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Abstract

During S phase, replicated DNA must be assembled into nucleosomes using both newly 

synthesized and parental histones in a process tightly coupled to DNA replication. This DNA 

replication-coupled process is regulated by multitude of histone chaperones as well as histone 

modifying enzymes. In recent years, novel insights into nucleosome assembly of new H3-H4 have 

been gained through studies on the classical histone chaperone CAF-1 and the identification of 

novel factors involved in this process. Moreover, in vitro reconstitution of chromatin replication 

has shed light on nucleosome assembly of parental H3–H4, a process that remains elusive. Finally, 

recent studies have revealed that the replication-coupled nucleosome assembly is important for the 

determination and maintenance of cell fate in multicellular organisms.
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THE NUCLEOSOME AS A CARRIER OF EPIGENETIC INFORMATION

In eukaryotic cells, chromatin structures govern a variety of cellular processes including 

DNA replication and gene transcription. The nucleosome, the basic repeat of chromatin, is 

comprised of 147bp of DNA wrapped around a histone octamer consisting of one H3–H4 

tetramer and two H2A–H2B dimers. Histones are modified post-translationally. These post-

translational modifications (PTMs) mark different chromatin domains and impact processes 

related to DNA metabolism. Recently, several studies in Caenorhabditis elegans and 

Schizosaccharomyces pombe have shown that some histone marks, including tri-methylation 

of histone H3 lysine 27 (H3K27me3) and histone H3 lysine 9 (H3K9me3), are heritable 

traits [1–3]. Moreover, alterations in chromatin states via mutation of histone modifying 

enzymes and histones in human cells play a causal role in tumorigenesis [4, 5]. Therefore, it 
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is important to understand how chromatin states are inherited during mitotic cell divisions, a 

process that remains elusive.

The DNA replication-coupled nucleosome assembly, a process that links nucleosome 

formation with on-going DNA synthesis, is likely the first step for passage of epigenetic 

information. Recent studies have identified novel factors involved in nucleosome assembly 

and provided new insights into this process [6–10]. Moreover, mutations in factors of the 

replication-coupled nucleosome assembly pathways have been shown to affect cell fate 

maintenance and determination [11, 12]. In this review, we discuss the recent progress in 

understanding of mechanisms of DNA replication-coupled nucleosome assembly and the 

role of this process in cell identity and differentiation.

AN OVERVIEW OF DNA REPLICATION-COUPLED NUCLEOSOME 

ASSEMBLY

Immediately following DNA replication, nucleosomes are reassembled on the daughter 

DNA strands [13–15]. These two processes are fundamentally linked: the speed of the 

replication fork depends on the supply of new histones and an efficient nucleosome 

assembly [16–18]. Nucleosome reassembly, an apparently simple task, poses several 

challenges for the transmission of PTMs to daughter cells, and therefore requires tight 

regulation. First, the duplication of DNA molecules requires an additional supply of newly 

synthesized histones which carry PTMs distinct from those found in different chromatin 

domains of mature chromatin. Thus, the PTMs at distinct chromatin domains on the parental 

histones needs to be copied to newly synthesized histones by relevant enzymes. Second, all 

histone modifications are put on by “writers”, enyzmes that add the modifications and are 

removed by “erasers”, enzymes that remove the PTMs. The presence of erasers complicates 

the stable propagation of histone marks into daughter cells, which could explain why the 

inheritance of H3K9me3 in S. pombe can be achieved independently of DNA sequence in 

the absence of the H3K9me3 eraser, but requires a specific DNA sequence to recruit 

sufficient amount of H3K9me3 writer in the presence of the eraser [2, 3]. Finally, parental 

and newly synthesized H3–H4 tetramers form distinct nucleosomes onto replicating DNA in 

human cells, likely also in other organisms [19], and are proposed to be randomly distributed 

onto leading and lagging strands of DNA replication forks [20]. This random nature of the 

distribution of parental and new H3–H4 tetramers makes it necessary to differentiate 

parental and new H3–H4 tetramers in order to copy marks from parental H3–H4 to new H3–

H4, and thus increases the complexity for the transmission of marks from parental histones 

into daughter cells. Below, we will discuss recent advances on nucleosome assembly of 

parental and new H3–H4 in two separate sections despite the fact that some of the factors are 

involved in both pathways.

REGULATION OF DE NOVO NUCLEOSOME ASSEMBLY

A. New insights on old players

Newly synthesized histones H3–H4 must travel from the cytoplasm to the nucleus for 

deposition on replicating DNA during S phase. Several histone chaperones likely facilitate 
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the folding of histone proteins and prevent precocious aggregation with the DNA [6, 21] 

(BOX 1). In this review, we will focus on discussing downstream events after the association 

of the histone chaperone Asf1 (Anti-Silencing Function 1) with H3–H4 dimers.

