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Replication of the epigenome occurs concurrently with DNA replication. A 

major component of epigenetic memory is contained in histones, and this 
memory is preserved via recycling of parental histones onto the leading and 

lagging strands of the replication fork. The histones of one parental strand 

must be incorporated into two nascent strands, a process governed by the 
replisome’s histone chaperones. These chaperones determine which strand 

each histone is incorporated into and the frequency with which each strand 

receives parental histones, a determination that is essential for preserving 
epigenetic landscapes and ensuring proper gene expression following DNA 

replication. Here, we describe recent developments in our understanding of 
how parental histone recycling occurs and the effects it has on cells in devel- 
opmental contexts. Although histones are generally recycled symmetrically 
to the leading and lagging strands, asymmetric histone recycling can occur 
naturally in some asymmetrically dividing cells or be induced by manipulat- 
ing replisome components. Asymmetric histone recycling generates distinct 
epigenetic states at a given genomic locus, which can result in differential 
gene expression and ultimately different cell fates following cell division in 
multicellular organisms. This is important for future studies examining the 
role of epigenetics in both development and disease contexts. 
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. Introduction 

NA replication is an essential and defining aspect of life. This fundamental
rocess has been studied since the 1950s, when the semi-conservative nature of
NA replication was suggested to be an inherent property of its base pairing
tructure [1 –5 ]. Later, the functional roles of the epigenome, the non-genomic
egulatory elements of the nucleus, began to be explored [6 ]. During the sec-
nd half of the twentieth century, DNA methylation was proposed to regulate
ene activity (reviewed in [7 ,8 ]), and histone modifications were linked to RNA
ynthesis before being recognized for their own regulatory roles [9 ,10 ]. These
pigenetic modifications to either histones or DNA work in coordination to
egulate the accessibility of specific DNA regions, and this can vary with re-
pect to different tissues, environmental stressors and age (reviewed in [11 ,12 ]).
n eukaryotic cells, DNA replication occurs concurrently with epigenome du- 
lication and re-establishment, processes that preserve or remodel epigenetic 
nformation on the two newly replicated DNA molecules. Because epigenetic 
nformation provides information for organizing chromatin and regulating 
ene expression, proper epigenetic inheritance is essential for normal cellular 
unction and organismal survival. 
©2026 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution License 
http://creativecommons.org/licenses/by/4.0/ , which permits unrestricted use, provided the original author and 
source are credited. 

3650/​rsob.​260102.​pdf

https://creativecommons.org/licenses/by/4.0/
https://crossmark.crossref.org/dialog/?doi=10.1098/rsob.260102&domain=pdf&date_stamp=2025-04-23
https://doi.org/10.1098/rsob.260102
mailto:xchen32@jhu.edu
mailto:bdavi119@jhu.edu
https://orcid.org/0000-0002-7672-5038
https://orcid.org/0009-0001-0678-477X
https://orcid.org/0000-0002-6990-0926
http://creativecommons.org/licenses/by/4.0/


2

royalsocietypublishing.org/rsob
OpenBiol.

16:
260102

.......................................................................

plex process. In this review, we focus on recent 
a  pre-existing histones at the replication fork. 

mes, each of which contains a core octamer com- 
p  modifications of histones play major roles in re- 
c  gene expression. For example, trimethylation of 
H e silencing, whereas trimethylation of H3 lysine 4 
( ons (reviewed in [13 ]). Together with nucleosome 
d lity and the expression of nearby genes. 

ather than on the DNA itself. While DNA methy- 
l  or passively diluted during replication, histone 
m  by different histone-modifying enzymes, or they 
c les epigenetic regulation to dynamically respond 

t
number of incorporated histones increase. ‘New 

h as ‘parental’ (or ‘old’) histones are those already 
i es onto nascent DNA is essential for propagating 
e ly, parental histone recycling is a key regulator of 
b isms. Under most studied circumstances, histones 
a c memory. Disruption of this process can instead 

b In some developmental contexts, such asymmetry 
i entially prime daughter cells for distinct cell fates 
t s review. 

ng symmetric and asymmetric histone recycling, 
a difications behind a replication fork. At the most 
f sion of the replication fork, spearheaded by the 
C rental DNA, separating the two strands for semi- 
c ing-strand synthesis by DNA polymerase ε (pol ε), 
w s through the coordination of primase, DNA poly- 
m . Together, these processes produce two identical 
d anisms. 

mes containing parental histones that contribute 
t ced by the passing replication fork is the reliable 
r  restore chromatin states after replication. Under 
c ter strands to re-establish symmetric epigenomes 
( hrough ‘read–write’ mechanisms that propagate 
m  histone incorporation is required to modify the 
e tone incorporation towards one daughter strand, 
w  ). 

s are more likely to be stably maintained during 
D  during nucleosome disassembly and reassembly 
[ nd their modifications can also be recycled inde- 
p  following DNA replication [22 ]. Similar recycling 
m which is typically incorporated independently of 
D anner similar to canonical H3 [24 ,25 ]. 

