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G E N E T I C S

The molecular basis of cell memory in mammals: The 
epigenetic cycle
Mencía Espinosa- Martínez1,2,3†, María Alcázar- Fabra1,2,3†, David Landeira1,2,3*

Cell memory refers to the capacity of cells to maintain their gene expression program once the initiating 
environmental signal has ceased. This exceptional feature is key during the formation of mammalian organisms, 
and it is believed to be in part mediated by epigenetic factors that can endorse cells with the landmarks required 
to maintain transcriptional programs upon cell duplication. Here, we review current literature analyzing the 
molecular basis of epigenetic memory in mammals, with a focus on the mechanisms by which transcriptionally 
repressive chromatin modifications such as methylation of DNA and histone H3 are propagated through mitotic 
cell divisions. The emerging picture suggests that cellular memory is supported by an epigenetic cycle in which 
reversible activities carried out by epigenetic regulators in coordination with cell cycle transition create a multi-
phasic system that can accommodate both maintenance of cell identity and cell differentiation in proliferating 
stem cell populations.

INTRODUCTION
The zygote is a diploid cell that is formed upon the fusion of one 
haploid oocyte and one haploid sperm cell, and that harbors the po-
tential to produce a new complete complex adult organism through 
a vast number of cell proliferation and differentiation rounds. The 
adult human body is composed by trillions of zygote- derived cells 
that are genetically equivalent but functionally distinct, and that co-
operate to allow the formation of tissues and organs. Tissue specializa-
tion relies on the ability of cells to express a coordinated set of genes 
that endorses them with specific functions. Many cell type–specific 
gene expression patterns are established during embryo development 
but are maintained for a lifetime, although the original differentiation 
signal instructing the change in gene expression is no longer present 
during the adult life (1, 2). This type of cellular memory is in part 
enabled by epigenetic mechanisms that involve processes that ensure 
inheritance of phenotypic variation beyond (“epi- “) changes in the 
DNA sequence (“- genetics”) (3, 4). Solid proof of the existence of 
epigenetics is provided by studies in which two identical DNA 
sequences are differentially regulated in the nucleus. For example, in 
the case of gene imprinting and inactivation of the X chromosome, 
cis- acting epigenetic mechanisms facilitate the monoallelic expression 
of genes in diploid mammalian cells (5, 6). Deciphering the nature 
of the epigenetic mechanisms that mediate the ability of cells to have 
transcriptional memory is key to understanding how complex or-
ganisms such as humans are formed.

Epigenetic signals can be conceptually classified into two major 
groups (7). A given transcriptional response might be self- sustained 
in the absence of the originating stimulus through self- propagating 
(i) trans- acting mechanisms or by (ii) cis- acting molecular signals 
associated with the DNA sequence that they regulate. An example of 
a trans- acting mechanism would be the positive feedback loops of 
regulatory molecules that remain soluble in the cytoplasm during 
mitosis but can rapidly engage in transcriptional regulation upon 
cell division. While this type of mechanism will contribute to support 

transcriptional memory across cell generations, it cannot explain 
many aspects of gene regulation (i.e., monoallelic expression) and it 
is currently accepted that trans- acting mechanisms must be comple-
mented by cis- acting epigenetic signals that are inherited through 
constant physical contact with the DNA sequence on which they act 
(4, 7). The most widely studied cis- acting mechanisms studied so far 
are covalent modification of DNA, histone variants, and posttrans-
lational modifications (PTMs) of nucleosomes (8). In addition, infor-
mation might also be encoded in other cis- acting signals such as the 
position of nucleosomes relative to DNA sequences, stable association 
of non- histone proteins, and higher- order chromatin structure (8).

In this review, we provide insights into the molecular mechanisms 
by which epigenetic factors might facilitate mitotically heritable tran-
scriptional states in mammals. In fitting with strictest definitions of 
epigenetics—an epigenetic trait is a stably heritable phenotype re-
sulting from changes in a chromosome without alterations in the 
DNA sequence (9)—we focus on cis- acting mechanisms. Among 
these, we have centered our discussion on methylation of DNA, 
lysine 27 of histone H3 (H3K27), and lysine 9 of histone H3 (H3K9) 
because they are three epigenetic signals widely studied so far (8). 
To complement our view, we refer the reader to recent reviews about 
epigenetics from a general angle that include nonmammalian systems 
(8, 10), with a focus on epigenetic changes in response to out- of- 
the- body environmental stimuli in adults (11), or with an emphasis 
toward transgenerational epigenetic inheritance (12).

METHYLATION OF DNA, H3K27, AND H3K9 ARE CANDIDATES TO 
SUPPORT TRANSCRIPTIONAL MEMORY
The term “epigenetics” was coined by C. H. Waddington in 1942, 
and it provided an explanation as to how the phenotypes of evolving 
organisms can respond to the environment without changing the 
genotype (13, 14). Nowadays, it is often accepted that epigenetic 
mechanisms allow cells to respond to the environment by inducing 
heritable chemical changes on chromatin that modulate gene ex-
pression without altering the sequence encoded on DNA (8). However, 
we are just beginning to understand what the molecular foundation 
of epigenetic memory is. Gene expression requires interaction 
between the transcriptional machinery and target DNA, which is 
wrapped around nucleosomes that can obstruct the accessibility 
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of transcriptional regulators to their target DNA sequence (15). 
Therefore, it is perhaps not surprising that the best current candi-
dates to uphold transcriptional memory are chromatin factors that 
chemically modify DNA without altering its sequence (DNA methyla-
tion), or that posttranslationally amend histone proteins that com-
pose the nucleosome (PTMs of histones).

DNA methylation is a major regulator of epigenetic memory in 
mammals (8). Cytosines present in the DNA sequence in the context 
of a cytosine- guanine (CpG) dinucleotide can be methylated to produce 
5- methylcitosine (5mC) (16). CpG sites are widespread throughout 
the genome but are accumulated at the so- called CpG islands, which 
are usually part of regulatory regions such as gene promoters or 
enhancers (16). Methylation of CpG sites is associated to transcrip-
tional repression of transposable elements and cell type–specific genes 
(17). The implication of 5mC in cellular memory is exemplified by 
its role in maintaining transcriptional repression of parentally im-
printed loci and the inactive X chromosome, which are expressed in 
a monoallelic way and therefore are hallmarks of epigenetic control 
in eukaryotes (5, 6, 18, 19). Although it is evident that DNA methyla-
tion supports transcriptional memory of many genomic regions, it 
is not undisputed whether this holds generally true for all loci across 
the genome and for all different cell types that compose the embryo 
and the adult body. Recent studies support that in some cell types 
such as embryonic stem cells (ESCs), CpG methylation displays very 
high turnover (20, 21) and that some genomic regions display lower 
maintenance efficiency as compared to the rest of the genome (22, 
23). Mutant mouse ESCs (mESCs) with extremely low levels of DNA 
methylation can maintain their transcriptional program and self- renew 
in an undifferentiated state (24). Thus, in some contexts, DNA 
methylation is more dynamic than expected and might not be critical 
to maintain transcriptional memory [as discussed in (25, 26)].