Asf1 is a highly conserved histone chaperone and binds H3–H4 through the H3 interface 

involved in the formation of H3–H4 tetramers, therefore forming a complex with a H3–H4 

dimer and blocking the formation of the H3–H4 tetramer [22–24]. In budding yeast, Asf1 is 

essential for the acetylation of H3 lysine 56 (H3K56ac), a modification occurring 

predominantly on newly synthesized histone H3. It is likely that the Asf1-H3–H4 complex 

serves as the substrate for the H3K56 histone acetyltransferase Rtt109 [25, 26]. H3K56ac 

promotes the interaction of the H3–H4 dimer with the E3 ubiquitin ligase Rtt101-Mms1, 

which ubiquitylates the C-terminal tail of H3 including K122 [27]. This results in the 

destabilization of the Asf1-H3–H4 complex, facilitating the hand off of the histone dimer to 

downstream histone chaperones CAF-1 and Rtt106 (FIGURE 1). Moreover, in budding yeast 

H3K56ac also increases the binding affinity of histone chaperones CAF-1 and Rtt106 for H3 

and thus promotes nucleosome assembly and genome stability [28, 29]. In humans, only a 

small fraction of the newly synthesized H3 contains this modification [30], and H3K56ac 

may not play the same critical role in nucleosome assembly as in yeast cells, although 

ubiquitylation of H3K122, catalyzed by Cul4/DDB1 in human cells, likely also negatively 

regulates the Asf1-H3 interaction [27] for hand off of H3–H4 from Asf1 to downstream 

chaperones including CAF-1 based on in vivo studies. However, it remains to be determined 

how H3K56ac and H3K122ub impact the association of histones with histone chaperones in 
vitro.

The conserved histone chaperone CAF-1 (Chromatin Assembly Factor 1), comprised of 

subunits Cac1, Cac2, and Cac3 in yeast (p150, p60, and p48 in humans), is recruited to 

replication forks through its interaction with the sliding-clamp PCNA [31–34] (FIGURE 1). 

Recent studies have gained insight into the role of CAF-1’s ability to bind DNA for its 

stabilization at DNA replication forks and H3–H4 tetramer formation [32, 35, 36]. The Cac1 

subunit is responsible for the association with H3–H4 tetramers and acts as the scaffold for 

the complex in vitro [37, 38]. This largest subunit of CAF-1 in both yeast and human cells 

contains a Winged-Helix Domain (WHD), which has been shown to be required for budding 

yeast CAF-1 to bind DNA in a sequence independent manner [32]. Mutations at the WHD in 

combination with mutations at the Cac1 PCNA binding motif result in reduced chromatin 

association of CAF-1 with replication forks during S phase [32]. Therefore, the ability of 

CAF-1 to bind PCNA as well as DNA is important to stabilize CAF-1 at DNA replication 

forks for nucleosome assembly. Through a series of in vitro studies, several groups 

uncovered molecular insight into the functions of the DNA binding ability of CAF-1 in this 

process. One CAF-1 heterotrimer binds a H3–H4 dimer, which will induce a conformational 

change and unmask the WHD of Cac1 triggering the DNA binding activity of CAF-1 [35–

37]. The subsequent association with DNA promotes the formation of a complex containing 

two CAF-1 and two H3–H4 dimers. Therefore, it is likely that CAF-1 dimerization 

facilitates the formation of H3–H4 tetramers for nucleosome formation, consistent with a 

previous finding that dimerization of human CAF-1 complex is important for the function of 

CAF-1 in nucleosome assembly [39]. Interestingly, mutant histone proteins with impaired 

ability to form tetramers fail to release from CAF-1 in vitro [36] and the WHD domain also 
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interacts with the H3 N tail based on cross-linking studies. Taken together, these results 

indicate that the deposition of H3–H4 tetramers by CAF-1 requires the cooperation of DNA 

binding activity and self-dimerization of CAF-1 as well as H3–H4 tetramerization. This 

coordination may provide a mechanism to ensure that parental H3–H4 and newly 

synthesized H3–H4 tetramers form distinct nucleosomes. It has been shown previously that 

histone chaperone Rtt106 in budding yeast also contains a DNA binding motif and mutations 

at this motif impact Rtt106’s functions [40]. Moreover, Rtt106 also forms a dimer [29]. 

Therefore, it would be interesting to determine whether Rtt106 utilizes similar coordinated 

mechanisms for nucleosome assembly and deposition. Further, future complementary 

investigations and structural studies on the complex containing CAF-1, histones and 

possibly DNA will provide additional insights into the molecular mechanism of CAF-1 

mediated nucleosome assembly and subsequent release of histone chaperones from H3–H4 

for the assembly of tetrasomes.