e recycling at the replication fork. We first discuss 
h ation and then discuss how these processes can 
b  during multicellular development and pathogen- 
e nked to broader organism health, understanding 
r ulation of cell fate, growth and development, and 

t

2
W alent chromatin environments on both daughter 
s etry is the comparable recycling of parental his- 
t ynamically exchanged from the nucleosome core 
[ to be the primary contributor to daughter-strand 

s ll the remaining gaps. Although incorporation of 
n 3–H4)2 by up to 50%, reader–writer enzymes can 
p l histones onto newly incorporated histones, thus 
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The coordinated replication of the genome and epigenome is a highly com
dvances in one fundamental aspect of epigenome replication: the recycling of
Histones are the proteins around which DNA is wrapped to form nucleoso

osed of two H2A–H2B dimers and one (H3–H4)2 tetramer. Post-translational
ruiting transcription factors and chromatin-modifying enzymes that regulate
3 lysine 9 (H3K9me3) is associated with constitutive heterochromatin and gen
H3K4me3) is associated with active transcription, particularly at promoter regi
ensity and histone variants, these modifications influence chromatin accessibi
Unlike DNA methylation, histone modifications reside on histone proteins r

ation remains stably associated with DNA until it is enzymatically removed
odifications are more dynamic. For example, they can be rewritten or erased
an be changed through the incorporation of new histones. This flexibility enab
o environmental changes and developmental cues (reviewed in [14 ]). 

During DNA replication, as the amount of DNA doubles, so too must the 
istones’ refer to those incorporated during or after recent replication, where
ncorporated in the parental DNA prior to S phase. Recycling of parental histon
pigenetic information and preserving local chromatin states [15 –17 ]. According
oth stable gene expression and developmental plasticity in multicellular organ
re symmetrically partitioned between sister chromatids to maintain epigeneti
ias histone transfer towards one chromatid, generating epigenetic asymmetry. 
s not aberrant but rather functional, serving as a potential mechanism to differ
hrough global or locus-specific epigenetic differences, as discussed later in thi

Recent advances have shed light on the proteins and mechanisms regulati
long with improved techniques and tools for analysing histones and their mo
undamental level, DNA replication is initiated by origin firing and progres
dc45-Mcm-GINS (CMG) helicase complex. The Mcm2-7 helicase unwinds pa
onservative replication. One strand serves as the template for continuous lead
hereas the lagging strand is synthesized discontinuously as Okazaki fragment
erase α (pol α), DNA polymerase δ (pol δ) and DNA ligase I (reviewed in [18 ])
aughter DNA strands via distinct leading- and lagging-strand synthesis mech
As the replication fork progresses, the CMG complex encounters nucleoso

o the pre-existing epigenomic landscape [19 ,20 ]. Hence, a central challenge fa
ecycling of these parental histones to the same location onto nascent DNA to
anonical conditions, sufficient parental histones must be recycled to both daugh
 figure 1A). New histones are then modified by histone-modifying enzymes t
odifications from local parental histones [21 ]. By contrast, when asymmetric
pigenetic landscape, replisome dynamics can be modified to bias parental his
ith the opposite strand preferentially enriched with new histones ( figure 1B, C
Among the four core histones, the (H3–H4)2 tetramer and its modification

NA replication, whereas the H2A–H2B dimers can be more readily exchanged
22 ] (reviewed in [23 ]). However, recent work suggests that H2A–H2B dimers a
endently of (H3–H4)2 , contributing to the rapid restoration of chromatin states
echanisms also apply to histone variants. For example, the H3 variant H3.3, 
NA replication at active genes, can likely be recycled during replication in a m
This review highlights recent advances in the mechanisms of parental histon

ow parental histones are symmetrically recycled to preserve epigenetic inform
e modified to generate asymmetric histone patterns between sister chromatids
sis. Because DNA replication and epigenetic inheritance are fundamentally li
eplication-coupled histone recycling should provide new insights into the reg
he origins of cancer, ageing and developmental disorders. 

. Symmetric histone recycling 

hen a cell propagates similar epigenomes, it must effectively maintain equiv
trands during DNA replication. One mechanism that helps achieve this symm
ones onto the leading and lagging strands. Because H2A–H2B dimers can be d
22 ] (reviewed in [23 ]), recycling of the parental (H3–H4)2 tetramer is thought 
ymmetry. Subsequently, new histones are incorporated onto both strands to fi
ew histones dilutes the abundance of mature, post-translationally modified (H
ropagate many histone modifications by copying them from recycled parenta
m royalsocietypublishing.​org/​rsob/​article-pdf/​doi/​10.​1098/​rsob.​260102/​6163650/​rsob.​260102.​pdf
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Figure 1. Replication-coupled histone recycling. (A) Replisome components bind parental histones as they are encountered and transfer them to either the leading or 
lagging strand through distinct mechanisms. (B,C) Compromising the histone chaperoning ability of the proteins involved in strand-specific recycling can result in biased 
recycling to one strand and low density, new histone incorporation on the other strand. 

p ions are restored with distinct kinetics following 
r

onto the leading and lagging strands have been 
e s, focusing on discoveries from the past decade. 
M ethods listed in table 1 . In particular, enrichment 
a tids after replication sequencing (SCAR-seq) have 
r ks in a locus- and strand-specific manner [34 ,37 ]. 
A e diverse aspects of replication dynamics, provid- 
i DNA modifications, DNA damage and replication 
f

2
A ome approximately every 150–200 base pairs (re- 
v  binds to and destabilizes nucleosomes as the fork 
p lving the N-terminus of Spt16—a FACT subunit—
a ones as their interactions with DNA are disrupted, 
f assembly [42 ,43 ]. 

ly disordered N-terminal tail that binds the (H3–
H

 

form a transient complex that can act as a histone 
t case or hand-off to other histone chaperones [45 ]. 
F l histones are primed for recycling onto either the 
l low. 

