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Abstract Restoring chromatin structure with high fidelity af-
ter mitosis is critical for cell survival. Transcriptional reacti-
vation of genes is the first step toward establishing identity of
the daughter cell. During mitosis, chromatin bookmarking
factors associated with specific chromatin regions ensure the
restoration of the original gene expression pattern in daughter
cells. Recent findings have provided new insights into the
mechanisms, regulation, and biological significance of gene
bookmarking in eukaryotes. In this review, we discuss how
epigenetic factors, such as poly(ADP-ribose) polymerase-1,
establish epigenetic memory in mitotic chromatin.

Keywords Cellular memory .Mitotic bookmarking .

PARP1 . Epigenetic factor . Transcription

Introduction

In order to function, cells regulate gene expression in a
temporospatial manner. This process depends on cell memory.
Since each cell division removes the imprint of transcription
factors from DNA, certain mechanisms must be in place to
initiate and direct the post-mitotic transcription reactivation in
the daughter cells at mitotic exit. This process is called mitotic
bookmarking.

During the mitotic stage of cell cycle, chromosomes are
separated into two identical sets in two cells. Both daughter
cells are genetically identical to the parent cell. During inter-
phase, transcription occurs at multiple loci. However, when a
cell enters mitosis, increased phosphorylation of histones
forces the majority of transcription factors to dissociate from
chromatin [1]. Chromatin condenses, thus preventing nuclear
transcription machinery from accessing DNA. Transcription is
shut off completely. All cellular functions progressing during
mitosis depend completely on the pre-existing messenger
RNAs (mRNAs) [2]. To record genomic sites required for
transcriptional activation after mitosis, specific histone modi-
fications and some transcription factors are retained inside
condensed chromatin, a phenomenon known as Bmitotic
bookmarking^ [3, 4] (Fig. 1). Genome-wide studies have
shown that these protein factors regulate the reactivation of
gene transcription throughout the genome [5••, 6••]. Mitotic-
specific knockdown and downregulation of these
bookmarking genes have demonstrated their essential role in
prompting transcription reactivation after mitosis is complet-
ed. In this review, we summarize recent progress in research
on mitotic bookmarking mechanisms and highlight our find-
ing that poly(ADP-ribose) polymerase 1 (PARP1) is an im-
portant factor for chromatin bookmarking [5••].

Mechanisms of Mitotic Bookmarking

Increasing phosphorylation of chromatin proteins at the begin-
ning of mitosis pushes transcription factors away from DNA
and leads to chromatin condensation [7–10]. The major force
driving chromatin condensation is phosphorylation of histone
H3 at Ser-10, Ser-28, and other sites [4]. Histone modification
causes most proteins, including RNA PolII, chromatin pro-
teins (HP1), and chromatin-remodeling proteins (BMI1), to
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dissociate from chromatin during the duration of mitosis [11].
However, despite its condensation, chromatin retains more
than 20 % of factors as functional memory machinery for
transcription bookmarking [11]. The two major mechanisms
for mitotic bookmarking involve marking chromatin by ex-
change of histone variants and histone modifications [3] and
retaining transcription factors asmitotic bookmarking proteins
on mitotic chromatin [4].

Chromatin Bookmarking by Histone Modifications
and Exchange

Histone modifications serve as landmarks to provide cellular
memory after cell division [4]. These histone marks facilitate
the recruitment of chromatin reader proteins, transcription fac-
tors, and other regulatory proteins during interphase [4]. Some
histone modifications, such as H3K4 methylation, H3K79
methylation, and H3 and/ H4 acetylation, are stably main-
tained on the parental nucleosomes throughout mitosis [12],
marking the proper positions of active chromatin during and
just after mitosis [4]. Selective repressive histone modifica-
tions such as H3 lysine 9 trimethylation (H3K9me3) and
H3K27 trimethylation (H3K27me3) [13•] can also be retained
throughout mitosis where they play an epigenetic role in keep-
ing target genes silent in the subsequent interphase.