Inheritance of nucleosomes containing posttranslationally modified 
histones is another major mechanism proposed to encode epigenetic 
memory in cis (8). Different histone PTMs—including acetylation, 
methylation, ubiquitylation, phosphorylation, and sumoylation—can 
be added at specific histone residues (27). While many histone PTMs 
have been shown to regulate gene activity in different cell systems (28), 
it is not clear which of them are simply regulators of gene expression 
and which truly constitute a heritable epigenetic mark that carry 
over functional information across mitotic cell generations. It has 
been proposed that, among all histone PTMs characterized so far, 
only two candidates might constitute bona fide epigenetic signals of 
the mammalian genome (29). These are methylation of H3K27 and 
H3K9 because they are the only histone PTM systems in which the 
machinery that deposit the histone marks can “read- and- write” the 
mark that they catalyze, and they have the capacity to create a positive 
feedback loop that might become independent of the information 
encoded on their target DNA sequence [as discussed in (10, 29)].

Methylation of H3K27 is deposited by Polycomb proteins, which 
are evolutionary conserved regulators of the genome that repress 
transcription of large sets of developmentally regulated genes (30, 
31). Pioneering studies showed that Polycomb proteins maintain the 
transcriptional repression of Hox homeotic genes during fly develop-
ment (32–35), whose pattern of expression becomes mitotically 
heritable upon transient exposure to segmentation transcription 
factors (TFs) (1). It was thereafter demonstrated that H3K27me3 is 
part of the mechanism by which Polycomb proteins can endorse 
transcriptional memory in cis: H3K27me3 can maintain the repressed 
state of target loci across cell generations in flies (36, 37), and H3K27me3 

facilitates monoallelic expression of the X- chromosome during develop-
ment in Caenorhabditis elegans (38). Notwithstanding, whether 
H3K27me3 instructs transcriptional memory is still under debate. 
For example, Polycomb- mediated inheritance of transcriptional 
states is partly dependent on the DNA in flies (36, 37). In addition, 
although H3K27me3 is required to maintain transcriptional memo-
ry in cis in mammalian somatic cells, it is not essential in pluripotent 
cells (39, 40).

H3K9me3 is also an evolutionary conserved histone modification 
associated with heterochromatin and transcriptional repression (41). 
Methylation of H3K9 is associated not only with gene repression but 
also with hindering RNA synthesis coming from DNA repetitive 
sequences such as transposable elements, centromeres, and telo-
meres (41). In fission yeast, H3K9me3 heterochromatin can be in-
herited in cis to facilitate transmission of gene repression for many 
cell generations (42–47). However, like in the case of H3K27me3, it 
is not clear to what extent the inheritance of H3K9 methylation is 
completely independent of DNA and RNA sequences (48, 49).

There is currently an open debate as to whether and how chro-
matin modifications provide cellular memory [i.e., (29, 50)]. However, 
substantial evidence supports that methylation of DNA, H3K27, and 
H3K9 provide transcriptional memory in mammals and that their 
mode of action includes, but is not restricted to, a read- and- write 
mechanism that facilitates their self- propagation through the mitotic 
cycle. In the following sections, we provide an overview of the key 
cellular and molecular aspects that support that methylation of DNA, 
H3K27, and H3K9 are cis- acting mechanisms that facilitate trans-
mission of transcriptional memory through the mitotic cell cycle.

METHYLATION OF DNA, H3K27, AND H3K9 ARE REQUIRED TO 
MAINTAIN GENE EXPRESSION PROGRAMS AND CELL IDENTITY
Genetic removal of enzymes involved in methylation of DNA (51, 52), 
H3K27 (53–55), or H3K9 (56–59) leads to severe abnormalities during 
embryonic development. For example, deletion of the maintenance 
DNA methyltransferase DNMT1 causes global demethylation asso-
ciated to gene derepression and cell death in different cell types (51, 
60–64) and embryonic lethality during midgestation in mice (51). 
Similarly, deletion of Polycomb repressive complex 2 (PRC2) core sub-
units promotes a global loss of H3K27me3 coupled to misexpression of 
lineage- specific genes (65–68) and developmental arrest during embryo 
peri- implantation (53–55). Accordingly, mutation of lysine 27 residue 
of histone H3 largely phenocopies PRC2 loss of function in mESCs 
(69). Likewise, deletion of enzymes involved in methylation of H3K9 
also promote developmental arrest during early development (56–59). 
For example, deletion of SetDB1 in mESCs or morula stage leads to 
up- regulation of trophoblast- specific genes and differentiation toward 
trophectoderm (70–73), leading to peri- implantation lethality during 
mouse development (57). Thus, in fitting with their role as regulators 
of cell memory, DNA methylation, H3K27me3, and H3K9me3 con-
tribute to maintain cell type–specific gene expression programs and 
are essential for correct embryo development.

METHYLATION OF DNA, H3K27, AND H3K9 CAN BE ERASED 
FROM THE GENOME BY DEMETHYLASES
Chromatin modifications were originally perceived as stable marks 
on the genome that, once established, could only be removed by histone 
eviction or by dilution upon genome duplication in proliferating cells. 
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However, later studies identified enzymes that can remove PTMs from 
DNA and histones (74–76). In the case of DNA methylation, the steady 
state of CpG methylation depends on the balance of the DNMTs and 
demethylases enzymes of the family of Ten- eleven translocation (TET) 
(77). DNMTs transfer a methyl group to the fifth carbon of cytosines 
in CpG dinucleotides and produce 5mC. DNMT3A, DNMT3B, and 
DNMT3C (rodent- specific) methylate previously unmodified CpG sites 
de novo, while DNMT1 methylates hemi- methylated DNA to maintain 
CpG methylation of both strands of DNA upon DNA replication (26, 77). 
The methyl group on carbon five of cytosines can be actively removed 
following a two- step mechanism. First, TET1, TET2, or TET3 enzymes 
oxidize 5mC to 5- hydroxymethylcytosine (5hmC), 5- formylcytosine 
(5fC), and 5- carboxylcytosine (5caC) (75, 77). Oxidized cytosines are 
then removed and replaced by unmodified ones through thymine DNA 
glycosylase (TDG)–dependent base excision repair pathways (75).

Likewise, lysine methylation on histone tails is also the result of the 
balance between methylation and demethylation carried out by highly 
regulated and specialized enzymes. H3K27 methylation is catalyzed 
by PRC2. PRC2 is typically composed of core subunits EED, SUZ12, 
RBBP4/7, and EZH1/2, of which the last one harbors the histone 
methyltransferase catalytic function (31). PRC2 function is regulated 
by nonstoichiometric accessory subunits that form functionally spe-
cialized complexes PRC2.1 (PCL1- 3, LCOR, and EPOP) and PRC2.2 
(JARID2 and AEBP2) (31). Deposition of H3K27me3 by PRC2 can be 
counteracted by histone demethylases KDM6A/UTX and KDM6B/
JMJD3, which belong to the family of Jumonji C (JmjC) domain–
containing proteins that carry out demethylation through an oxida-
tive reaction that requires iron Fe(II) and α- ketoglutarate as cofactors 
(78, 79). In the case of H3K9 methylation, the enzymes responsible for 
its catalysis are SUV39H1, SUV39H2, SETDB1, SETDB2, G9A, and 
GLP, which are differentially expressed during development and display 
different target specificity and methylation capabilities (41). Like in the 
case of H3K27me3, H3K9me3 can also be erased by the methylase 
activity of Jumonji proteins that belong to the groups of JMJD1/KDM3 
and JMJD2/KDM4 enzymes (80, 81).

