consistently, FACT can co-chaperone H3-H4 with MCM2 in yeast56, 

and interacts with both Polα and RPA71. Taken together, we envision a ‘pinball’ model of histone 

recycling, where multiple histone-binding interfaces in the replisome provide a platform for histone 

transfer with the help of dynamic histone chaperones. 

 

Post-Replicative Epigenome Maturation [I] 

Nascent chromatin has a distinctive composition and organisation, which must be extensively modulated 

to restore the pre-replicative state following fork passage. These restoration processes occur on differing 

timescales for different chromatin features and also exhibit species-specific differences, making 

chromatin maturation a complex and multifaceted process. 

 

Nucleosomal Organisation [II] 

Nucleosomes globally package the genome and locally regulate genome accessibility for transcription 

and DNA repair machineries. Until recently little has been known about the effects of DNA replication on 

nucleosome positioning. Active transcription start sites (TSSs) and enhancers contain nucleosome-
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depleted regions (NDRs) occupied by transcription factors (TFs) and RNA polymerases78 (Figure 3a). 

NDRs manifest as accessible regions in MNase-seq, DNase-seq, FAIRE-seq, and ATAC-seq assays79. 

To monitor nucleosome organisation in the wake of the replication fork, multiple groups have recently 

developed technologies based on (1) MNase80-83 or transposase digestion84 of replicated chromatin or (2) 

analysis of Okazaki fragments, whose processing is linked to nucleosome assembly85,86 (Table 1, Figure 

2). These methods have revealed that DNA replication compromises the typical nucleosome organisation 

observed at active regulatory elements, temporarily disorganising chromatin and reducing accessibility.  

 

In yeast, nucleosome organisation generally restores quickly post-replication, though the locus-specific 

kinetics are debated81-83,86. The NDRs at TSSs are re-established within minutes of replication81,82. Yeast 

promoters harbor stretches of poly-dA/dT DNA sequences that intrinsically destabilise nucleosomes87,88. 

These observations suggest that NDR restoration at TSSs proceeds largely independent of remodeler or 

transcriptional activity. In contrast, restoration of genic nucleosome phasing requires both active 

transcription81 and activity from chromatin remodelers and histone chaperones81,82,86.  

 

In Drosophila nascent chromatin, nucleosomes occlude TF binding due to CAF1-dependent nucleosome 

assembly, which indiscriminately deposits nucleosomes genome-wide80. The same phenomenon likely 

underlies the limited accessibility observed immediately after replication at promoters and enhancers in 

mESCs84 (Figure 3a). The re-entry of RNA polymerase into chromatin re-establishes accessibility at 

NDRs84 (Figure 3a). Pulse-chase experiments show that in mESCs, steady-state accessibility returns 

within 2 hours of replication, and depends on transcription resumption84. One notable exception is super-

enhancers, which harbor a high density of TF-binding sites and restore accessibility independently of 

transcription84. It has been suggested that the transcriptional machinery is occluded from nascent 

chromatin to prevent mis-expression89, a hypothesis supported by the observation that nascent chromatin 

is devoid of RNA polymerases84. However, enhanced TF binding in nascent chromatin has been reported 

in differentiation contexts based on BrdU co-immunoprecipitation and qPCR90,91. It will be important to 

employ recently developed robust NGS methods to profile post-replicative chromatin in dynamic, 
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developmental systems (Table 1, Figure 2). Since DNA replication has different effects on core and cell-

specific transcriptional programs 80, some TFs, for example pioneer TFs92, may exploit the nascent 

chromatin environment to introduce transcriptional changes during differentiation. Indeed, recent studies 

in mESCs84,93 and yeast83 have found that TF occupancy returns with varied kinetics across the genome, 

and that nascent chromatin contains transiently accessible regions that become inaccessible during 

maturation. Future studies are required to analyse the interplay between DNA replication and 

transcription in both developmental and disease contexts. 