2
T  a histone-binding dimer that promotes parental 
( nd mammalian cells [46 ,47 ]. Pol ε is coupled to the 
C sf1, Psf2, Psf3) complex, thereby tethering pol ε to 
t n [48 ]. This association places the POLE3–POLE4 
h ding strand. By contrast, lagging-strand synthesis 
i te from and reassociate with the replisome during 
O

Downloaded fro
by guest
on 19 October 2
reserving chromatin structure [21 ]. Nevertheless, different histone modificat
eplication [26 ]. 
The mechanisms regulating the symmetric recycling of parental histones 

xtensively reviewed (e.g. [27 –29 ]). Here, we briefly summarize key advance
any of these have been enabled by technological innovations, such as the m
nd sequencing of protein-associated nascent DNA (eSPAN) and sister chroma
evolutionized our ability to measure histone incorporation at replication for
dditional strand-specific sequencing methods have been developed to captur
ng unprecedented insights into the interplay between the replisome, histones, 
ork blocks (reviewed in [30 ]). 

.1. Capture of parental histones 
s the replication fork progresses, the opening helicase encounters a nucleos
iewed in [38 ]). The protein complex facilitates chromatin transactions (FACT)
rogresses [39 ]. In budding yeast, this process is promoted by interactions invo
nd Tof1 [40 ,41 ]. Furthermore, the histone chaperone Asf1 binds to parental hist
acilitating their subsequent recycling during replication-coupled nucleosome 
Mcm2 also contributes to parental histone recycling through its intrinsical
4)2 tetramer [43 ,44 ]. Structural studies suggest that Mcm2, Asf1 and (H3–H4)2

ransfer intermediate, enabling deposition of parental histones behind the heli
ollowing capture by FACT, Asf1, Mcm2 and other replisome factors, parenta
eading or lagging strand through the distinct recycling pathways described be

.2. Leading-strand recycling 
he pol ε accessory subunits POLE3 and POLE4 (Dpb3 and Dpb4 in yeast) form
H3–H4)2 transfer to the leading strand during DNA replication in both yeast a
MG complex via its interaction with Psf1, a component of the GINS (Sld5, P
he replisome and coordinating leading-strand synthesis with fork progressio
istone chaperone in a proper position to recycle parental histones onto the lea
s inherently discontinuous and relies on polymerases that dynamically dissocia
kazaki fragment synthesis [49 ]. 
m royalsocietypublishing.​org/​rsob/​article-pdf/​doi/​10.​1098/​rsob.​260102/​6163650/​rsob.​260102.​pdf
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Table 1. Techniques for assessing histone and chromatin dynamics. All these methods can target histones and histone modifications. Additional methods reviewed in 
[30 ]. 

method brief description advantages disadvantages 

CUT&RUN 
CUT&TAG 

antibody-directed MNase (RUN) or Tn5 (TAG) to target protein, 
which excise DNA fragments where that protein is bound [31 ,32 ] 

� genome-wide profile of protein 
binding 
� high signal-to-noise 

� not specific to replication state 
� no strand information 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

eSPAN BrdU labels nascent DNA, followed by ChIP. At known origin of 
replication, infer leading versus lagging strand based on direction 
of replication away from origin [33 ] 

� leading versus lagging 
strand-specific 
� profiles entire replication bubble 
around an origin of replication 

� only measures occupancy in 
close proximity to known origins 
� requires cell synchronization 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

SCAR-seq EdU labels nascent DNA, followed by ChIP. Leading versus lagging 
strand is determined by OK-seq [34 ,35 ] 

� leading versus lagging 
strand-specific 
� can profile genome-wide, with 
some limitations 

� most effective in regions 
consistently replicated in the 
same direction 
� requires OK-seq data 
� requires large number of cells 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

chromatin fibres EdU labels nascent DNA. Lyse cells to release chromatin, followed 
by IF and high-resolution microscopy. Infer leading versus lagging 
strand by labelling a lagging strand-enriched protein such as 
PCNA [36 ] 

� direct comparison of leading versus 
lagging strand at individual 
replication forks 
� compatible with low cell number 
� single molecule, reveals fork 
heterogeneity 

� no sequence information 
� low throughput, a relatively 
small subset of the genome is 
sampled 
� variable stretching of fibres 
means length cannot be 
determined 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

d Caenorhabditis elegans , lack clear homologues of 
P  may play a larger role in leading-strand histone 
r ould compensate for the absence of POLE3/4. 