Thus, DNA, H3K27, and H3K9 methylation can be actively erased 
from chromatin through specific demethylases, which are differentially 
expressed during development and target cell type–specific genomic 
regions (77, 80, 81). Likewise, methyltransferase complexes target 
genomic regions in a cell type–specific fashion (77, 82, 83). In addition, 
nucleosome turnover regulates histone methylation patterns, probably 
through mechanisms that involve maintenance of low- level histone 
acetylation (84–86). Therefore, turnover rates of methyl groups on 
DNA and histones are the result of the balance between nucleosome 
turnover, methylation, and demethylation processes that can be locus 
and cell type specific (77, 87, 88). The maintenance of faithful DNA 
methylation patterns is not homogeneous across the genome because 
regions with lower DNA methylation levels display reduced mainte-
nance efficiency (23). These low maintenance regions are associated to 
cancer and aging, suggesting that differential turnover rates of epigenetic 
information laid on some regions of the genome might lead to loss of 
cell identity and disease etiology (23).

THE CURRENT MODEL OF EPIGENETIC MEMORY: READ- WRITE 
DURING S PHASE AND PERSISTENCE THROUGH MITOSIS
To understand the molecular basis of cellular memory, it is essential 
to decipher how epigenetic signals are passed from one mitotic 
generation to the next. However, we are just beginning to comprehend 

how epigenetic regulators function in coordination with cell cycle 
transition. The eukaryotic cell cycle is divided into four phases: gap 
1 (G1), DNA synthesis (S), gap 2 (G2), and mitosis (M) (89). Current 
studies support a model in which cis- acting epigenetic signals present 
in G1 must be duplicated and incorporated in the new chromosome 
during S phase. After progressing through G2, epigenetic marks need 
to be maintained on chromosomes and distributed between daughter 
cells during M phase. Upon mitosis exit, epigenetic determinants must 
facilitate efficient restoration of the cell type–specific gene expression 
program. Despite that this mode of action is often assumed for chro-
matin factors, whether epigenetic regulators truly fit this model as 
well as what is the underlying molecular mechanisms are just begin-
ning to be addressed.

RESTORATION OF EPIGENETIC PATTERNS UPON 
DNA REPLICATION
To maintain epigenetic information in sister chromatids after genome 
duplication, the DNA molecule and associated epigenetic informa-
tion encoded in cis must be duplicated to produce a new identical 
chromosome during DNA replication in S phase. DNA replication 
starts stochastically from hundreds of positions in the genome called 
DNA replication origins (90), from which a new unmethylated com-
plementary DNA is synthesized by the replisome, which requires un-
raveling of one or two nucleosomes ahead of the replication fork 
(91). Thus, upon DNA replication, DNA methylation has been diluted 
into newly synthesized DNA strands, and the nucleosome landscape 
has been disrupted genome- wide. How is epigenetic information 
encoded on DNA methylation and histone PTMs copied on the new 
replicated chromosomes?

Maintenance of DNA methylation upon S phase
As the replication fork progresses and DNA is replicated, the resulting 
DNA molecule is hemi- methylated: made of a parental strand in the 
original methylation state and a newly synthesized unmethylated 
strand (Fig. 1). Preservation of the methylation state in both DNA 
molecules relies on the activity of DNMT1, which displays high 
affinity for hemi- methylated DNA and can restore CpG methylation 
on the unmethylated strand (26). The function of DNMT1 depends 
on UHRF1, which also binds hemi- mCpGs through its SET and 
RING- associated (SRA) domain (92, 93), adding an extra layer of 
specificity to the activity of DNMT1 on hemi- methylated CpGs. 
Restoration of DNA methylation patterns is achieved in two phases. 
A rapid replication- coupled phase within minutes of fork passage 
and a gradual replication- uncoupled phase that extends outside of 
the S phase (Fig.  1) (23). During the replication- coupled phase, 
DNMT1 is recruited to the replication forks by interaction with the 
DNA replication machinery. These include protein- protein interac-
tions between DNMT1 and PCNA, and between UHRF1 and LIG1 
(94, 95). Although this mechanism promotes quick recovery of the 
methylation pattern for many regions of the genome, other CpG 
sites can remain hemi- methylated for hours after genome duplica-
tion (96–98). The delay between DNA replication and the restoration 
of DNA methylation is an important challenge for the transmission 
of epigenetic information because nucleosomes are associated within 
minutes to nascent DNA (99) and block the activity of DNA methylases 
(100, 101). How is DNA methylation restored at hemi- methylated 
CpG sites that were not fully methylated by the replication- coupled 
machinery? In addition to contain domains that facilitate the binding 
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of UHFR1 to nucleosome- free hemi- methylated CpG sites, UHFR1 
harbors TTD (tandem Tudor domain) and PHD (plant homeodomain) 
domains that recognize histone H3 tail with a preference toward 
H3K9me2/3, facilitating recruitment of DNMT1 to chromatin inde-
pendently of the machinery present in the replication forks (102, 103). 
Thereafter, the activity of the SNF2- familiy chromatin remodeler 
HELLS/LSH seems to be part of the mechanism facilitating access of 
DNA methylases to CpG sites and recovery of full methylation patterns 
(23, 104). The replication- uncoupled mechanism is probably essential 
to avoid the loss of epigenetic information across cell generations 
since the replication- coupled mechanism has a too narrow window 
of opportunity to restore DNA methylation before nucleosomes are 
reassembled upon DNA synthesis. This mechanism is particularly 
relevant in isolated CpG sites (with no neighboring CpG sites 
around 70 base pairs) because these are the DNA methylated sites 
that display the slowest maintenance kinetics in the genome and 
have a higher tendency to lose their methylated state across mitotic 
cell divisions (23, 105).

Maintenance of histone PTMs upon S phase
Nucleosomes are dissociated from DNA ahead of the replication 
fork (91, 106), and therefore, to maintain their encoded information, 
they would need to be reincorporated at the same genomic position 
after DNA synthesis. Initial studies showed that after fork passage, 
histones composing detached nucleosomes are refolded on chromatin 
with an equal ratio of old to newly synthesized histones H3 and H4 
on both synthesized DNA molecules (91, 106), suggesting that 
histone- encoded epigenetic information is passed to the daughter 
DNA molecules. It was later demonstrated that disassembly of the 
nucleosome during DNA replication leads to the release of stable H3- 
H4 tetramers that do not mix with newly synthesized histones, as 
opposed to more dynamic H2A- H2B dimers that can mix with new 
histones and partner with old and new H3- H4 tetramers (91, 106). 
This highlighted H3- H4 tetramers as good candidates to transmit 
transcriptional memory across DNA replication. In fitting with this 
idea, histone chaperones integrated within the replisome ensure that 
parental histone H3- H4 tetramers are symmetrically distributed on 
replicated chromosomes (Fig. 2) (107). In particular, MCM2 in 
association with DNA polymerase α and CTF4 acts as a histone 
chaperone promoting the recycling of old H3- H4 tetramers into the 

lagging strand (108, 109), whereas the DNA polymerase ε subunits 
POLE3 and POLE4 mediate the transfer of parental H3- H4 tetramers 
onto the leading strand (110, 111). Perturbation of these recycling 
mechanisms hinders symmetric inheritance of H3K9me3 and 
H3K27me3, causes derepression of developmental genes, and com-
promises stem cell potential (112, 113). In addition, a recent report 
shows that modified H2A- H2B dimers are also segregated symmet-
rically to daughter strands via POLA1 on the lagging strand (114), 
further supporting that maintenance of chromatin state through 
DNA replication is mediated by symmetrical inheritance of modified 
histones that formed the parental nucleosomes.