The incorporation of histone variants and the control of
nucleosome positioning also provide mechanisms for mitotic
bookmarking. For example, a nucleosome containing lysine
4-methylated H3.3 histone variant appears to be required for
transcription activation at the MyoD promoter after mitosis
[14]. Nucleosome positioning preference during mitosis also
helps determine whether certain genes keep post-mitotic si-
lencing (GRP78 and WFS1 genes) or post-mitotic expression

(PLK1 gene) [15]. To silence gene expression in mitosis, nu-
cleosome at +1 position shifts downstream to mask the tran-
scription start site and returns to its initial spot after mitosis
[15]. It has been further shown that nucleosome containing
H2A.Z at the +1 position of active gene promoter shifts up-
stream to mark the transcription initiation site during mitosis
and rapidly reactivates GRP78 gene when mitosis is complet-
ed [15]. H3K4 trimethylation is also maintained at these pro-
moters during mitosis [15]. Little is known about how histone
exchange regulates post-mitotic chromatin dynamics and
chromatin accessibility to transcription initiation machinery.

Chromatin Bookmarking by Retaining
Transcription Factors

Multiple transcription factors have been identified as mitotic
bookmarks for epigenetic memory [3]. CTCF [16], PARP1
[5••], FoxA1 [6••], GATA1 [17••], p300 [18•], Brd4 [19],
TFIID [20], RUNX2 [21], Hsp70 [22], and TBP-PP2A [23]
have all been found to mark specific regions of mitotic chro-
matin. All these mitotic bookmarking proteins are capable of
transmitting transcription information to the daughter cells,
hence, are often dubbed as epigenetic factors. Acting either
alone or with other proteins, these factors are physically at-
tached to the tightly condensed mitotic chromatin for
bookmarking. While the majority of regulatory proteins are
forced out of the condensed chromatin, the physical presence
of epigenetic factors during mitosis marks the promoters of
different genes for rapid reactivation of transcription after
mitosis.

For many years, there has been a consensus that these tran-
scription factors have conserved functions. The RUNX2 pro-
tein remains associated with chromosomes during mitosis
through selective sequence-specific DNA binding [21].
RUNX2 was initially identified as a bone-specific nuclear
matrix protein that interacts with the osteocalcin promoter
[24, 25]. The family of RUNX proteins (RUNX1, RUNX2,
and RUNX3) is composed of lineage-specific transcription
factors essential for hematopoietic, neuronal, gastrointestinal,
and osteogenic cell fates. Increased evidence showing that
RUNX2 is retained at mitotic chromosomes reflects its epige-
netic function in bookmarking of target genes in different
cancer cells [26]. The FoxA1 protein was originally identified
as a pioneer transcription factor by initial binding to DNA
elements for transcription induction [27]. However, it was also
found that FoxA1 binds tomitotic chromatin, both specifically
and nonspecifically [6••]. In mitosis, FoxA1 is specifically
bound to the promoters of important live genes which have
very high expression in the interphase. In addition, the non-
specific binding of FoxA1 to the vicinity of other target genes
may contribute to increase chromtin mobility for reinitiation
of gene expression in the interphase. Both types of binding

Fig. 1 Epigenetic memory factors that maintain transcription-competent
state following mitotic exit. During mitosis, the extreme condensation of
chromatin excludes most regulatory proteins from the contact with DNA,
shutting off gene transcription. Epigenetic memory factors (green) are
responsible for marking mitotic chromatin so that proper transcriptional
patterns are restored precisely, without even the slightest deviation
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regulate genes responsible for liver differentiation in inter-
phase [6••]. It is well documented that the hematopoietic tran-
scription factor GATA1 is required to establish lineage-
specific expression during hematopoiesis [28]. A recent study
also showed that hematopoietic gene expression programs are
faithfully transferred through mitosis to the daughter cells by
GATA1 binding to mitotic chromatin [17••]. In contrast, two
other protein transcription coregulators, FOG1 and TAL1, dis-
sociate from chromatin upon mitosis entry [17••]. Upon enter-
ing interphase, mitotic GATA1 target genes were reactivated
more rapidly than those genes dissociated with GATA1 [17••],
suggesting that bookmarking facilitates rapid gene expression.
Together, these studies imply that different transcription fac-
tors bookmark different sets of genes for tissue- or
developmental-specific transcription regulation during cell
cycle.