2
A gging strand. For example, Mcm2, Ctf4 and pol α
f t lagging-strand recycling [15 ,16 ,37 ]. Consistently, 
m ir lagging-strand histone recycling [16 ]. Likewise, 
r activity of the primase-pol α complex is sufficient 
t

cently demonstrated to receive parental histones 
h  its canonical role on the lagging strand, emerging 
e r certain conditions [52 –54 ]. This raises the possi- 
b epending on where pol δ is engaged during DNA 

r ng strand synthesis is largely restricted to origin 
fi  ] (reviewed in [56 ]). 

2
C nd participates in checkpoint activation [57 –59 ]. 
R d promotes parental histone recycling to both the 
l  as a toggle between leading and lagging strand 

r cling between the leading and lagging strands in 
a cle parental histones to the same daughter strand 

w g these questions will be crucial for understanding 
h es. 

ructed through molecular dynamics simulations, 
a ed. For example, in silico simulations suggest that 
C ng strand, whereas the absence of Cdc45 favours 
r n protein A (RPA) binding to the lagging strand 

i al observations that compromised lagging-strand 
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Intriguingly, several model organisms, including Drosophila melanogaster an
OLE3 and POLE4. This suggests that other replisome-associated components
ecycling in these species. One possibility is Claspin (discussed below), which c

.3. Lagging-strand recycling 
 series of replisome components facilitates parental histone transfer to the la
orm a histone-binding axis, and each factor is individually required for efficien
utations that disrupt the histone-binding domains of these components impa

educing Okazaki fragment initiation by reducing levels or compromising the 
o bias parental histone recycling towards the leading strand [50 ]. 

The pol δ subunit Pol32 also possesses histone chaperone activity and was re
anded off from Mcm2 for deposition onto the lagging strand [51 ]. In addition to
vidence indicates that pol δ also participates in leading strand synthesis unde
ility that pol δ could serve as a histone chaperone on either daughter strand, d
eplication. By contrast, the contribution of the primase-pol α complex to leadi
ring and repriming at stalled forks under certain DNA damage conditions [55

.4. Determination of leading- versus lagging-strand recycling 
laspin (Mrc1 in yeast) is a replisome factor that stabilizes replication forks a
ecent studies have demonstrated that Claspin binds the (H3–H4)2 tetramer an
eading and lagging strands [20 ,60 ]. Hence, Claspin has been proposed to act
ecycling. However, it remains unclear whether Claspin alternates histone recy
 consistent pattern. Likewise, it is unclear whether Claspin can repeatedly recy
hen histone transfer to the opposite strand is temporarily impeded. Addressin
ow the replisome determines the strand-specific inheritance of parental histon
As increasingly complete replisome structures are computationally reconst

dditional candidate regulators of strand-specific histone recycling have emerg
dc45 binding to a parental (H3–H4)2 tetramer directs its transfer to the leadi
ecycling to the lagging strand [44 ]. Similar simulations suggest that replicatio
nhibits parental histone recycling [44 ]. This prediction aligns with experiment
m royalsocietypublishing.​org/​rsob/​article-pdf/​doi/​10.​1098/​rsob.​260102/​6163650/​rsob.​260102.​pdf
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s tes with the primase-pol α complex for binding to 
e

2
I one recycling during DNA replication is critical for 
p plication components selectively impair parental 
h ort cell viability, providing powerful genetic tools 
f tion of parental histone recycling can result in dis- 
t he two daughter cells following mitosis [20 ,62 ,63 ]. 
B one recycling can trigger downstream effects that 
i

e-wide parental histone recycling biased towards 
t  and defects in neural differentiation [15 ,62 ]. Sim- 
i ecycling and causes preferential incorporation of 
p eased H3K27me3 and aberrant gene expression in 
m d defective differentiation [64 ,65 ]. Together, these 
fi tain chromatin states that support mESC identity 
w

ation and gene expression. In budding yeast, the 
r ne recycling genome-wide, whereas the knockout 
d posite strand biases, both mutants, as well as the 
m ese findings indicate that proper parental histone 
r ient DNA repair and genome integrity [66 ]. One 
p  histones, thereby perturbing chromatin assembly 
a

ates epigenetic inheritance with genome mainte- 
n tion, faithful histone recycling enables stable cell 
i ent and cellular function. 

3 sms 
W velopmental contexts could require breaking epi- 
g n some cases, such asymmetry may not only be 
b tive reconfiguration of chromatin states, allowing 
c e is especially relevant in asymmetrically dividing 
c blishment of distinct chromatin landscapes in the 
t  sister chromatid could facilitate the establishment 
o , whereas faithful parental histone inheritance on 
t  asymmetric cell division does not necessarily re- 
q s contribute to daughter cell asymmetry. Rather, 
a or promoting epigenetic remodelling and cell fate 
d low. 

3
A line stem cells (GSCs). In these cells, naturally de- 
l  in lagging-strand polymerase levels [50 ]. Conse- 
q led onto the leading strand, whereas new histones 
a ells, including GSCs, also exhibit a high incidence 
o e histone asymmetry [67 ]. During mitosis, asym- 
m sure biased segregation of sister chromatids with 
d

l stem cells (ISCs) and female GSCs. In the midgut, 
a s symmetrically dividing ISCs inherit parental hi- 
s -division mode rather than stem cell identity [70 ]. 
I cted at genomic loci associated with either stem- 
n de transcriptional changes during adult stem cell 
d
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ynthesis reduces lagging-strand histone recycling, likely because RPA compe
xposed single-stranded DNA [56 ]. 