To preserve transcriptional memory, the modified parental histones 
that are inherited must remain bound to the same genomic position 
after passage of the replication fork (Fig.  2). This hypothesis has 
been addressed using new techniques that allow the labeling of nucleo-
somes ahead of the replication fork and tracking their fate onto the 
replicated DNA molecule. Parental histones with different types of 
PTMs, including H3K9me3 and H3K27me3, can be incorporated 
on newly replicated DNA (88, 115) and reproduce the same genome- 
wide patterns observed before DNA replication–coupled dissociation 
(88, 116, 117). Recycling of parental histones to the same genomic 
position is dissimilar across the genome, and it has been proposed to 
be more effective at transcriptional repressed genes enriched for 
H3K27me3 as compared to active ones displaying H3K4me3 (117). 
In fitting with this idea, the histone chaperone NPM1 interacts with 
PRC2 and MCM2, and it is required for inheritance of parental nucleo-
somes at PRC2- repressed chromatin domains during DNA replication 
(118). The observation that recycling of parental histones is more 
accused at repressed chromatin as compared to transcriptionally active 
regions supports that histone PTMs associated with gene repression 
rather than with transcriptional activity transmit transcriptional 
memory across genome duplication.

Because the density of nucleosomes on DNA must be maintained 
upon DNA duplication, recycling of parental nucleosomal histones 
can only partially restore the initial chromatin landscape. In agreement, 
global levels of histone PTMs on chromatin, including H3K9me3 
and H3K27me3, are diluted twofold after DNA duplication (115). 
New synthesized histones incorporated onto the genome, generally 
hypomethylated and hyperacetylated (119, 120), must be “matured” 
to restore the levels of histone PTMs displayed in G1 phase (Fig. 2). This 

Direction

Parental 
DNA

New DNA strand

New DNA strand

Replication fork

Replication-coupled DNA 
methylation

Replication-uncoupled 
DNA methylation
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G1 S G2

Unmethylated CpGMethylated CpG

UHRF1

UHRF1

Replisome

DNMT1

UHRF1HELLS

UHRF1
DNMT1

Fig. 1. Model of the maintenance of DNA methylation upon genome duplication. The methylated (filled lollipops) or unmethylated (empty lollipops) status of cpG 
sites are depicted during G1, S, and G2 phases. Proteins involved in restoration of methylation patterns are represented as purple (replisome), green (HELLS), blue (UHRF1), 
and green (dnMT1) circles.
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process is heterogeneous and displays modification and locus- specific 
kinetics (88, 115). As compared to other PTMs, H3K27me3 displays 
a globally slower recovery kinetics after replication (88, 114, 115). 
However, restoration of H3K27me3 levels is faster at sites with high 
PRC2 occupancy and might be stimulated by the presence of post- 
replicative H2AK119ub (88, 114). Faster restoration kinetics at these 
sites is probably mediated by enhanced recruitment of EZH2 
through H3K27me3 read- write mechanisms present in PRC2 (121, 
122) and JARID2- mediated recruitment to H2AK119ub (123). In 
fitting, binding of EZH2 to target regions is augmented during S and 
G2 phases as compared to G1 phase (124). Together, these studies 
support that H3K27me3 genome- wide distribution is restored on sister 
chromatids through effective recycling of H3K27me3- modified 
parental histones that facilitate the action of positive feedback loops 
that enhance recruitment of PRC2 and restoration of H3K27me3 
levels (Fig. 2). Because the enzymatic activities of complexes involved 
in H3K27me3 methylation and demethylation are regulated during 
development and disease (80, 82), it is probable that the kinetics of 
H3K27me3 restoration after DNA replication will vary among dif-
ferent cell types and in some pathological contexts such as cancer.

MAINTENANCE OF EPIGENETIC INFORMATION ON 
MITOTIC CHROMOSOMES
If DNA methylation, H3K9me3, and H3K27me3 were fully restored 
at their genomic sites upon genome duplication, to be truly epigenetic 
mechanisms in cis, they would need to be maintained on mitotic 
chromosomes, segregated into daughter cells, and instruct the rees-
tablishment of the transcriptional program in the subsequent G1 

phase of the cell cycle. This is not a trivial challenge because during 
mitosis chromosomes are subjected to drastic structural and func-
tional changes. Chromosomes are condensed 10,000- fold, and the 
nuclear envelope is disassembled (125). This is coupled to disruption 
of higher- order chromatin organization (126, 127), dissociation of 
many TFs (128), inactivating phosphorylation of RNA polymerase 
II (RNAPII) (129), and a general decrease of gene transcription (130). 
Mitotic chromosomes display widespread alteration on chromatin 
modifications, including reduced acetylation of histone tails that 
facilitates chromatin compaction, and accumulation of mitosis- 
regulatory chromatin marks [i.e., phosphorylation of H3 on serine- 10 
and serine- 28 (131)]. Nevertheless, it is often assumed that once epi-
genetic marks are duplicated during S phase, their genome- wide 
distribution present in G2 phase remains unaltered on mitotic chromo-
somes, and it is inherited by cells in G1 phase without interfering or 
being affected by regulatory processes required for mitosis completion. 
Although this constitutes a feasible model to explain epigenetic 
memory, reality is probably more complex than this, and alternative 
mechanisms might be operating or coexist.

The genome- wide patterns of methylated DNA, H3K9me3, and 
H3K27me3 are generally presumed to remain unaltered through 
mitosis, but detailed molecular and functional characterization of 
these epigenetic systems during cell division is lacking. Initial cell 
fractionation and imaging analyses showed that condensed chromo-
somes harbor DNA methylation (132) and some histone PTMs 
typically associated with the regulation of gene expression during 
interphase [including H3K27me3 (133) and H3K9me3 (134, 135)] 
(Table 1) (131). This led to the hypothesis that a substantial part 
of the epigenetic landscape present during interphase might be 
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Fig. 2. Model of the maintenance of histone PTMs after the passage of the replication fork. Gray nucleosome displaying typical configuration of histone proteins is 
depicted on the top left corner. PTMs are represented as a red lollipop. Parental (blue) and newly synthesized (orange) nucleosomes are depicted. Epigenetic machinery 
with read- and- write capacity during chromatin maturation is represented in gray.
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maintained on mitotic chromosomes providing bookmarks that aid 
to the restoration of gene expression upon mitosis exit (131). Later 
studies using proteomics have reinforced this idea because they have 
shown that while histone acetylation marks are decreased during 
mitosis, methylation marks (including H3K9me3 and H3K27me3) 
(136) are globally maintained (Table 1). Complementarily, proteomic 
analyses indicate that most of the chromatin machinery required to 

sustain DNA methylation, H3K27me3, and H3K9me3 remains bound 
to chromosomes during mitosis (i.e., DNMT1/3a/3b, several PRC2 
subunits, G9A, and SUV39H1/H2) (137, 138). Hence, a substantial 
part of the molecular machinery required to support epigenetic 
memory remains bound to chromosomes upon chromosome 
condensation in metaphase. However, binding of epigenetic fac-
tors to mitotic chromosomes does not necessarily imply that their 

Table 1. Mitotic bookmarking by epigenetic factors. Table summarizing bibliography supporting the presence of epigenetic regulators and histone PTMs on 
mitotic chromosomes.