 

Propagation of Histone Modifications [II] 

The regulation and function of histone PTMs are intricate, involving extensive cross-talk both with other 

PTMs and with DNA modifications and sequence features. Propagation of histone PTM landscapes post-

replication is therefore expected to be multilayered and complex. Across different model organisms, 

methylation is the most well-studied histone PTM with respect to its propagation during cell division. We 

therefore focus primarily on this modification here, while underscoring the need to investigate how other 

marks are maintained across cell divisions.  

 

The majority of evidence support the idea that modified parental histones are efficiently and accurately 

recycled to sister chromatids during DNA replication, meaning newly replicated chromatin echoes its 

parental histone modification landscape. Proteomic analyses of pulse-labeled histones show that 

parental histones maintain acetylation and methylation marks through DNA replication27,29,32. These 

parental histones are re-incorporated in proximity to their original positions, as observed in HeLa cells by 

ChOR-seq (H3K4me3, H3K27me3, H3K36me3, H3K79me3)94, mESCs by SCAR-seq (H3K36me3) 43 

and yeast by eSPAN (H3K4me3) 44,45 (Table 1, Figure 2). These studies are consistent with experiments 

in yeast and Xenopus egg extracts tracking biotinylated nucleosomes through replication95,96. In yeast, 

maintenance of nucleosome positional information requires the Mcm2 and Dpb3-4 recycling pathways96. 

A recent study in mESCs, using a similar bio-orthogonal histone-tracking method, found preservation 

across the cell cycle of biotinylated histones in repressed domains but not at a number of transcriptionally 
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active sites97. This suggests that chromatin components that bookmark memory in active regions might 

be short-lived. Maintenance of repressive H3K9me3 and H3K27me3 through cell division has been 

demonstrated directly through genetic approaches in mammals98,99, flies100,101, worms102, and yeast103,104. 

Development of analogous genetic models for PTMs in active chromatin will be important to understand 

inheritance of active chromatin states. 

 

Taken together, these studies argue that the baseline for PTM restoration is not zero; parental PTM 

levels are diluted on sister chromatids with their positions largely maintained (Figures 3a, 3b). This is a 

key property that speaks to the potential epigenetic nature of histone PTMs. If new histones are not 

modified post-replication, the information encoded in histone PTMs will be lost by dilution in successive 

rounds of replication. Frequent histone exchange post-replication can challenge inheritance of histone 

PTMs105; given the faster histone turnover in active chromatin106, this process may particularly 

compromise inheritance of active states. Additionally, modelling studies in fission yeast indicate larger 

domain size increases heritability across cell divisions107. As active PTM domains are much smaller on 

average than repressive PTM domains, replication-induced dilution may particularly affect domain 

inheritance in active chromatin. 

 

Modification of new histones to restore parental PTM levels is heterogeneous, occurring with mark- and 

locus-specific kinetics and, in most cases, a significant delay relative to DNA replication and removal of 

histone H4 acetylation27,29,32. Parental methylation levels are generally re-established through stepwise 

acquisition of methylation states from mono- to trimethylation27,29,32,108,109. H3K4me3, found at active 

promoter regions, has the fastest known restoration speed for a trimethylated state94, finishing prior to 

mitosis in HeLa cells. In contrast, recovery of repressive histone PTMs from replication-coupled dilution is 

surprisingly slow, taking almost one full cell cycle in HeLa cells27,94 and mESCs110. These kinetics are 

however dependent on the balance between proliferation speed and methylase/demethylase 

concentrations, and are therefore likely to be cell type-specific111. Long-term cell culture can influence the 
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levels of histone PTMs and epigenetic modifiers111; future work should therefore address PTM restoration 

kinetics in living organisms. 

 

Chromatin states often propagate with contributions from DNA sequence features and active processes 

such as transcription. Histone PTM function in epigenetic cell memory should thus be contextualised by 

its interplay with DNA sequence features, DNA methylation, other histone PTMs and histone variants, 

and larger scale chromosomal organisation. Insights into this crosstalk will be crucial to understand how 

the epigenome is either propagated across cell divisions or reshaped to change cellular functions. Below 

we highlight distinct mechanisms for histone PTM restoration in repressed and active chromatin post-

replication.  