.5. Defects in symmetric histone recycling 
n eukaryotic cells maintaining the same identity over time, proper parental hist
reserving epigenetic information across cell divisions. Mutations in several re
istone recycling while maintaining sufficient DNA replication activity to supp
or investigating the consequences of defective histone inheritance [61 ]. Disrup
inct epigenetic landscapes on the two daughter strands and, consequently, in t
eyond these immediate changes in chromatin state, defective symmetric hist
nfluence cell identity and organismal fitness. 

In cultured mammalian cells, Mcm2 histone-binding mutants display genom
he leading strand, resulting in loss of H3K9me3, dysregulation of H3K27me3
larly, disruption of POLE4 activity impairs leading-strand parental histone r
arental histones into the lagging strand [46 ,47 ,64 ]. These defects result in incr
ouse embryonic stem cells (mESCs), leading to decreased cellular plasticity an
ndings demonstrate that faithful parental histone recycling is required to main
hile allowing for proper lineage-specific differentiation. 
Defective histone recycling also has consequences beyond epigenetic regul

ecycling-deficient mutant mcm23A induces lagging strand-biased parental histo
pb3Δ biases recycling towards the leading strand [16 ,46 ]. Despite producing op
cm23A dpb3Δ double mutant, exhibit reduced homologous recombination. Th
ecycling is important for maintaining chromatin structures that support effic
ossible explanation is that defective histone recycling increases the pool of free
nd homologous recombination. 
Together, these findings demonstrate that parental histone recycling coordin

ance and cell fate. By preserving chromatin organization during DNA replica
dentity while maintaining the genome integrity required for normal developm

. Asymmetric parental histone recycling in multicellular organi
hile faithful symmetric histone recycling preserves epigenetic information, de
enetic symmetry to generate distinct cell fates in multicellular organisms. I
eneficial but necessary. Altering parental histone recycling could permit selec
ertain epigenetic information to be reset while others are retained. This principl
ells, where differential inheritance of parental histones may facilitate the esta
wo daughter cells. In principle, reduced inheritance of parental histones on one
f a new epigenetic landscape and corresponding gene expression programme
he other sister chromatid could help preserve the original cell state. Notably,
uire asymmetric histone recycling, as many intrinsic and extrinsic mechanism
symmetric parental histone inheritance should be viewed as one mechanism f
ivergence in specific developmental or regenerative contexts, as discussed be

.1. Histone asymmetry in Drosophila 
symmetric parental histone inheritance is exemplified in Drosophila male germ
ayed lagging-strand synthesis can result from an approximately 50% reduction
uently, at individual replication forks, parental histones are preferentially recyc
re incorporated onto the lagging strand ( figure 1B ) [50 ,67 ]. Early-stage germ c
f coordinated fork movement, which further reinforces sister chromatid-wid
etric sister centromeres and asynchronous spindle dynamics cooperate to en
istinct histone inheritance to the two daughter cells [68 ,69 ]. 
Histone inheritance asymmetry has also been reported in Drosophila intestina

symmetrically dividing ISCs display asymmetric histone inheritance, wherea
tone symmetrically, indicating that histone asymmetry is associated with cell
n female GSCs, gene-specific asymmetry in histone inheritance has been dete
ess or differentiation genes, suggesting that epigenetic asymmetry may prece
ifferentiation [71 ]. 
m royalsocietypublishing.​org/​rsob/​article-pdf/​doi/​10.​1098/​rsob.​260102/​6163650/​rsob.​260102.​pdf
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trans mechanisms. In the cis case, expression of the 
m eritance in male GSCs and female ISCs, resulting 
i  disruption of asynchronous spindle dynamics in 
m e initial establishment of the histone asymmetry 
d

3
A an systems. One example is the mouse olfactory 
e  histones H3 and H4, but not H2A–H2B, and also 
e H3.3 [73 ]. These findings indicate that both DNA 

r lication-independent mechanisms regulating hi- 
s s system. 

red mESCs. Under standard culture conditions, 
p en asymmetric division is induced by localized 

s arental histone-enriched modifications such as 
H  controls without Wnt3a induction [73 ]. Further- 
m nt3a-induced asymmetric mESC division acquire 
d f the repressive histone modification H3K27me3, 
w , these findings suggest that extrinsic signals can 
l omoting distinct epigenetic states in the resulting 
d