System Protein Global decoration of mitotic chro-
mosomes*

Genome- wide localization during 
mitosis†

dnA methylation cpG methylation mEScs (132, 139, 217), mouse embry-
os (218), hEScs (219)

Reduced levels [hEScs (97), mEScs 
(139), HcT116 (97), HeLa- S3 (23)]

dnMT1 HeLa (220), c2c12 (220), mEScs (138), 
T98G (137)

–

dnMT3A mEScs (138) –

dnMT3B mEScs (138) –

MEcP2 c2c12 (221) –

UHRF1 MEFs (222) –

H3K27me3 H3K27me3 EScs (145, 157, 180), MEFs (157), 
HeLa- S3 (136)

Similar [hEScs (180), HeLa- S3 (136)]

EZH2 HeLa (133), niH3T3 (133), mEScs (138, 
155), T98G (137)

–

SUZ12 HeLa (133), niH3T3 (133), mEScs (138, 
155), T98G (137)

–

EEd mEScs (138, 155), T98G (137) –

JARid2 mEScs (138) –

MTF2 mEScs (138) –

H3K9me3 H3K9me3 mEScs (145, 157, 223), MEFs (157), 
HeLa- S3 (136), HeLa (224), A549 (224)

–

SUv39H1 mEScs (138, 157, 223), MEFs (157), 
T98G (137), HeLa (225)

–

SUv39H2 mEScs (138, 157, 223), MEFs (157) –

GLP/EHMT1 T98G (137), mEScs (157), MEFs (157) –

G9A/EHMT2 T98G (137), mEScs (157), MEFs (157) –

HP1 mEScs (157), MEFs (157), HeLa (226) –

System Other PTMs Global decoration of mitotic chro-
mosomes*

Genome- wide localization during 
mitosis†

Histones H3K36me3 HeLa- S3 (136) Similar [HeLa- S3 (136)]

H3K4me1 EScs (145), HeLa- S3 (136), HeLa (224), 
A549 (224), U2OS (143), RPE1 (143)

Similar [U2OS (143), RPE1 (143)], 
reduced levels [HeLa- S3 (136)]

H3K4me2 EScs (145), HeLa (224), A549 (224) increased levels [McF- 7 (142)]

H3K4me3 HeLa- S3 (136), HeLa (224), A549 (224), 
U2OS (143), RPE1 (143)

Similar [HeLa- S3 (136), U2OS (143), 
RPE1 (143)], reorganized [hEScs 

(180)]

H3K9ac EScs (145), HeLa- S3 (136) Similar [U2OS (143)], reduced levels 
[HeLa- S3 (136)]

H3K27ac EScs (145), HeLa- S3 (136), U2OS (143), 
RPE1 (143), G1E- ER4 (161)

increased levels [McF- 7 (142)], 
reduced levels [HeLa- S3 (136), G1E- 
ER4 (161), U2OS (143), RPE1 (143)], 
reorganized [EScs (145), G1E- ER4 

(144), miPScs (160)]

*Global decoration of mitotic chromosomes has been determined by any of the following approaches: live or fixed imaging, mass spectrometry, or biochemical 
fractionation.  †Genome- wide maps during mitosis have been obtained by chiP- seq or cut&Run.
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genome- wide localization or functional state is maintained during 
mitosis, and studies analyzing the genomic localization of the epi-
genetic machinery are unavailable (Table  1). Genome- wide DNA 
methylation patterns seem be only partially restored on mitotic chro-
mosomes (23, 97, 139), and this has been proposed to underlie 
cancer and aging- associated diseases (23). Chromatin immuno-
precipitation followed by sequencing (ChIP- seq) analyses of a set of 
histone PTMs in HeLa cells have shown that the genomic distribution 
of H3K27me3 and other histone methylation marks (i.e., H3K36me3 
and H3K4me3) are similar in asynchronous and metaphase- arrested 
cells (136), supporting that the Polycomb system might transmit 
epigenetic information through stable methylation of H3K27 
through mitosis. However, characterization of the activity of PRCs 
during interphase transition supports that polycomb domains build 
up in every cell cycle in mESCs (124, 140, 141), suggesting that the 
genomic distribution of H3K27me3 is perturbed during mitosis. 
These studies have been carried out in different systems, and there-
fore, they raise the possibility that the mechanisms that endorse epi-
genetic memory are not identical in different cell types (human cancer 
HeLa- S3 cells versus mouse pluripotent ESCs). In consonance with 
this idea, changes in the genomic distribution of histone PTMs upon mi-
tosis entrance differ depending on the analyzed cell type (Table 1). For 
example, the distribution of H3K27ac on mitotic chromosomes can (i) 
uniformly increase in breast cancer MCF- 7 cells (142), (ii) decrease in 
U2OS, RPE1, and HeLa- S3 cells (136, 143), or (iii) be reorganized in 
progenitor G1E erythroblasts (144) and in pluripotent stem cells 
(145), where its maintenance at specific sites facilitates reactivation of 
stem cell–associated genes (146).

While the importance of methylation of DNA, H3K27, and H3K9 
on mitotic bookmarking remains an open question, emerging evi-
dence indicates that some TFs remain bound to mitotic chromosomes, 
and that this can influence efficient transmission of transcriptional 
memory (147). During mitosis, higher- order chromatin structure 
[A/B compartments, topologically associating domains (TADs), and 
DNA loops] is altered during chromosome condensation (127), but 
local accessibility to DNA sequences is generally maintained (148, 
149). In agreement, some TFs—for example, GATA1 (150) in erythroid 
cells, FOXA1 (151) in liver cells, or ESRRβ (152) and OCT4 (145) in 
mESCs—remain bound to a subset of their genomic regions on mitotic 
chromosomes. The binding of GATA1 and ESRRβ to condensed chro-
mosomes is associated to efficient activation of target genes upon 
mitosis exit (150, 152), and mitotic bookmarking by the pluripotent 
factor OCT4 facilitates maintenance of cell identity in mESCs (145). 
This supports that stable binding of TFs to target genomic regions 
during cell cycle transition can endorse transcriptional memory to 
proliferating cells. However, the distribution of the pluripotency 
TFs OCT4 and SOX2 on mitotic chromosomes can vary depending 
on the experimental conditions used, which probably reflects the 
difficulty of capturing dynamic interactions between TFs and mitotic 
chromatin (145, 148, 153–156). This new role of TFs as mitotic 
bookmarks might prompt the conclusion that TFs endorse epigenetic 
memory to the genome, however their mode of action should not be 
considered an epigenetic mechanism because (i) it is highly dependent 
on their sequence- specific binding, and (ii) they constitute at the same 
time the initial trigger that changes gene expression and the mechanism 
that facilitates its maintenance. Notwithstanding, the role of TFs and 
epigenetic regulators in mitotic bookmarking might be intermingled 
because deletion of PRC2, DNMTs, or SUV39H1/H2 in mESCs affects 
chromosome compaction during mitosis and indirectly alters the 

binding of bookmarking TFs to mitotic chromatin (138, 157). In 
consonance, a recent report indicates that core subunits of the chro-
matin remodeler SWI/SNF bookmark gene promoters on mitotic 
chromosomes and facilitate TF binding and gene activation of neural 
differentiation inhibitors upon mitosis exit in mESCs (155).