B. New players in the old puzzle

In the last several years, we have also witnessed discoveries highlighting the roles of new 

players in the de novo nucleosome assembly. For instance, it has been shown that FACT is 

involved in nucleosome assembly of new H3–H4 in budding yeast [8]. The histone 

chaperone complex FACT (FAcilitates Chromatin Transactions) consists of Spt16 and 

SSRP1 (Pob3 in yeast) and binds to all four canonical histones [41–43]. FACT is involved in 

nucleosome reorganization in part through its interactions with H2A–H2B and is best known 

for its role in both gene transcription and DNA replication [43–45]. Using the spt16-m 
mutant allele, a partial separation of function mutant that is defective in DNA replication, 

but not in transcription per se, Yang et al. found that FACT functions along with CAF-1 and 

Rtt106 in nucleosome assembly. Biochemically, new histones H3–H4 are handed-off from 

Rtt106 to FACT, a transfer promoted by H3K56ac. Genetically, the spt16-m mutant allele 

exhibits synthetic defects with mutation lacking CAF-1, Rtt106. Therefore, it is likely that 

CAF-1, Rtt106 and FACT function redundantly as well as in cooperation for the deposition 

of new H3–H4 histones on the nascent DNA in budding yeast [8] (FIGURE 1).

Recently, the single-stranded DNA (ssDNA)-binding protein replication factor A (RPA) has 

been implicated in both DNA replication-coupled and replication-independent nucleosome 

assembly of new H3–H4. RPA consists of three subunits, Rfa1, Rfa2, and Rfa3 in yeast 

(RPA1, RPA2, and RPA3 in humans) and coats ssDNA generated during replication or 

repair. RPA is essential for these processes [46]. It has been reported recently that budding 

yeast RPA binds H3–H4, as well as three histone chaperones (CAF-1, FACT, and Rtt106) 

known to be involved in nucleosome assembly of new H3–H4. An rfa1 mutant defective in 

H3–H4 association exhibits impaired nucleosome assembly of new H3–H4. In vitro, RPA 

binds to ssDNA and promotes nucleosome assembly of H3–H4 on the adjacent double-

stranded DNA [9]. Based on these results, the authors propose that RPA serves as a binding 

platform for several histone chaperones and H3–H4 molecules for their assembly on the 

adjoining nascent DNA. Human RPA was also found to co-purify with histone H3.1, which 

is assembled into nucleosomes in a replication-coupled process [47]. Therefore, it is 

tempting to speculate that human RPA likely also facilitates DNA replication-coupled 

nucleosome assembly. In addition, human RPA was also found to interact with histone 
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chaperone HIRA in the deposition of H3.3 at gene regulatory elements [47]. Gene regulatory 

elements are enriched with R-loops [48] and the ability of RPA to bind ssDNA is important 

for deposition of H3.3. Therefore, it is proposed that RPA binds ssDNA in R-loops and 

likely promotes HIRA-mediated nucleosome assembly of H3.3 at gene regulatory elements. 

Thus, the RPA complex has a role in both DNA replication-coupled and replication-

independent nucleosome assembly. Previously, H3.3 was proposed to have a gap filling role 

during DNA replication-coupled nucleosome assembly [49]. It would be interesting to 

determine whether the RPA-HIRA-H3.3 deposition axis is involved in this process. 

However, during S phase, RPA binds ssDNA at all DNA replication forks and nucleosome 

assembly of H3.1 dominates over H3.3. Therefore, if the RPA-HIRA-H3.3 deposition 

pathway participates in gap filling during S phase, this pathway must be restricted to 

facilitate CAF-1 mediated nucleosome assembly of H3.1.

The TONSL-MMS22L complex, first described for its role in homologous recombination 

[50–52], is a newly discovered histone chaperone for H3.1, at least in vitro. Using a 

quantitative mass spectrometry approach, the TONSL-MMS22L complex was found to co-

purify with H3.1 as well as histone chaperone Asf1b and three subunits of replicative 

helicase MCM [6, 7]. It is proposed that TONSL-MMS22L likely interact with the inactive 

form of the MCM helicase based on the observation that Cdc45 and GINS, two key 

components of the active replicative helicase complex CMG (Cdc45, MCM and GINS) were 

not found to interact with TONSL-MMS22L [6]. In vitro, the TONSL-MMS22L complex 

has histone chaperone activity and the ankyrin repeat domain (ARD) at the N-terminus of 

TONSL mediates its interaction with histone H3–H4 [6, 7]. The structural analysis of the 

ARD domain in complex with the Mcm2 histone binding domain (HBD) (see below) reveals 

that ARD recognizes unmethylated H4K20, which characterizes newly synthesized H4 [7]. 