3 ate 
A owing DNA replication. For example, the human 
s symmetric deposition of H3K9me3 onto the lead- 
i  asymmetry, resulting in derepression of LINE-1 
e ause the leading strand becomes transcriptionally 
c l deposition of H3K9me3 onto the leading strand 

s d on both sister chromatids through coordinated 

‘
nthesized histones may also contribute to distinct 

c ly factor 1 (CAF-1), together with Asf-1, deposits 
n ecause CAF-1 is recruited by PCNA, it has been 
p  strands could contribute to asymmetric incorpo- 
r profound effects on cell fate. For example, loss of 
C and disruption of bilateral asymmetry during C. 
e i in mESCs enhances cellular plasticity and pro- 
m 3 ]). These seemingly opposite results likely reflect 
t ly disrupts chromatin assembly, partial reduction 
o ing replication dynamics, including reduced fork 
s score that cell fate is highly sensitive to the extent 
o

oration and inheritance can be required for proper 
g tivity of the CMG complex is required for proper 
c metric epigenetic states at the pro-apoptotic egl-1 
l pithelium, asymmetric inheritance of the histone 
v unequal recruitment of the stem cell determinant 
p atin states can also serve genome integrity: in hu- 
m gh post-replicative incorporation of new histones 
t

ication components. Partial reduction of primase- 
p rates local asymmetric histone recycling through 
d separation of old and new histones at replication 
f f the same lineage. Similar effects can be achieved 

u  of pol α [50 ]. Importantly, these experiments rely 
o r reversible chemical inhibition rather than com- 
p ation of Okazaki fragments, modest reduction of 
p ile preserving overall DNA replication [87 ]. This 
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Disruption of asymmetric histone inheritance can occur through either cis or 
utant histone H3T3A (Thr3-to-Ala mutation) disrupts asymmetric histone inh

n defective stem cell maintenance and differentiation [70 ,72 ]. In the trans case,
ale GSCs abolishes biased sister chromatid segregation without disrupting th
uring DNA replication [68 ]. 

.2. Histone asymmetry in mammalian systems 
symmetric parental histone inheritance has also been reported in mammali
pithelium, where horizontal basal stem cells asymmetrically inherit canonical
xhibit asymmetric inheritance of the replication-independent histone variant 
eplication-coupled mechanisms governing canonical histone recycling and rep
tone variant deposition contribute to establishing epigenetic asymmetry in thi
Evidence for regulated histone asymmetry has also been detected in cultu

arental histones display a slight bias towards the leading strand [15 ]. Wh
ignalling using Wnt3a-coated beads, parental H3 and H4, together with p
4K20me2/3, display enhanced asymmetry at replication forks compared with
ore, single-cell multi-omic analyses reveal that daughter cells resulting from W
istinct transcriptional programmes accompanied by differential enrichment o
hereas the active mark H3K4me3 remains largely unchanged [74 ]. Together

ikely modulate histone recycling dynamics during DNA replication, thereby pr
aughter cells. 

.3. Effects of asymmetric histone recycling on gene expression and cell f
symmetric histone inheritance can regulate gene expression immediately foll
ilencing hub (HUSH) complex interacts with DNA polymerase ε to promote a
ng strand [75 ]. Loss of the HUSH component TASOR abolishes this H3K9me3
lements, accumulation of DNA damage and subsequent cell death [75 ,76 ]. Bec
ompetent earlier than the lagging strand, it has been proposed that preferentia
erves to rapidly repress LINE-1 transcription until silencing can be establishe
reader–writer’ mechanisms. 

In addition to parental histone recycling, asymmetric deposition of newly sy
hromatin states and subsequent gene expression changes. Chromatin assemb
ew histones onto nascent DNA strands behind the replication fork [77 –79 ]. B
roposed that asymmetric PCNA occupancy between the leading and lagging
ation of new histones [77 ]. More broadly, perturbation of CAF-1 function has 
AF-1 causes cell cycle defects, defective cellular differentiation in zebrafish, 
legans development [80 ,81 ]. Conversely, partial suppression of CAF-1 by RNA
otes reprogramming towards a totipotent 2-cell-like state [82 ] (reviewed in [8

he degree of functional perturbation. Although a complete loss of CAF-1 severe
f CAF-1 by RNAi knockdown could allow replication to proceed while alter
peed, a feature associated with early embryogenesis [84 ]. These studies under
f replisome perturbation, which will be discussed further below. 
Similar examples demonstrate the extent to which asymmetric histone incorp

ene expression and cell fate. In developing C. elegans , the histone chaperone ac
ell fate specification following asymmetric division and may be tied to asym
ocus following replication [85 ]. In mouse horizontal basal cells in olfactory e
ariant H3.3 is associated with asynchronous transcriptional reactivation and 

63 transcription factor in daughter cells [73 ]. Inheritance of asymmetric chrom
an cells, damaged DNA is preferentially segregated to one daughter cell throu

hat can distinguish damaged sister chromatids [86 ]. 
Histone asymmetry can also be experimentally induced by modulating repl

ol α levels or activities in differentiating cells of the Drosophila germline gene
elayed lagging strand synthesis [50 ]. This manipulation recreates the spatial 
orks in differentiating non-stem cells, a feature normally observed in stem cells o
sing low concentrations of a chemical inhibitor targeting the catalytic subunit
n partial reduction of primase-pol α activity through heterozygous mutation o
lete loss of function. Because lagging strand synthesis requires repeated initi
rimase-pol α activity selectively alters lagging-strand replication dynamics wh
m royalsocietypublishing.​org/​rsob/​article-pdf/​doi/​10.​1098/​rsob.​260102/​6163650/​rsob.​260102.​pdf

026



7

royalsocietypublishing.org/rsob
OpenBiol.