REACTIVATION OF GENE TRANSCRIPTION DURING MITOTIC EXIT
Following chromosome segregation, during telophase and early 
G1, cells need to restore their chromatin setup and gene expression 
level to facilitate housekeeping and cell type–specific cellular 
functions. The molecular events driving the restoration of gene 
expression programs are poorly understood (158). Pioneering 
studies measuring nascent RNA in nocodazole- induced mitotic 
arrest cells showed that there is a global transient hyperactivation 
of the genome at 80 to 120 min after prometaphase- arrested cells 
are released to progress through mitosis (143, 144, 159, 160). Tran-
scriptional reactivation does not occur homogeneously across the 
genome (143, 144, 159, 160). Enhancer recommissioning [mea-
sured as enhancers producing enhancer RNAs (eRNAs)] occurs at 
the same time of their putative targets, but enhancer- promoter 
interactions do not spike (143, 144, 159), suggesting that the initial 
transcriptional burst is not mediated by enhancer- promoter inter-
actions. Although there is a global loss of deacetylation of H3K27 
during mitosis, the genomic sites that retain higher levels of this 
mark are more prone to display a fast transcriptional reactivation 
(144, 160, 161), supporting the general principle that retention of 
particular histone PTMs on key genomic regions during mitosis is 
important for efficient recruitment of transcriptional machinery 
and restoration of gene expression programs. However, the possi-
bility that the postmitotic burst in gene reactivation is related to a 
general mechanism based on differential decondensation kinetics 
of different parts of the genome cannot be discarded. In agreement 
with this idea, in mESCs where chromatin is particularly dynamic 
and plastic (162), hyperactivation of the genome occurs faster 
(163) than in other cell types (143, 144, 159), and it does not show 
a delay between the activation of housekeeping and stem cell 
maintenance genes (160, 163). Moreover, a recent report using a 
drug- free approach in mESCs supports the possibility that the 
transient hyperactivation of the genome during mitosis exit might 
be an unphysiological consequence of nocodazole treatment (156). 
Thus, future studies will need to clarify the molecular underpins of 
post- mitotic gene reactivation as well as document the relevance 
of epigenetic marks such as DNA methylation, H3K9me3, and 
H3K27me3 in the restoration of gene expression programs.

TRANSCRIPTIONAL ACTIVATION OF LINEAGE SPECIFIER GENES 
IS REGULATED DURING CELL CYCLE TRANSITION IN STEM CELLS
Epigenetic memory is particularly relevant in the context of pro-
liferating stem cells because they need to maintain transcriptional 
memory but accommodate the possibility of circumventing the 
maintenance mechanism to allow changes in cell identity. Because 
epigenetic mechanisms in cis facilitate maintenance of gene expression 
programs and cell identity across cell duplications, perturbation of 
the chromatin landscape during DNA replication and chromosome 
condensation are usually proposed as potential windows of oppor-
tunities to initiate the transcriptional changes that lead to lineage 
transition (89, 147, 164, 165). In agreement, the response of cells to 
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differentiation signals is dependent on the phase of the cell cycle in 
which the cells reside in several tissues and organisms including 
yeast (166), amoebas (167), worms (168), flies (169) and mammals 
(170–172). The phase of the cell cycle that leads to more efficient cell 
differentiation varies in these biological systems, suggesting that 
there is not a unique universal mechanism of cell cycle–dependent 
regulation of cell differentiation.

In the case of mammalian ESC populations, cells in G1 are more 
prone to induce expression of developmental genes and effectively 
differentiate than cells in S and G2 phases (173–176). The higher 
tendency of cells in G1 to exit pluripotency depends on the combined 
action of several mechanisms (177), of which current studies suggest 
that the TF SMAD2/3 (175), TDG (178), and the chromatin proteins 
trithorax (179) and polycomb (124, 140) are key regulators. The 
repressive activity of PRC1 and PRC2 on lineage specifier genes is 
partially alleviated during the G1 phase (124, 140, 160). Concor-
dantly, cells in G1 phase accumulate higher levels of the transcrip-
tional activating mark H3K4me3 and its methyltransferase enzyme 
KMT2B at the promoter of lineage specifier genes (179, 180). This is 
associated to a higher level of transcriptional activation of PRC- 
repressed lineage specifier genes during the G1 phase (124, 160, 181) 
and increased cell differentiation propensity (140, 173–176). The pref-
erence of pluripotent cells to enter lineage transition during G1 
might also be favored by increased UTX- mediated H3K27me3 de-
methylation activity during S phase, facilitating the engagement of 
the newly G1- synthesized lineage specifier TFs on their target genes 
(182). Notwithstanding, stimulation of mESCs in G2- M with retinoic 
acid induces the activation of genes involved in extraembryonic de-
velopment instead of genes enabling the formation of the embryo 
(183), indicating that mESCs in G2 are still responsive to differentia-
tion signals to some extent, and further supporting that the phase of 
the cell cycle determines cell fate in pluripotent cells. Thus, together, 
current studies support that changes in chromatin occurring during 
mitosis lead to a transient destabilization of the epigenetic mecha-
nisms that ensure maintenance of cell type–specific transcriptional 
programs in the subsequent G1 phase of the cell cycle in pluripotent 
cells and that this creates a window of opportunity for efficient 
activation of the otherwise repressed master regulators of cell dif-
ferentiation.

THE EPIGENETIC MACHINERY CAN BE DIRECTLY REGULATED BY 
CELL CYCLE KINASES
Comprehension of the molecular basis of epigenetic memory will 
require deciphering how epigenetic factors self- perpetuate in coor-
dination with master regulators of cell cycle transition. The eukary-
otic cell cycle is governed by the activity of serine- threonine- protein 
kinases that orchestrated phosphorylation of hundreds of substrate 
proteins and regulate transition through S and mitosis phases (184). 
Therefore, a plausible scenario is that cell cycle kinases directly 
phosphorylate and modulate the function of chromatin factors to 
coordinate transmission of epigenetic memory. In agreement with 
this idea, the molecular machinery involved in methylation of DNA, 
H3K27, and H3K9 is phosphorylated in numerous residues, and 
many of these phosphosites are bioinformatically predicted [recog-
nition motif identified using kinase prediction tool (185) at www.
phosphosite.com] to be substrates of kinases that regulate cell cycle 
transition and mitosis progression [CDK1/2/4/6 (186), Aurora ki-
nases A/B/C (187), and PLK1/2/3 (188)] (Table  2). Experimental 

examination of the functional relevance of some of these residues 
confirms that they are substrates of different cell cycle kinases and 
that their phosphorylation affects their epigenetic function: DNA 
methylation (189–191), H3K27me3 (192–197), and H3K9me3 (198, 
199) (Table 2).