 

PTM Restoration in Repressed Chromatin [II] 

Most studies of histone PTM inheritance have focused on silent states, characterised by H3K27me3 or 

H3K9me3 (reviewed in3,34,112,113). Propagation of both H3K27me3 and H3K9me3 entails a ‘read-write’ 

mechanism, in which a methyltransferase both recognises and is activated by the modification3,112. Such 

positive feedback loops contribute to maintenance and spreading of repressive domains, including post-

replication3,112 (Figure 3b). Engineered recruitment of HP1α and its associated methyltransferases 

induces establishment and lateral spreading of H3K9me3 over successive cell divisions99. Genetic 

complementation analysis in mESCs has shown that allosteric activation of the Polycomb complex 2 

(PRC2) by H3K27me3 is required to propagate the mark in cis from nucleation sites114 and structural 

studies show allosteric activation of PRC2 operating between neighboring nucleosomes115. Moreover, 

mathematical modelling of proteomic data corroborates the allosteric self-propagation model110, arguing 

that H3K27me3-marked parental histones stimulate H3K27 methylation on new histones post-

replication112 (Figure 3b). These are some of the most elegant mechanisms that govern epigenetic cell 

memory. However, this ‘read-write’ mechanism alone appears to be imperfect. Allosteric activation of 

PRC2 by existing H3K27me3 is insufficient for H3K27me3 maintenance through multiple cell divisions in 

Drosophila, where specific DNA elements termed Polycomb Response Elements (PREs) are required for 
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both H3K27me3 establishment and maintenance100,101. In mESCs, the H3K27me3 landscape can be 

established de novo in the absence of pre-existing H3K27me3114,116, supporting sequence-dependent 

PRC2 targeting (Figure 3b). In fission yeast, artificial H3K9me2/3 domains persist for several generations 

through the ‘read-write’ function of the Clr4 methyltransferase, but only if Epe1, a potential demethylase, 

is suppressed103,104. Efficient maintenance of H3K9me2/3 at the mat locus requires both sequence-

dependent TF binding and DNA boundary elements117. Non-coding RNAs, RNA interference, and DNA 

methylation also contribute to establishment and maintenance of H3K9me2/3 in different model 

organisms3,118. These observations collectively argue that a network of histone modification-driven 

feedback loops, along with sequence elements and other chromatin features, ensure faithful epigenetic 

inheritance of the silenced state.   

 

PTM Restoration in Active Chromatin [II] 

Compared to repressed regions, how histone PTMs contribute to propagation of active chromatin states 

is less understood. While H3K36me3 and H3K79me3 are found within gene bodies, H3K4me3 is found in 

promotors at TSSs18. Despite the well-established positive correlation between H3K4 methylation and 

transcription, defining a causal role of H3K4 methylation in maintaining the active state remains 

challenging (reviewed in119). Nevertheless, nuclear transfer experiments demonstrate H3K4me3 is a 

barrier to somatic cell reprogramming120, suggesting that it encodes a form of cell memory. We envision 

that, like heterochromatin, transcriptional memory could be encoded by a network of chromatin- and 

sequence-dependent features, involving positive feedback in RNA polymerase recruitment and ensuing 

transcription-dependent PTM deposition. H3K4me3 can stimulate TFIID recruitment and pre-initiation 

complex formation121 and recruit TFs via H3K4me3 readers such as WDR5122. The accurate recycling of 

H3K4me3, as well as H3K36me3, and H3K79me3, to their pre-replication positions43-45,94 may therefore 

enable a fast and accurate resumption of transcription post-replication. In turn, transcription resumption 

may drive restoration of the active epigenome by promoting transcription-coupled modification of new 

histones and shaping chromatin accessibility84. Exogenous H3K4me3 deposited by a Cas9-

methyltransferase fusion protein is sufficient to activate transcription at repressed loci, but activation is 
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better sustained when H3K4me3 is co-deposited with H3K79me3123. In the steady state, positive 

feedback between transcription machinery, histone modifiers, and PTMs can maintain active 

chromatin124. Transcriptional memory may therefore be propagated through intricate feedback circuits, 

but rely on the continued presence of sequence-specific TFs (Figure 3a) and work without the allosteric 

activation considered central to H3K27 and H3K9 methylation maintenance112. While this does not 

represent a stand-alone, self-propagating epigenetic system, it could be essential for developmental 

potential and maintenance of cell identity, and is thus an important avenue for future chromatin research.   