The ability of TONSL to bind H4K20me0 is important for TONSL-MMS22L to bind 

replication forks. Therefore, it is proposed that in addition to its role as a histone chaperone 

for H3.1, the TONSLMMS22L also functions in labelling nascent chromatin containing 

H4K20me0. These studies raise several questions. First, how does the TONSL-MMS22L 

complex recognize H3.1 over H3.3? Second, does the TONSL-MMS22L complex have a 

role in nucleosome assembly of H3.1 during normal DNA replication? Third, are the roles of 

the TONSL-MMS22L complex in nucleosome assembly linked to its roles in homologous 

recombination at stalled forks?

NUCLEOSOME ASSEMBLY OF PARENTAL H3–H4

Compared to newly synthesized H3–H4, reassembly of parental H3–H4 tetramers into 

nucleosomes remains poorly understood. Like new H3–H4 tetramers, it is highly likely that 

parental histones are escorted by histone chaperones, some of which are proteins directly 

involved in DNA replication, once nucleosomes are disrupted ahead of the replisome. 

Without an active mechanism for transferring parental H3–H4 ahead of DNA replication 

forks to the adjacent replicating DNA behind the fork, parental histones would diffuse away, 

with the consequent loss of locus-specific epigenetic information [53]. The challenge 

remains to identify proteins involved in nucleosome assembly of parental H3–H4 and 

elucidate their functions. Recent studies have identified several candidates with a potential 

role in this process.
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Early in vitro studies showed that human Mcm2, a subunit of the MCM helicase complex 

(BOX 2), contains a histone binding domain (HBD) that binds histones H3–H4 [54–56]. In 

budding yeast cells, this domain is not required for helicase activity and mutations at the 

HBD of Mcm2, while having little effect on DNA replication, lead to defects in 

transcriptional silencing, supporting a role of this domain in chromatin function [57]. If 

Mcm2 is involved in deposition of parental H3–H4, it is likely that Mcm2 functions with 

other proteins to do so as yeast cells expressing the Mcm2 histone binding defect mutation 

are viable.

In human cells, Asf1 was found to interact with MCM helicase and this interaction is 

bridged through histones H3–H4 [58]. Moreover, the H3–H4 molecules that co-purified with 

MCM helicase contained modifications found on parental histones. Thus, it was proposed 

that Asf1 and the MCM helicase function in parental histone deposition. Recent structural 

studies revealed that Mcm2 can form two distinct complexes with histones H3–H4: two 

Mcm2 proteins bound to a H3–H4 tetramer or one Mcm2 associated with a H3–H4 dimer 

with Asf1 [59, 60]. When bound to a tetramer, Mcm2 blocks both the DNA- and H2A–H2B-

docking sites of H3–H4 and therefore prevents their spurious assembly into nucleosomes, 

consistent with an early observation that parental H3–H4 remains as tetramers after DNA 

replication [61]. The authors and others propose a model where Mcm2 captures the evicted 

H3–H4 tetramer but is then joined by Asf1, which binds the H3 interface involved in the 

formation of H3–H4 tetramers [23, 24, 62]. In this model, parental H3–H4 tetramers would 

transiently split into dimers. As stated above, parental H3–H4 tetramers are deposited as a 

unit during the S phase of the cell cycle. Therefore, it remains to be seen whether splitting 

these parental tetramers is necessary for their reassembly following DNA replication.

Recently, using chromatin as a template, two groups reconstituted chromatin replication 

using purified proteins in budding yeast [10, 63]. In this in vitro system, nucleosomes are 

assembled efficiently following DNA replication. Moreover, newly synthesized H3–H4 was 

not added in the reaction. Therefore, this system likely contains the minimal components 

that are essential for the transfer of parental H3–H4 tetramers onto replicating DNA 

immediately following DNA replication and suggests that nucleosome assembly of parental 

H3–H4 is separable from nucleosome assembly of new H3–H4. Using this system, it has 

been shown that FACT is an essential for DNA synthesis, whereas two histone 

acetyltransferases, Gcn5 and Esa1, also stimulate DNA synthesis [10]. Previously, FACT 

was found to co-purify with the MCM helicase and is thought to deposit parental histones 

H3–H4 [57, 64, 65]. In the reconstituted in vitro transcription on chromatin template, FACT 

is proposed to disrupt nucleosomes to facilitate gene transcription [66, 67]. Therefore, it 

remains to be determined whether the essential function of FACT in the in vitro DNA 

replication system is related to FACT’s role in nucleosome reorganization, deposition of 

parental H3–H4 and/or both (FIGURE 1).