Apart from transcription factors directly involved in the
bookmarking of specific genes, as described above, several
proteins related to transcription have been shown to bookmark
chromatin domains locally. For example, CTCF, an insulator
protein, contributes to three-dimensional organization of
Drosophila genome [29]. Recently, it was reported that
CTCF also partially maintains binding to different chromatin
domains during mitosis, suggesting that it may mark local
chromatin domains in order to reinitiate gene transcription
after mitosis [16]. Similarly, chromatin-remodeling complex
protein p300 forms a preinitiation complex with the transcrip-
tion factors TBP, RNA polII, Brd4, and Mediator, and it is
retained on Fos promoter and enhancer in mitotic chromatin
[18•]. After mitosis, p300 facilitates rapid reconstitution of
long-range chromatin interactions and enhances loading of
Brd4 [18•]. Brd4, a double bromodomain protein, plays a
significant role in regulating transcriptional elongation by
binding to and recruiting transcriptional elongation factors to
active genes [30]. It has been shown that Brd4 marks tran-
scriptionally activated genes just before a cell enters mitosis
and ensures their early expression after mitosis [19]. Wong et
al. found that this holds true for transcription activation of Fos
promoter because P300-deficient cells showed significant loss
of Brd4 [18•]. Future studies will elucidate how individual
transcription factors coordinate with chromatin-regulating
proteins, such as CTCF, to bookmark chromatin for transcrip-
tion activation.

PARP1: a Major Protein to Bookmark Mitotic
Chromatin

For 50 years, research on PARP1, which generates poly(ADP-
ribose) (PAR) polymer, has focused on DNA damage and
repair [31, 32]. However, recent findings have expanded the
functions of PARP1 to include the regulation of chromatin
structure [33], gene expression [34], and RNA processing

[35, 36], in a wide range of biological contexts, such as repro-
duction [37, 38], development [39], aging [40], stem cells [39,
41], inflammation [42], metabolism [43], and cancer [44].
PARP1 also acts as an epigenetic factor for mitotic
bookmarking [5••]. In mitotic synchronized cell division,
PARP1 is associated with chromatin and binds to specific
genes in different pathways including cell adhesion, intercel-
lular interaction, receptor-mediated signaling, and protein se-
cretion [5••]. For example, through ChIP-seq it has been
established that PARP1 binds to the promoter of genes in
mitosis and colocalizes with nucleosomes containing H2A.Z
and H2A.X histone variants [5••]. ChIP-seq for histone, the
variants H2Ax and/or H2A.Z will help establishing global
interaction of PARP1 with H2A.X or H2A.Z.

Information also flows from chromatin to PARP1. PARP1
can function as the transcription repressor or activator, de-
pending on its enzymatic activity [34]. On the one hand, en-
zymatically silent PARP1 binds to the nucleosomes to in-
crease chromatin condensation for transcription inhibition
[34]. On the other hand, nucleosomes also contain histone
variants which can stimulate PARP1 enzymatic activity in
chromatin, leading to further modification of histones and
chromatin decondensation for transcription activation [33].
In Drosophila, JIL1-phosphorylated H2Av activates PARP1
enzymatically which poly(ADP-ribosyl)ates histone proteins.
This, in turn, decondenses chromatin for transcription activa-
tion of PARP1-dependent genes [45]. Comparison of RNA-
seq data of interphase cells [46] with PARP1 ChIP-seq data
[5••] revealed that interphase-specific PARP1 binding corre-
lates with gene silencing. This observation fits a model in
which PARP1 protein binding to promoters memorizes the
site for gene expression, while transcription activation de-
pends on PARP1 enzymatic activity in the interphase (Fig. 2).

In addition, it has been found that there exists biasedness of
PARP1 binding during mitosis [5••]. In malignant cells,
PARP1 binds to the majority of tumor suppressor genes
(RB1, APC, MLH1, MBD2, NF1, SMAD2, NFKB1,
FOXP1, AR, and EZH2) during interphase, while in mitosis,
it binds to proto-oncogenes (PDGFRB, EGFR/HER1,
ERBB2/HER2, c-Src/CSK, SYK, Bruton’s tyrosine kinase,
Abl2, MAP3K13, CDK18, and c-Myc) [5••]. These results
suggest that expression of proto-oncogenes is PARP1-
dependent after mitosis and that interphase-specific PARP1
binding silences tumor suppressor genes in interphase cells.
This new finding further expands the new function of PARP1
to cancer research and raises the possibility of a paradigm shift
relative to the effect of PARP1 on cancer cells, as very differ-
ent from its role in DNA repair.