16:
260102

.......................................................................

d ely disrupt DNA replication. Thus, the biological 
c he extent and context of functional perturbation. 

 stem cell-like state highlights the potential of con- 
t te, especially given the conservation of replication 
p ol α levels or activities across Drosophila , C. elegans 
a otes cellular reprogramming [88 ], suggesting that 
c hancing cellular plasticity and organismal fitness. 

 can also result in different nucleosome densities 
b preferential recycling of parental histones to one 
s ing that new histone deposition does not always 
i ensity chromatin containing predominantly new 

h e for a changing cell fate ( figure 1B, C ). In some 
c lopmental context, this may represent an efficient 
m ile preserving the parental chromatin state on the 
o ster chromatids creates distinct chromatin acces- 
s  chromatid with lower nucleosome density. This 
a  the two resulting daughter cells [69 ] (reviewed in 
[ ess gene stat92e [90 ]. These findings demonstrate 
t lso subsequent cell cycle progression and genome 
o

 is a versatile mechanism for regulating gene ex- 
p text, this asymmetry may occur globally between 
s  or histone modifications [71 ,74 ,75 ,92 ]. Continued 

a ith high-resolution imaging approaches suitable 
f  histone inheritance is established and determine 
w sue maintenance and regeneration, cellular repro- 
g

3 cells 
A tal plasticity and cellular diversity, dysregulated 

h d genome instability are hallmarks of cancer cells 
( th processes by disrupting the faithful inheritance 
o  linked to reduced H3K27me3, leading to ectopic 
e  histone-binding domain of Mcm2 in breast cancer 
c ide distribution of both H3K27me3 and H3K4me3 
[ genetic landscape in ways that favour malignant 
t

aintaining balanced nucleosome reassembly dur- 
i  unc-85 shortens lifespan and elevates one-carbon 
m onversely, Asf1 is overexpressed in cancer cells of 
d llular carcinoma, where it promotes proliferation, 
w e and apoptosis [101 –103 ]. These findings suggest 
t fficient and excessive histone chaperone function 
c  or oncogenes, and alter cellular fitness. 

ion-coupled chromatin assembly for tumour sup- 
p etric and asymmetric histone recycling are highly 
c peutically must carefully balance the benefits of 
e nic transformation. This consideration is particu- 
l plication proteins that also participate in parental 
h se treatments alter epigenetic inheritance in both 
n lling and improve therapeutic outcomes. 

g has been implicated, epigenetic dysregulation 
c scapes have been reported in neurodegenerative 
d ing type 2 diabetes [107 ], as well as in cardiovas- 
c tered histone recycling could amplify these epige- 
n wing asymmetric histone incorporation may also 
p ning how histone recycling contributes to disease 
p gies that target epigenetic inheritance rather than 
i
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iffers fundamentally from complete loss-of-function mutations, which sever
onsequences of manipulating certain replication factors depend critically on t
The ability to remodel chromatin in differentiating non-stem cells towards a

rolled modulation of DNA replication as a powerful means to manipulate cell fa
roteins and processes. It has been reported that partial reduction of primase-p
nd mammalian cells improves fertility, enhances tissue regeneration and prom
ontrolled modulation of histone recycling may represent a broad strategy for en
Beyond immediate effects on gene expression, asymmetric histone recycling

etween sister chromatids following replication. Several studies suggest that 
trand transiently reduces nucleosome density on the opposite strand, indicat
mmediately restore nucleosome density [15 ,46 ,67 ]. Consequently, such low-d
istones may provide a permissive environment to establish a new epigenom
ases, this could have detrimental effects (see §§2.5 and 3.4 ). However, in a deve
echanism for selectively resetting the epigenome on one sister chromatid wh
ther. In Drosophila male GSCs, the nucleosome density difference between si
ibility that preferentially recruits the pre-replication factor Cdc6 to the sister
symmetric Cdc6 loading results in asynchronous DNA replication initiation in
89 ]), and it contributes to distinct interchromosomal interactions at the stemn
hat asymmetric histone inheritance can influence not only gene expression but a
rganization. 
Collectively, these studies demonstrate that asymmetric histone inheritance

ression, chromatin organization and cell fate ( figure 1 ). Depending on the con
ister chromatids [67 ,70 ,91 ], or it may be restricted to specific genomic regions
pplications of techniques such as eSPAN and SCAR-seq ( table 1 ), together w
or rare cell populations, will help uncover when, where and how asymmetric
hether controlled modulation of histone recycling can be used to promote tis
ramming and organismal fitness. 

.4. Asymmetric histone recycling as a competitive advantage for cancer 
lthough asymmetric histone recycling likely evolved to promote developmen
istone recycling can be exploited by tumour cells. Epigenetic dysregulation an
reviewed in [93 ,94 ]). Defects in parental histone recycling can contribute to bo
f the epigenetic landscape. In particular, impaired histone recycling has been
xpression of proliferation genes during tumourigenesis [95 ,96 ]. Mutation of the
ells, for example, impairs parental histone recycling and disrupts the genome-w
96 ]. These findings suggest that altered histone recycling can reshape the epi
ransformation. 