A recent study indicates that different chromatin remodelling complexes utilize distinct 

histone modifications to determine substrate preference [68]. Moreover, chromatin 

remodelling complexes have distinct roles in DNA replication in vitro [69]. Thus, it is 

possible that Gcn5 and Esa1 modify parental histones to guide chromatin remodelling 

during DNA replication. Gcn5 has been shown previously to acetylate lysine residues at the 
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H3 N terminus and functions in DNA replication-coupled nucleosome assembly of newly 

synthesized H3–H4 in budding yeast [70]. Therefore, it is likely that Gcn5, like FACT, 

functions in both nucleosome assembly of parental and newly synthesized H3–H4. In 

summary, several important factors implicated in nucleosome assembly of parental H3–H4 

tetramers have been identified. Future studies are needed to address whether they are indeed 

involved in transfer of parental H3–H4, and if they are, by which mechanism, using a 

defined method in vivo and/or site-specific mutations. Further, it would be of great interest 

to determine whether any other replisome components are needed for nucleosome assembly 

of parental H3–H4 and to what extent nucleosome assembly of parental H3–H4 coordinates 

with de novo nucleosome assembly of newly synthesized H3–H4.

CHROMATIN MATURATION FOLLOWING DNA REPLICATION: KEEPING 

NUCLEOSOMES IN THEIR PLACE

Following nucleosome assembly, initially randomly positioned nucleosomes are then moved 

to the original DNA positions in a process that is broadly called chromatin maturation. In 

both yeast and human cells, the time it takes to re-establish nucleosome positions after the 

passing of the replication fork varies depending on the genomic region. The characteristic 

nucleosome architecture observed at promoters (the nucleosome-free region (NFR) 

immediately upstream of the transcription-start site) is reproduced minutes after replication 

in budding yeast cells [71–73] (FIGURE 2). Two models are proposed for the rapid 

restoration of NFRs in budding yeast. First, transcription factors and chromatin remodelling 

complexes rapidly bind to the nascent DNA and act as a reference point for nucleosome 

deposition [73]. Alternatively, chromatin remodelers cooperate with histone chaperones for 

the deposition of nucleosomes at the right positions [71]. In contrast to budding yeast, 

nucleosome positions observed in Drosophila melanogaster late stage embryonic cells 

follow a different dynamics. After DNA replication, regulatory elements such as promoters 

and enhancers lose their characteristic NFR features, and are not restored until an hour after 

the passing of the replication fork [74]. Restoration of the NFRs correlates with binding of 

transcription factors and chromatin remodelers which probably guide the newly deposited 

nucleosomes back to their original positions (FIGURE 2). The authors propose that this 

slower maturation forces transcription factors to compete with nucleosomes for DNA 

binding [75]. It is also possible that this provides a window of opportunity for alterations in 

chromatin state and gene transcription. However, in cells from early embryos, the 

reestablishment of chromatin accessibility patterns was observed minutes after DNA 

replication [76]. This suggests that chromatin maturation after the passage of the replication 

fork may depend on the developmental stage in D. melanogaster. In contrast to the NFR 

regions, the nucleosome landscape at gene bodies displays a slower and variable rate of 

maturation in budding yeast. Highly transcribed genes show faster maturation after 

replication pointing towards an active role for transcription in the re-establishment of the 

nucleosome landscape [72]. Moreover, the HIR complex, involved in replication-

independent nucleosome assembly [77], is also required for the faster chromatin maturation 

observed at active genes (FIGURE 2). Notably, some genes display a distinct rate of 

maturation between each one of the two copies: when the template for transcription is the 

newly synthesized DNA strand, either at the leading or lagging strands, the maturation is 
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slower. Since this coincides with the direction of transcription, with the slower maturating 

copy being transcribed in the opposite direction of the advancing replication fork, the 

authors propose that a mechanism would suppress transcription from this gene copy to avoid 

collisions between the replication and transcription machineries [72]. In addition to distinct 

dynamics in the maturation of nucleosomes at different chromatin regions, different histone 

modifications appear to be restored at different rates after DNA replication. Through 

analysis of various histone modifications at newly synthesized and mature chromatin 

following DNA replication by mass spectrometry, it has been found that the total levels of 

most PTMs are restored before cells enter the next S phase [78]. Intriguingly, two distinct 

modes of restoration of histone marks on new H3 have been observed: some histone marks 

are copied efficiently from old histones to newly synthesize ones, whereas other marks need 

several generations to allow modifications on newly synthesized H3 to reach the same levels 

as parental H3. For instance, while monomethylation marks are acquired by new histones 

before the next cell cycle, trimethylation marks such as H3K9me3 and H3K27me3 take 

much longer to be restored and require continuous modification of both new and old 

histones. Together, these studies highlight the dynamic and context-dependent nature for the 

restoration of chromatin states following DNA replication.