Another interesting finding was that PARP1 specifically
bookmarks genes determined by NFATC2 protein during mi-
tosis [5••]. NFATC2, a transcriptional factor, can regulate gene
expression during oncogenic transformation [47]. Notably,
approximately 65 % of all sites of PARP1 localization in
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mitosis and interphase are proximal to NFATC2 [5••]. Similar
to PARP1, NFATC2 remains associated with mitotic chroma-
tin [5••]. However, whether post-mitotic transcription initia-
tion depends on NFATC2 is unclear. Therefore, genome-wide
transcriptome studies in NFATC2 depleted cells are needed to
establish its role in post-mitotic transcription initiation.

In summary, the action mechanism of PARP1 as a
bookmarking factor is very different from that of other report-
ed factors. First, it marks the genomic sites that need to be
rapidly reactivated immediately after mitosis. Secondly, in the
interphase, activated PARP1 PARylates itself and other chro-
matin factors, causing them dissociated with chromatin. This
action opens chromatin to allow transcription machinery to
access DNA (Fig. 2).

Perspectives

Recent research onmitotic bookmarking has demonstrated the
importance of precise activation of genes for cell identity and
survival after mitosis. Despite the growing list of
bookmarking factors and their functions, our current under-
standing remains minimal. It remains unclear how mitotic
bookmarking factors recognize the appropriate chromatin re-
gions in whole genome. Second, all reported studies suggest
that bookmarking factors target genes for their rapid post-
mitotic activation; yet, it is not fully understood how the non-
specific binding of these factors to chromatin contributes to

gene reactivation. Third, we should investigate the three-
dimensional interaction between bookmarking proteins and
chromatin or genes during mitosis to determine the implica-
tions of these interactions in post-mitotic gene reactivation.
Fourth, if such proteins control post-mitotic transcription re-
activation of long-distance genes, the underlying mechanism
should be investigated. Finally, further studies are needed to
determine whether manipulation of transcription reactivation
of bookmarked pathology-related genes has clinical
relevance.

In our study, we observed that PARP1 bookmarks cell
identity genes involved in cell niche interactions, metabolic
and developmental pathways, cell adhesion, communication,
proliferation and apoptosis and tumorigenic genes, including
proto-oncogenes and tumor suppressor genes. We propose the
manipulation of post-mitotic transcription activation of proto-
oncogenes and tumor suppressor genes to control the growth
of cancerous cells by compromising PARP1 bookmarking
using PARP1 inhibitors. In addition, it will be interesting to
examine how the cell coordinates PARP1 action with other
bookmarking factors such as histone modifications for mitotic
bookmarking. It has been shown that PARP1 can inhibit ac-
tivity of the histone demethylase KDM5B through poly(ADP-
ribosyl)ation to maintain H3K4me3 status of many PARP1-
dependent genes in MCF-7 cells [48]. Thus, it is possible that
PARP1 may also facilitate maintaining specific histone mod-
ifications of the target gene prompters for bookmarking
through interaction with the histone-modifying enzymes

Fig. 2 Model showing how
PARP1 serves as an epigenetic
memory factor to facilitate
post-mitotic transcription. PARP1
remains bound to chromatin
during mitosis, but facilitates
transcription after mitosis by
poly(ADP-ribosyl)ating
chromatin, effectively opening it.
Upon depletion or inhibition of
PARP1, chromatin remains
condensed after mitosis, thereby
blocking or delaying
transcriptional restart. The charts
at the bottom illustrate RNA
transcripts accumulation rate
typical for PARP1-dependent and
PARP1-independent
transcription, respectively
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duringmitosis. Recent studies have suggested that non-coding
RNAs (ncRNAs) are also involved in epigenetic regulation of
gene expression [49]. Indeed, PARP1 can modulate ncRNA-
mediated pathways such as microRNA-dependent translation
repression [50] and production of heat shock-induced long
non-coding RNA (hnrω-n) [35]. Therefore, further studies
should be pursued to explore if the interplay between
PARP1 and ncRNAs plays any significant role in mitotic
bookmarking.

In addition to bookmarking, we might want to examine
whether other mechanisms control post-mitotic transcriptional
reactivation such as the recent finding that cohesin marks the
condensed chromatin [51]. In addition, it has been established
that the surrounding environment makes heritable epigenetic
changes in response to the external or internal environment
[52]. For example, cancer cell density, cell contact, and stress
level increased after each mitotic division, eventually leading
to changes in the internal or external environment. Thus, it
would be interesting to know whether environmental changes
affect mitotic bookmarking.
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