The histone chaperone Asf1 provides another example of the importance of m
ng DNA replication [42 ,43 ,97 ,98 ]. In C. elegans , mutation of the Asf1 homologue
etabolism, a metabolic state frequently associated with cancer cells [99 ,100 ]. C
iverse origins, including lung adenocarcinoma, cervical cancer and hepatoce
hereas inhibition of Asf1 suppresses tumour growth by inducing DNA damag

hat histone chaperones function within an optimal range of activity. Both insu
an perturb chromatin organization, disrupt expression of tumour suppressors
Taken together, these studies highlight the importance of balanced replicat

ression and organismal health. Because the benefits and drawbacks of symm
ontext dependent, strategies designed to manipulate histone recycling thera
nhanced epigenetic plasticity against the potential risk of promoting oncoge
arly relevant because many common chemotherapeutic agents target DNA re
istone recycling, including DNA polymerases [104 ]. Understanding how the
ormal and malignant cells may help minimize unintended chromatin remode
Although cancer provides a clear disease context in which histone recyclin

ontributes to a plethora of other disorders. Altered histone modification land
isorders such as Alzheimer’s disease [105 ,106 ] and metabolic disorders includ
ular, inflammatory, renal and skeletal muscle diseases. In proliferative cells, al
etic abnormalities. Conversely, the transiently permissive chromatin state follo
rovide an opportunity to re-establish appropriate epigenetic landscapes. Defi
rogression will therefore be important for identifying new therapeutic strate
ndividual histone modifications. 
m royalsocietypublishing.​org/​rsob/​article-pdf/​doi/​10.​1098/​rsob.​260102/​6163650/​rsob.​260102.​pdf
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4
T g at the replication fork is generally balanced and 

f e selectively reconfigured to promote asymmetric 
h se distinct modes of histone recycling reflect the 
f s multicellular organismal development. Rather 
t  replication machinery is increasingly emerging 
a model cell identity depending on developmental 
c

ed in homogeneous cell populations or cultured 

c  an area ripe for research. Defining the extent to 
w tages and regenerative processes will be essential 
f ative cells in vivo do not always recycle histones 
w g DNA replication could have previously unrec- 
o lly, controlled establishment of a naive epigenetic 
e ar reprogramming, tissue repair and regenerative 
m

s further suggests that the principles governing 
h ndeed, studies in the flowering plant Arabidopsis 
h d related developmental phenotypes in mutants 
[  deeply conserved and raise the possibility that 
m gricultural resilience. Meanwhile, plant systems 
m  development and regeneration. 

jor advances. Recent reconstitution of this process 
i one recycling under defined conditions [110 ]. In 
p  techniques have already significantly advanced 

o t or cultured cells ( table 1 ) [15 ,37 ,111 ]. Continued 

r  experiments requiring high temporal resolution 
w logical contexts. Together, these advances promise 
t pigenetic inheritance and cell-fate determination, 
w nt, regeneration, agriculture and human disease. 

E  committee. 
D
D
A estigation, project administration, supervision, visual- 
i  formal analysis, investigation, writing—original draft, 
w stration, supervision, writing—original draft, writing—
r

the work performed therein. 
C hnology Ventures office (US 63/565742). This patent is 
r .M.D. and X.C. are inventors on this patent. The authors 
d
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R
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R
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. Concluding remarks and future perspectives 
he studies discussed in this review demonstrate that parental histone recyclin
aithful in proliferating cells that maintain cellular identity, yet this process can b
istone incorporation during lineage specification and cell fate changes. The
undamental balance between epigenetic stability and plasticity that underlie
han serving solely as a mechanism for preserving chromatin states, the DNA
s a dynamic regulator of epigenetic inheritance that can either maintain or re
ontext. 
Because most mechanistic studies of histone recycling have been perform

ell lines, the nuances of histone recycling in multicellular organisms present
hich histone recycling is modulated across different tissues, developmental s

or translating these discoveries into clinical applications. Specifically, if replic
ith the high fidelity observed in cultured cells, therapeutic treatments targetin
gnized consequences as well as new opportunities for intervention. Additiona
nvironment through regulated histone recycling could hold promise for cellul
edicine. 
The remarkable evolutionary conservation of DNA replication component

istone recycling may extend well beyond yeast and animal model systems. I
ave demonstrated similar mechanisms of parental histone incorporation an
108 ,109 ]. These findings suggest that replication-coupled histone recycling is
anipulating this process could improve plant development, crop yields or a
ay uncover novel epigenetic mechanisms that are broadly relevant to animal
The field of histone recycling is likely on the precipice of an explosion of ma

n vitro now enables direct mechanistic dissection of replication-coupled hist
arallel, genomic approaches such as eSPAN, SCAR-seq and other emerging
ur understanding of histone recycling dynamics at the replication fork in yeas
efinement of these approaches for rare cell populations, developing tissues and
ill be essential for understanding how histone recycling is regulated in physio

o establish histone recycling as a central mechanism linking DNA replication, e
hile opening new opportunities to manipulate chromatin states in developme
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