ROLE OF DNA REPLICATION-COUPLED NUCLEOSOME ASSEMBLY IN 

CELL FATE DETERMINATION AND MAINTENANCE

In simpler eukaryotic systems including budding yeast and Drosophila, mutations in factors 

that are required for replication-coupled nucleosome assembly, including CAF-1 and PCNA, 

reduce transcriptional silencing [79]. It was proposed that these factors are important for 

inheritance of the silent chromatin state. In multicellular organisms, the differentiated state 

of a given cell type is sustained by maintaining a specific transcriptional program. 

Chromatin structures and histone PTMs play an important role in this process [80]. 

Consequently, faithful transmission of the epigenetic information encoded in chromatin in 

each given cell type helps maintain the patterns of gene expression through cell divisions. 

Recently, the impacts of nucleosome assembly defects on cell identity and differentiation 

have come to light through studies in multiple systems.

In a screen for proteins that when depleted increase the reprograming efficiency of mouse 

fibroblast cells into induced pluripotent stem cells by transcription factors including Oct4 

[81], the most prominent hits were in the CAF-1 complex subunits [11]. The authors found 

that a reduction of the levels of CAF-1 complex accelerated the formation of induced 

pluripotent stem cells from various differentiated cell types. The absence of CAF-1 increases 

chromatin accessibility at enhancer elements that were otherwise unavailable to transcription 

factors, promoting the reprograming of these cells [11]. In another independent study, 

CAF-1 has also been found to suppress the emergence of totipotent cells that resemble 2-

cell-stage (2C) blastomere [12]. In mice, only the zygote and the 2-cell-stage blastomeres 

are considered totipotent (able to generate extraembryonic lineages), a characteristic lost in 

pluripotent stem cells, which display less cellular plasticity. However, impairment of CAF-1-

mediated nucleosome assembly activity (by depletion or by expression of mutant versions 

defective in chromatin assembly) causes some pluripotent stem cells to revert to the 2C like 
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state. Depletion of this histone chaperone leads to changes in chromatin accessibility that 

induce the expression of totipotency markers [12]. The increase in chromatin accessibility in 

cells depleted of CAF-1 likely presents an opportunity for transcription factors and 

chromatin regulators to reset chromatin states. These studies suggest that CAF-1 could act as 

a gatekeeper of cell identity by maintaining chromatin patterns through cell division, thus 

maintaining the transcriptional program of a specific cell type. Early studies indicate that the 

CAF-1 complex interacts with the heterochromatin protein HP1 during DNA replication, 

suggesting a mechanism by which this histone chaperone regulates the propagation of the 

heterochromatin mark H3K9me3 [82–85]. In a separate study, CAF-1 has been reported to 

be important for the transmission of the repressive mark H3K27me3 and the silencing of 

genes responsible for the activation of stem cells in plants [86]. CAF-1 interacts with PRC2, 

the H3K27me3 methyltransferase, and it is proposed that CAF-1 recruits PRC2 to DNA 

replication forks for copying the H3K27me3 mark from parental H3 to newly synthesized 

histone H3. This replication-coupled restoration of H3K27me3 in differentiating plant cells 

contrasts with the slow propagation of this silencing mark observed in adult human cells 

([78], see previous section). Whether CAF-1 also plays an active role in the transmission of 

H3K27me3 by recruiting histone methyltransferases in mammalian cells during 

development will need to be determined in future experiments. Remarkably, the histone 

chaperone Asf1 is also involved in cell fate maintenance and determination. Asf1a was 

identified as a reprogramming factor in oocytes and is necessary to reprogram human adult 

dermal fibroblasts into induced pluripotent stem cells [87, 88]. How Asf1a functions in this 

process remains to be determined.

Under certain conditions, stem cells undergo asymmetric cell division, producing one stem 

cell and one differentiated cell [89]. Factors involved in DNA replication-coupled 

nucleosome assembly also play a role in asymmetric cell divisions. For instance, in the 

worm Caenorhabditis elegans, mutations that hinder replication-coupled nucleosome 

assembly, including mutations at the tetramerization interface of H3 or depletion of CAF-1, 

abolish asymmetric cell division necessary for the generation of the neural bilateral 

asymmetry [90]. The authors propose that this asymmetry may arise from the differential 

nucleosome deposition between the leading and lagging strands at DNA replication forks. 

PCNA is enriched at the lagging strand (FIGURE 1), which could favour CAF-1-mediated 

nucleosome deposition, generating sister chromatids with different nucleosome densities that 

would affect the expression of genes required for neuronal fate on daughter cells. 

Asymmetric histone segregation has also been observed in the germline stem cells of 

Drosophila melanogaster, which produce one stem cell enriched with parental histone H3.1 

and one differentiated gonialblast enriched in newly synthesized histone H3.1 [91]. In 

contrast, H3.3, which is assembled into nucleosomes in a replication-independent reaction, 

does not show this asymmetric segregation pattern. These results indicate that the 

replication-coupled nucleosome assembly pathway likely plays a role in this drastic 

asymmetric histone distribution between a stem cell and a differentiated cell.