 

Outlook [I] 

Propagation of chromatin states is a foundation of epigenetic cell memory, but until now genome-wide 

methods for investigating how chromatin is duplicated have been lacking. The development of cutting-

edge technologies (Table 1, Figure 2) offers a new entry point to understand the mechanistic basis for 

chromatin replication and maturation in cells. Characterisation of histone methylation restoration shows 

an unexpectedly dynamic epigenome across the cell cycle (Figure 3c) with the relative levels of active 

and repressive marks continuously changing. This has potential relevance for regulation of bivalent 

chromatin marked with H3K4me3 and H3K27me3125 and cell cycle-specific responses to differentiation 

cues in developmental contexts126. Most studies focus on H3-H4 as the most stable component of 

chromatin, but it is also important to dissect whether and how modifications on H2A-H2B contribute to 

epigenome maintenance across cell divisions. Furthermore, future work will need to describe the effects 

of replication on additional chromatin features, including organisation driven by phase separation127 and 

chromosomal contacts and looping12,128. Chromosomal organisation is inherently different between G1 

and G2129 since replication generates sister chromatids held together by cohesion, and how this may 

influence epigenome restoration remains unknown. 

 

Histone H3-H4 recycling to the leading and lagging strands is orchestrated by two distinct, replisome-

integrated histone chaperones43-45. Their coordinate ensures approximately even distribution of parental 

H3-H4 tetramers and the subsequent nearly symmetrical histone PTM composition between sister 
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chromatids43-45. However, histone partitioning is not perfect. There is a slight bias in parental histone 

recycling to the leading and lagging strands in mammalian cells 43 and yeast44, respectively, reinforcing 

that distinct pathways mediate histone recycling to sister chromatids. It has implicitly been assumed that 

chromatin replication, like DNA replication, is context-independent, but this need not be the case. The 

discovery of strand-specific recycling pathways hints at a biological mechanism for asymmetric 

distribution, based on regulation of replisome-associated histone chaperones. This has the potential to 

influence cell identity by facilitating asymmetric cell divisions, for example during embryonic development. 

Asymmetric cell division in Drosophila germ cells was recently proposed to entail asymmetric histone 

segregation coupled to unidirectional replication of entire chromosomes130. Additionally, new histone 

deposition pathways have enormous potential to influence epigenome plasticity. The best-studied 

chaperone in this context is the H3-H4 chaperone CAF1, which has been shown to regulate chromatin 

plasticity during reprogramming131,132 and differentiation133-136. How cell division and DNA replication 

affect cell fate decisions during development, and how replisome chaperones are regulated during 

development, are therefore key areas of future investigations 137.  

 

The genomic technologies discussed in this review, combined with additional state-of-the-art methods, 

are bound to produce results that alter our current, simplistic models for chromatin replication in 

surprising and unanticipated ways. In particular, the insights from structural and single-molecule 

analyses, super-resolution microscopy, and Nanopore sequencing should provide an unprecedented 

level of mechanistic insights. On this basis we can begin to understand how chromatin replication 

functions, or fails to function, in development, aging, and cancer across a lifetime of cell divisions. 
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Figure Legends 

Figure 1. Distinct pathways for parental histone recycling during DNA replication. (a) Simplified scheme of 

nucleosome assembly at the replication fork. Replisome factors involved in parental H3-H4 recycling to the 

lagging strand and leading strand are indicated in yellow and lilac, respectively. Non-replisome histone 

chaperones are indicated in light blue. (b-c) Mutations or deletions that impair parental H3-H4 recycling to 

the lagging (b) and the leading (c) strands are marked with asterisks. While the role of MCM2 is conserved 

between yeast and mammals (b), the role of POLE3-4 in histone partitioning has only been demonstrated 

in budding yeast (c). 