Pioneering studies analyzing the regulation of PRC2 showed that 
phosphorylation of T345 and T416 by CDK1/2 favors recruitment 
of PRC2 and maintenance of H3K27me3 levels at target loci (192, 
193, 200, 201). In contrast, CDK1- mediated phosphorylation of 
T487 disrupts interaction of the PRC2 catalytic subunit EZH2 with 
core proteins SUZ12 or EED, inhibiting PRC2 methyltransferase 
activity (194, 195). These studies support that binding of EZH2 to 
target genes might build up during cell cycle transition as CDK2- 
CyclinA and CDK1- CyclinB are activated during S and G2 phases, 
respectively. At later stages of the cell cycle when CDK2- CyclinA is 
no longer active, CDK1- CyclinB phosphorylates T487 and might 
promote disassembly of PRC2 complex during metaphase. In fitting 
with these observations, Polycomb repressive activity on lineage 
specifier genes is enhanced in G2 phase as compared to cells in G1 
phase in mESCs (124, 140). In the case of the DNA methylation and 
H3K9me3 systems, evidence linking cell cycle machinery and methyl-
ation of DNA or H3K9 is scarcer. It has been shown that the activity 
of DNMT1 (residue S154) (189) and DNMT3A (residues S386 and 
S389) (191) is regulated by phosphorylation through CDK1/2/5 and 
CK2, respectively. Likewise, SUV39H1 (residue S391) (198) and G9a 
(residue S211) (199) are phosphorylated by CDK2 or CK2, respectively, 
to modulate their recruitment to chromatin. Although these studies 
start to reveal a direct regulation of epigenetic factors by cell cycle 
kinases, they are probably just the tip of the iceberg, and future analyses 
will probably disclose that a solid cross- talk between cell cycle kinases 
and chromatin factors is an essential property of bona fide epigenetic 
regulators.

CONCLUDING REMARKS
Current studies indicate that transmission of epigenetic memory is 
more dynamic than originally anticipated. Methyl groups on DNA 
cytosines, H3K27, and H3K9 are deposited by functionally redundant 
systems (30, 41, 77), can be actively erased from the genome by spe-
cialized enzymes (74, 75), are restored upon genome duplication 
with mark and locus- specific kinetics (26, 107, 164), display cell cycle 
phase–specific genome- wide patterns of epigenetic regulators (124, 
140), and are directly phosphorylated and regulated by cell cycle 
kinases (189–199). Despite some of these findings require validation 
in a wider set of biological systems, current evidence supports that 
maintenance of the transcriptional program across cell duplication 
might not rely on a static presence of an unaltered epigenome during 
cell cycle transition. Instead, epigenetic memory seems to be encoded 
by an epigenetic cycle in which dynamic reversible activities carried 
out by epigenetic regulators are balanced and coordinated with cell 
cycle machinery (Fig.  3). Proliferating stem cells need to self- 
perpetuate their gene expression program and yet be able to change 
it during cell differentiation in response to developmental cues. The 
dynamic nature of the epigenetic cycle predicts a multiphasic system 
that is particularly well- suited to explain the biology of stem cells 
because it can easily accommodate both maintenance of cell identity 
and circumvention of self- renewal during windows of opportunity 
where epigenetic signals are temporarily weakened. For example, a 
partial alteration of the epigenome during mitosis might underlie 

D
ow

nloaded from
 https://w

w
w

.science.org on M
arch 08, 2024

http://www.phosphosite.com
http://www.phosphosite.com


Espinosa-Martínez et al., Sci. Adv. 10, eadl3188 (2024)     28 February 2024

S c i E n c E  A d v A n c E S  |  R E v i E w

9 of 17

Table 2. Regulation of epigenetic factors by cell cycle kinases. Table summarizing phosphoresidues on epigenetic regulators, putative regulating cell cycle 
kinases, and current functional validation studies. Phosphoresidues and putative cell cycle kinases were identified using the curated database www.
phosphosite.com. Only phosphosites that have been described in at least five mass spectrometry–based discovery studies and cell cycle serine- threonine 
kinases that were highly ranked (site percentile within top 6%) are shown.

System Protein Phosphorylated residues Putative cell cycle kinase Functionally validated Refs.

dnA methylation dnMT1 S127, S133, T137, S141, S143, S152, S154, 
S189, S192, S209, S288, S312, S394, S398, 

Y399, S714, S732, S954, Y969, S1105, 
Y1405

cdK1/2 (S127), cdK1/2/4/6 
(T137, S714, S954, S1105), 

cdK1 (S152, S154), 
AurA/B/c (S732), AurB/c 

(S141), Aurc (S143, S288), 
PLK1/2/3 (S394), cK2A1/2 

(S143, S394)

cdK1/2 (S154), cdK4 (S127, S954) (189, 190)

dnMT3A S105, S243, S255, T261, S377, S390 cdK1 (S105), cK2A1/2 
(S390)

cK2A1 (S390, S393) (191)

dnMT3B S51, S52, S53, S98, S100, S136, S202, T383 Aur A/B/c (S51, S52, T383) –

TET1 T30, T31, S871 PLK4 (S871) –

TET2 S38, S75, S99, S696, S1107, T1114, T1122 cdK2 (S1107), cdK2/6 
(S1114, T1122)

–

TET3 T441, S504, S801, T816 cdK1/2/6 (S801, S816) –

H3K27me1/2/3 EZH2 T339, T345, S362, S363, S366, T367, T369, 
S380, S412, T416, T487

cdK1/2/4/6 (T345), cdK2/4/6 
(T416), cdK4 (T367), cdK1 

(T487), AurB (S366), cK2A1/2 
(S380)

cdK1 (T345, T487), cdK2 (T345, 
T416)

(192–196)

EZH1 – – –

SUZ12 S541, S546, S583, S695, S726 PLK2 (S546, S726, S583), 
cK2A1/2 (S546, S583), 

PLK3(S583)

PLK1 (S539, S541, S546), cK2A1/2 
(S583)

(197, 227)

EEd S2, S34, T55 PLK3 (S34), cK2A1/2 (S2, 
S34)

–

RBBP4 S110, T144, S146, S355 PLK2 (S355) –

RBBP7 S3, S95, T143, S145, S354 PLK1/3 (S95), PLK2/3 (S354) –

AEBP2 S24, S139, S141, S167, S206, S210, S211, 
T242, S390

cdK1 (S24), AurA/B/c 
(S167, S206, S390), PLK1/3 

(S210), PLK2 (S211), 
cK2A1/2 (S211)

–

JARid2 S331, S455 cdK1/2/4/6 (S331, S455) –

EPOP – – –

LcOR S37, S42, S249 – –

PHF1 S20, S515, S522 cdK1 (S20), cdK1/4/6 
(S515)

–

MTF2 T24, S488 – –

PHF19 Y45 – –

KdM6A S769, S818, S829 – –

KdM6B S224, T637 cdK1 (S224) –

H3K9me1/2/3 SUv39H1 S391 cdK1/2/4/6 (S391) cdK1/2 (S391) (198)

SUv39H2 S381, S384, S388 cdK1/2/6 (S388) –

SETdB1 S1066 cdK1/2/4/6 (S1066) –

SETdB2 – – –

GLP/EHMT1 S435 – –

G9A/EHMT2 S40, T44, S118, S119, S121, S133, S140, 
S153, S173, S232, S237, S246, S350, S413, 

T555, S569

cdK1/2/4/6 (S119), 
AurA/B/c (S246), AurB/c 

(S133), PLK2 (S413)

cK2A1 (S211) (199)

JMJd1A S463, S264, S265, S325, S373, S445 AurA/B/c (S264), AurB/c 
(S265)

–

JMJd2 T155, S502, S523 cK2A1/2 (S523) –

H3 H3.1 S10, T11, S28, Y41, T45, S57, T58, T80, 
S86, Y99

AurB/c (S10, T11, S28) AurA/B/c (S10), AurB (S28) (228, 229)
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the increased differentiation tendency of pluripotent cells in the G1 
phase of the cell cycle (173–176). Although in this review we high-
light evidence that allowed us to propose a mechanistic model as to 
how methylation of DNA and histone H3 support transcriptional 
memory, other studies support that these chromatin modifications 
might not be essential to maintain transcriptional memory in some 
experimental systems (10, 24, 39, 40). This suggest that in addition 
to chromatin covalent modifications, different components (i.e., other 
chromatin modifications, chromatin- associated RNA, or proteins) 
of the epigenetic systems contribute to maintain transcriptional 
memory and that compensatory mechanisms linking different epi-
genetic systems probably exist.