CONCLUDING REMARKS

The discovery of CAF-1, the classical histone chaperone involved in DNA replication-

coupled nucleosome assembly [92], has fuelled progress in our understanding of this 
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important cellular process in the last 25 years. In the past years, many proteins with diverse 

functions have joined the long list of factors regulating replication-coupled nucleosome 

assembly. It has become evident that DNA replication and nucleosome assembly are so 

closely interconnected that some proteins involved in DNA synthesis, such as Mcm2 and 

RPA, also have a direct and separate function in nucleosome assembly. Structural studies of 

histone chaperone complexes have revealed new binding modes and interactions between 

these proteins and their cargo, shedding light into the molecular mechanisms of histone 

shuttling and deposition. Furthermore, in vitro studies using reconstituted chromatin 

replication have proven to be an invaluable tool to investigate nucleosome assembly. In 

contrast with the complex network of histone chaperones that regulate the nucleosome 

assembly of newly synthesized histones, the exact mechanism governing the transfer of 

parental histones, the ones carrying the epigenetic information, remains to be unravelled (see 

Outstanding Questions). One major challenge to answer this and other fundamental 

questions related to DNA replication-coupled nucleosome assembly is in part due to 

technical challenges to monitor the process. With the development of new technologies 

including Cryo-EM technology suitable for the determination of the structures of large 

complexes, and the eSPAN method that can detect proteins at leading and lagging strands of 

DNA replication forks genome-wide, as well as potential single molecule technology, we 

expect to gain new mechanistic insight into the nucleosome assembly process. Finally, with 

the development of genome editing technologies such as CRISPR/Cas9 that edit genes with 

precision, we also expect to gain additional insights into the roles of factors in replication-

coupled nucleosome assembly in cell differentiation and development in multicellular 

organisms.
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BOX 1

BUILDING A NUCLEOSOME: THE ROLE OF HISTONE CHAPERONES

Histone proteins have strong affinity for DNA, which under physiological conditions will 

lead to formation of protein-DNA aggregates instead of nucleosomes. Histone 

chaperones facilitate nucleosome formation by escorting histones during their transport, 

presenting them to histone modifying enzymes, and aid in nucleosome assembly. Apart 

from their functional similarity, there is no structural feature that defines a histone 

chaperone. In general, most histone chaperones bind either H3–H4 or H2A–H2B, and 

some of them, such as FACT, are chaperones for all four histones. Moreover, nucleosome 

formation in general is a step-wise process with the assembly of H3–H4 tetramer first 

followed by rapid deposition of H2A–H2B dimers. In this review, we focus on discussing 

nucleosome assembly of H3–H4 following DNA replication and chaperones related to 

these two histones. While several H2A–H2B histone chaperones have been described, it 

remains unclear which one functions specifically during DNA replication. For more 

detailed description of other histone chaperones for H2A–H2B and DNA replication 

independent nucleosome assembly, we direct the readers to the following recent reviews 

[93–95].
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BOX 2

DNA REPLICATION

During S phase of the cell cycle, the whole genome is duplicated from origins of 

replication, DNA sequences with the capacity to initiate DNA replication. In G1 phase, 

these origins of replication are first bound by the origin recognition complex (ORC, 

consisting of ORC1–6), followed by two mini-chromosome maintenance (MCM) 

helicase complexes with the help of CDC6 and CDT1 to form the pre-replication 

complex. This complex is converted to the pre-initiation complex by the action of kinases 

DDK and CDKs at the G1 to S phase transition. These kinases phosphorylate numerous 

replication factors for their activation (MCM complex) or for their recruitment to origins 

(MCM10, CDC45, GINS, and DNA polymerase ε among others). Two active CMG 

helicase complexes, comprised of CDC45, MCM complex, and GINS, start their DNA-

unwinding activity in opposite directions from the replication origin. At the same time, 

activation of CMG helps recruit the rest of the replisome components, namely the 

replication factor C (RFC) complex, which loads the sliding clamp proliferating cell 

nuclear antigen (PCNA), the ssDNA-binding protein RPA, and DNA polymerases α and 

δ. Each advancing replication fork unwinds the double-stranded DNA into the leading 

strand whose continuous replication follows the direction of the fork and the lagging 

strand, which is discontinuously replicated in the opposite direction of the fork. 