 

Figure 2. Genome-wide methods for studying chromatin replication. (a) Labelling of replicating DNA in 

asynchronous cultures achieves genome-wide label incorporation (top), while cultures released from 

synchronisation become labelled in specific genomic regions (bottom). Current methods are population-

based and not yet optimised for single cells. (b) Illustration of how labelling of replicating DNA marks the 

forward strand on one sister and the reverse strand on the other sister chromatid. Nascent chromatin 

samples are collected immediately post-labelling; mature chromatin samples are collected following a 

chase of the label. (c) Common themes in adaptation of NGS methods to study chromatin replication. 

Strand-specific DNA labelling is exploited in certain NGS technologies (right, top) but not others (right, 

bottom) (see also Table 1). The illustration (right, top) shows NGS analysis of the new strand; the parental 

strand can also be isolated and analysed. Gray and yellow bars represent sequencing adaptors. 

 

Figure 3. Epigenome propagation mechanisms. (a) Pre-replication, active chromatin is characterised by 

active histone marks H3K4me3 and H3K36me3, RNA polymerase occupancy, and accessible regions 

bound by transcription factors (top). Replication-coupled nucleosome assembly evicts transcriptional 

machinery, dilutes PTM levels, and renders nascent chromatin transcription factor-inaccessible (middle). 

Active chromatin restores prior to mitosis in a partially transcription-dependent manner, although the full 

role of transcription in epigenome restoration remains unknown (bottom). (b) Prior to replication, 

repressive chromatin such as H3K27me3 domains are highly methylated and bound by PRC2 complexes 
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(top). Replication-coupled nucleosome assembly evicts chromatin proteins and dilutes PTM levels 

(middle). Following replication, chromatin marked by H3K27me3 requires a full cell cycle to resume the 

pre-replicative state in HeLa cells, with H3K27 residues becoming progressively methylated over time 

and originating from sites of PRC2 binding (bottom). (c) Chromatin composition fluctuates throughout the 

cell cycle, with phases of transcription on/off states and distinct kinetics in post-replicative restoration of 

different histone PTMs. 
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Table 1. NGS technologies for monitoring chromatin replication and the epigenome throughout the cell 
cycle*. 

Feature 
Profiled 

Name Abbreviation Usage Model  Key features Labelling**  Distinguishes 
Strands? 

Reference 

Chromatin 
Occupancy 
(histone 
PTMs, DNA-
bound 
proteins) 

Chromatin 
Occupancy 
after DNA 
Replication  

ChOR-seq Quantitative 
protein/PTM 
occupancy in 
replicated 
chromatin 

HeLa cells, 
mESCs 

• quantitates ChIP 
signals between 
matched 
samples using 
exogenous 
spike-in 

• crosslinking 
permits analysis 
of histone and 
non-histone 
proteins 

EdU no 84,94 

Enrichment 
and 
Sequencing 
of Protein 
Associated 
Nascent 
DNA 

eSPAN Strand-
specific 
protein/PTM 
enrichment 
at the fork 

S. 
cerevisiae 

• crosslinking 
followed by 
MNase 
treatment or 
sonication for 
analysis of 
histone and non-
histone proteins 

• requires 
information 
about replication 
directionality to 
assign leading 
and lagging 
strands (well 
defined origins 
of replication in 
yeast) 

BrdU 
 

yes 44,45,138 

Chromatin 
Immunoprec
ipitation on 
Nascent 
Chromatin  

nasChIP-seq Protein/PTM 
occupancy in 
replicated 
chromatin 

Human 
ESCs, 
Drosophila 
cells 

• crosslinking 
permits analysis 
of histone and 
non-histone 
proteins  

• not quantitative 

EdU no 139,140 

 

Sister 
Chromatids 
After 
Replication  

SCAR-seq Histone PTM 
partitioning 
at the fork 

mESCs • MNase 
treatment 
ensures analysis 
of single 
nucleosomes 
(e.g. composed 
of old or new 
histones)  

• requires 
information 
about replication 
directionality to 
assign leading 
and lagging 
strand 