FUTURE DIRECTIONS
The development and combination of high- throughput sequencing 
and genome editing techniques during the past two decades has 
facilitated the identification of many chromatin modifications and 
associated writer, eraser, and reader proteins that regulate gene 

expression in mammals (8, 202). However, which of these chromatin 
modifications are simply regulators of gene expression and which 
are bona fide epigenetic regulators of the genome that preserve tran-
scriptional memory across mitotic cell divisions is currently an open 
debate (29, 50). This gap in the knowledge is probably a consequence 
of the fact that most studies analyzing the epigenome use asynchro-
nously growing populations of cells, and this approach can only provide 
an averaged static view of a dynamic regulatory activity that takes place 
during cell cycle transition. Experimental setups that facilitate inter-
rogation of the function of chromatin factors during cell cycle transi-
tion have been recently developed (Table 3). These techniques will 
be essential to design experimental settings that allow us to carefully 
decipher how epigenetic regulators maintain cellular memory during 
mitotic cell duplication. For example, in addition to traditional 
drug- based protocols to enrich for cells in particular phases of the 
cell cycle [i.e. thymidine block (203) or nocodazole (204)], drug- free 
methods based on centrifugation (205) or fluorescence- based flow 
cytometry cell sorting (206) can be used to isolate cells in different 
phases of the cell cycle. These systems allow isolation of up to millions 

H3K27me3          Methylated CpG        Unmethylated CpG

- Leaky expression of lineage specifiers (124,176)
- Enhanced recruitment of MLL2 (179)G1

?

Cell cycle kinases
CDKs, AUR, PLKs

Methylases
DNMTs, SUV39H1/2, 

SETDB1/2, G9A/GLP, PRC2

Demethylases
TETs, JMJD1/2, 

KDM6A/B

DNAme, H3K9me3, H3K27me3

G1-cell differentiation (165)

G2

M S

- Maintenance or perturbation of genome-wide 
distribution? (97,136)
- Mitotic bookmarking?

- Dilution of epigenetic information (26,107,164)
- Replication-coupled DNA methylation (26)
- Histone recycling (107,164)

- Replication-uncoupled DNA methylation (26)
- Chromatin maturation: mark- and locus-specific (107,164)
- Enhanced recruitment of Polycomb to target genes (124,140)

- Restoration of transcription program (158)

Fig. 3. Model of transmission of epigenetic memory in pluripotent cells: The epigenetic cycle. Undifferentiated cell nuclei during cell cycle transition (G1, S, G2, and 
M phases) are represented as light blue circles, while differentiated cells are depicted in yellow. Blue bars inside the nuclei represent a chromatid in which a gene encoding 
for a lineage- specifier protein is highlighted in dark blue. Promoters are indicated by black lines. Methylated and unmethylated cpGs are represented as filled or empty 
lollipops, respectively. Red flags indicate H3K27me3.
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Table 3. Techniques to study epigenetic regulation during cell cycle transition. Table summarizing current methods to isolate cells in different phases of the 
cell cycle, study chromatin dynamics after dnA replication, or conditionally perturb epigenetic regulators.

Method Application Ref.

cell cycle phase isolation chemical agents

Mimosine Arrest cells in late G1 (230)

Thymidine Arrest cells in S phase (203)

Aphidicolin Arrest cells in early S phase (231)

Hydroxyurea Arrest cells in early S phase (232)

RO- 3306 Arrest cells in G2- M phase (233)

nocodazole Arrest cells in prometaphase.  
Usually combined with mitotic 

shake- off

(204)

colcemid Arrest cells in metaphase (234)

drug- free

Serum starvation Arrest cells at G0/G1 phase (235)

centrifugal elutriation centrifugation- based separation of 
asynchronous populations in G1, S, 

and G2 fractions

(205)

FUcci Fluorescence- based separation of 
asynchronous populations in G1, S, 

and G2 fractions

(206)

vybrant dyecycle Fluorescence- based separation of 
asynchronous populations in G1, S, 

and G2 fractions

(236)

S- phase chromatin dynamics dnA methylation

Repli- BS Measures dnA methylation  
on newly synthesized  

daughter strands

(97)

nasBS- seq Measures dnA methylation in a 
strand- specific fashion on newly 

synthesized dnA

(237)

Hammer- seq Measures the methylation  
status of both strands on newly 

synthesized dnA within the same 
molecule

(23)

idEMS Measures dnA modifications on 
metabolically labeled dnA by mass 

spectrometry

(139)

chromatin factors

ncc + tripleSiLAc Measures the composition of  
nascent chromatin on newly  

replicated dnA by mass  
spectrometry

(238)

chOR- seq Measures chromatin  
factor binding on nascent  

chromatin after dnA  
replication

(208)

ScAR- seq Measures chromatin  
factor binding on nascent chroma-
tin of sister chromatids after dnA 

replication

(208)

cRiSPR- biotinylation Tracks the parental nucleosome 
localization after dnA replication in a 

locus- specific manner

(117)

cUT&FLOw Measures chromatin  
factor binding by cUT & Tag  

in nuclei sorted in cell  
cycle fractions by flow  

cytometry

(141)

(continued)
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of cells, and thus, cell cycle–separated cells can be analyzed using 
standard genome- wide methods. Moreover, different setups have been 
developed to specifically study the dynamics of DNA methylation 
and chromatin factors upon genome duplication using cell populations 
[i.e., Hammer- seq (207), ChOR- seq (208), or CRISPR- biotinylation 
(117)]. Emerging live super- resolution imaging and multi- omics 
single- cell techniques provide complementary approaches to study 
the dynamics of chromatin during cell cycle transition (209, 210). 
These platforms can be used in the context of cell cycle phase–specific 
perturbation experiments because of the development of degron 
systems that permit rapid and reversible degradation of target pro-
teins in a cell cycle phase–specific way [i.e., AID (211), dTAG (212), 
or cyclin B (150)]. In addition, reversible perturbations in cell cycle–
sorted cells can also be studied using chemical inhibitors against 
epigenetic regulators [i.e., EZH2 (213), SUV39 (214), G9A/GLP (215), 
or DNMT1 (216)]. Because drastic changes in the amount of DNA 
and chromatin factor occur during cell cycle transition, the field 
would generally benefit from the establishment of standardized 
normalization methods that facilitate comparison of findings ob-
served across different studies. Overall, we envision that future studies 
combining these tools and addressing the function of epigenetic 
regulators at specific phases of the cell cycle will reveal key insights 
as to how mammalian cells perpetuate their gene expression pro-
gram and facilitate maintenance of cellular memory in mammals.
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