Replication on both strands starts with the synthesis of an RNA primer by the Pol α 
primase complex, which also elongates the first few nucleotides. Leading strand DNA 

replication is mediated by the DNA polymerase ε bound to its processivity factor PCNA 

as well as the CMG complex. In contrast, the lagging strand is synthesized in short 

fragments called Okazaki fragments, each requiring the action of both DNA polymerase 

α and δ for elongation and PCNA [96] (FIGURE 1).
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HIGHLIGHTS

• Replication-coupled nucleosome assembly is the process by which newly 

synthesized DNA is assembled into nucleosomes immediately following DNA 

replication using both parental and newly synthesized histones.

• In vitro reconstituted DNA replication system using chromatin template 

identifies minimal factors involved in parental histone transfer.

• New roles for well-known proteins including the ssDNA-binding complex 

RPA in both DNA replication-coupled and DNA replication-independent 

nucleosome assembly.

• Transcription factors and chromatin remodelers cooperate to re-establish 

chromatin architecture at gene regulatory elements and gene bodies after the 

passing of the replication fork.

• The histone chaperone CAF-1 is involved in the maintenance of cell fate and 

differentiation.
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OUTSTANDING QUESTIONS BOX

- When does the tetramerization of H3–H4 dimers occur when bound to 

different histone chaperones?

- How is a histone chaperone released from histones for nucleosome 

formation?

- Which factors are responsible for parental H3–H4 deposition onto replicating 

DNA?

- In view of the fact that FACT is involved in nucleosome disassembly and 

reassembly, could this histone chaperone escort parental histones during the 

process of histone recycling?

- Is nucleosome assembly regulated distinctly at leading and lagging strands of 

DNA replication forks?

- What are the exact roles of transcription factors and chromatin remodelers in 

replication-coupled nucleosome assembly?

- Does a transient loss of the nucleosome landscape have any biological 

meaning in the maintenance of cell identity during division?

- How, and to what extent, does DNA replication-coupled nucleosome 

assembly regulate cell fate and differentiation? Do factors responsible for 

distinct steps of nucleosome assembly have different roles in cell identity 

maintenance and differentiation? What are the implications of deregulation of 

these mechanisms in diseases such as cancer?

- Is the nucleosome assembly machinery involved in the asymmetrical cell 

divisions that give rise to two distinct daughter cells? How common is this 

mode of histone segregation in multicellular organisms?

- Are the different histone marks transmitted with distinctive fidelity? How are 

they re-established after mitosis?
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Figure 1. Nucleosome assembly at DNA replication forks
Ahead of the replication fork, the MCM helicase unwinds the parental double-stranded 

DNA. The histone chaperone FACT, which interacts with MCM, presumably helps the 

advancement of the replication fork by disassembling parental nucleosomes. Parental H3–

H4 tetramers could then be transferred to Mcm2 and FACT. However, how parental H3–H4 

tetramers are shuttled to replicating DNA behind DNA replication forks and how they are 

deposited is currently unknown. The leading strand is synthesized in the same direction as 

the advancing replication fork by the DNA polymerase ε, which is in close contact with the 

CMG helicase. Each of the Okazaki fragments at the lagging strand requires an RNA primer 

first synthesized by DNA polymerase α. The remainder of the Okazaki fragment is 

synthesized by DNA polymerase δ, accompanied by PCNA. Newly synthesized H3–H4 

dimers are escorted by Asf1 and transferred to downstream histone chaperones including 

CAF-1, which interacts with PCNA and DNA to deposit H3–H4 tetramers, the first step in 

nucleosome assembly of new H3–H4. Additionally, in yeast cells Asf1 transfers newly 

synthesized H3–H4 dimers to Rtt106, which deposits them cooperatively with FACT. RPA 

binds to ssDNA predominantly at the lagging strand template and regulates nucleosome 

assembly at the adjoining dsDNA by interacting with H3–H4 and several histone 

chaperones.
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Figure 2. Chromatin maturation after DNA replication
Mature chromatin has a characteristic nucleosome pattern at gene regulatory elements such 

as the nucleosome-free region (NFR) upstream of the transcription start site (TSS) and the 

strongly positioned nucleosome (+1) immediately downstream of the TSS. The coding 

sequence of active genes also displays tight nucleosome spacing. In Saccharomyces 
cerevisiae, the NFR and the +1 nucleosome are rapidly restored soon after DNA replication 

by the action of transcription factors (TFs) and chromatin remodelers (left panel). The 

nucleosome phasing observed at gene bodies is restored later and is dependent on the 

transcription rate of a given gene and the activity of the HIR complex and chromatin 

remodelers. In contrast, the NFRs and the +1 nucleosomes are lost during the replication-

coupled nucleosome assembly in Drosophila melanogaster (right panel). The nucleosome 

landscape at active regions is restored, more than an hour after DNA replication by TFs and 

chromatin remodelers. This may create a window of opportunity for alterations in chromatin 

state and cell identity.
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