EdU yes 43 

DNA 
methylation 

Nascent 
DNA 
Bisulfite 
Sequencing/ 
Chromatin 
Immunoprec
ipitation on 
Nascent 
Chromatin 
followed by 
bisulfite 
sequencing 

nasBS-
seq/nasChIP
-BS-Seq 

Methylation 
analysis of 
replicated 
DNA and 
replicated, 
protein-
bound DNA  

Human 
ESCs 

• distinguishes 
methylation 
levels of 
replicated 
nascent and 
parental ssDNA 
strands 

• simultaneous 
analysis of 
protein 
occupancy and 
DNA 
methylation 
levels (nasChIP-
BS-seq) 

EdU yes 139 
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• advanced 
bioinformatics 
required  

Repli-seq 
combined 
with bisulfite 
treatment 

Repli-BS  Methylation 
analysis of 
replicated 
DNA 

Human 
ESCs, 
cancer 
cells 

• standard 
bisulfite pipeline 
for data analysis 

• uses BrdU, 
requiring long 
labelling times 

BrdU 
 

no 141 

Nucleosome 
Occupancy/ 
Chromatin 
Accessibility 

Mapping in 
vivo 
Nascent 
Chromatin 
with EdU 
and 
Sequencing 

MINCE-seq Nucleosome 
and 
transcription 
factor 
occupancy in 
replicated 
chromatin 

Drosophila 
cells 

• Simultaneous 
analysis of 
nucleosome 
positioning and 
transcription 
factor 
occupancy  

• Relies on 
footprinting 
rather than 
direct 
immunoprecipita
tion to analyse 
DNA-bound 
proteins 

• nucleosome 
positioning data 
requires high 
sequencing 
coverage, more 
suitable to small 
genomes 

EdU no 80 

Replication-
coupled 
Assay for 
Transposas
e-
Accessible 
Chromatin 

Repli-ATAC-
seq 

Genome-
wide 
accessibility 
and 
transcription 
factor 
occupancy in 
replicated 
chromatin 

mESCs • Amenable to 
lower amounts 
of input material  

• relies on 
footprinting 
rather than 
direct 
immunoprecipita
tion to analyse 
DNA-bound 
proteins 

EdU no 84 

Okazaki 
fragment 
sequencing 

 Nucleosome 
occupancy 
on newly 
replicated 
DNA 

S. 
cerevisiae 

• Requires 
inactivation of 
DNA ligase 1 
(CDC9) 

• Maps 
replication-
coupled 
nucleosome 
assembly on the 
lagging strand 

No label  yes 85,142 

Nascent 
Chromatin 
Avidin 
Pulldown 

NChAP Analysis of 
histones/PT
Ms in 
replicated 
chromatin 

S. 
cerevisiae 

• MNase 
treatment 
provides single-
nucleosome 
resolution 

EdU 
 

yes 81 

EdU pull-
down of 
MNAse 
digested 
chromatin 

 Nucleosome 
occupancy in 
replicated 
chromatin 

S. 
cerevisiae 

• MNase 
treatment 
provides single-
nucleosome 
resolution  

EdU 
 

no 82 

Nascent 
chromatin 
occupancy 
profile 

NCOP Protein 
occupancy in 
replicated 
chromatin 

S. 
cerevisiae 

• Simultaneous 
analysis of 
nucleosome 
positioning and 
transcription 
factor 
occupancy  

• Similar to 
MINCE-seq 

EdU 
 

no 83 
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Footnotes: 
*A limitation to all the above methods is that they provide an average, cell population-based readout, and 
do not preserve single cell information. All protocols are subjected to inherent biases in their specific 
experimental steps (e.g. chromatin fragmentation, antibody specificity, single-stranded DNA library 
preparation, sequencing of BrdU/EdU-labelled DNA, etc.), which need to be considered when interpreting 
results.  
** Incorporation of thymidine analogues (EdU and BrdU) in yeast requires genetic modification. EdU 
labelling allows isolation and analysis of both parental and new DNA strands. BrdU is only compatible 
with isolation and analysis of the new DNA strand, as epitope recognition by the BrdU antibody requires a 
ssDNA substrate.  
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