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Mitosis involves intricate steps, such as DNA condensation, nuclear membrane disas-
sembly, and phosphorylation cascades that temporarily halt gene transcription. Despite
this disruption, daughter cells remarkably retain the parent cell’s gene expression pattern,
allowing for efficient transcriptional memory after division. Early studies in mammalian
cells suggested that transcription factors (TFs) mark genes for swift reactivation, a phe-
nomenon termed ‘mitotic bookmarking’, but conflicting data emerged regarding TF pres-
ence on mitotic chromosomes. Recent advancements in live-cell imaging and fixation-
free genomics challenge the conventional belief in universal formaldehyde fixation, reveal-
ing dynamic TF interactions during mitosis. Here, we review recent studies that provide
examples of at least four modes of TF–DNA interaction during mitosis and the molecular
mechanisms that govern these interactions. Additionally, we explore the impact of these
interactions on transcription initiation post-mitosis. Taken together, these recent studies
call for a paradigm shift toward a dynamic model of TF behavior during mitosis, under-
scoring the need for incorporating dynamics in mechanistic models for re-establishing
transcription post-mitosis.Canadian Institutes for Health Research ProjectPJT-
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Introduction
Mitosis is a fundamental and highly regulated process in the life cycle of cells, ensuring the faithful
transmission of genetic information to subsequent cell generations. This process is highly disruptive to
the transcription of active genes as it inactivates the transcriptional machinery through phosphoryl-
ation cascades, condenses the DNA into mitotic chromosomes, and disassembles the nuclear mem-
brane for mitotic spindle assembly [1–3]. Yet, daughter cells maintain the identity of the parent cell
by reactivating the original pattern of gene expression after cell division. How is transcriptional
memory propagated across mitosis?
The discovery of specific cis-regulatory regions that remain accessible in condensed chromosomes

has led to the term coined ‘mitotic bookmarking’ (Figure 1A) [4]. It was hypothesized that these
accessible regions result from transcription factors (TFs) binding to condensed DNA to ‘mark’ genes
for swift reactivation in early G1 [4]. However, previous studies have observed that most TFs dissoci-
ate from mitotic chromosomes [5–7], leading to an apparent contradiction in the field of mitotic
bookmarking: how do chromosome regions maintain accessibility without TF binding? A few excep-
tions to the TF-exclusion rule were found [8–11], suggesting that a select few TFs can act as mitotic
bookmarkers (Figure 1B). However, several studies uncovered that formaldehyde fixation of mitotic
cells leads to the exclusion of TFs from mitotic chromosomes [12,13]. Subsequent studies further
showed that when examined under live-cell imaging, most TFs show varying degrees of enrichment
on mitotic chromosomes (Figure 1C) [11,12,14–17]. Furthermore, through methodologies that
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examine TF dynamics, these TF-mitotic interactions are found to be more dynamic than previously observed
[8,10,12,18], suggesting that TF dynamics may play an important role in reactivating transcription programs
following mitosis.
In this mini-review, we build on recent studies and literature reviews that discuss the current state of the field

of mitotic bookmarking by highlighting a shift toward a more dynamic system of TFs and their activity during
mitosis. This shift is enabled by dynamics-centered imaging technologies and fixation-free genomics.
Furthermore, we discuss at least four modes of interaction between TFs and mitotic DNA, ranging from exclusion
to site-specific binding, and their connection to TF dynamics. Additionally, we explore the molecular determi-
nants that govern TF dynamics on mitotic chromosomes. Lastly, we review recent studies on restarting transcrip-
tion following mitosis, and speculate how a dynamic model for TF interactions might facilitate this process.

Mitotic bookmarking: a historical perspective
Previous efforts at identifying TFs as potential mitotic bookmarkers primarily relied on visualizing TF localiza-
tion on mitotic chromosomes through antibody-based immunofluorescence (IF) [5–7], requires formaldehyde
fixation to ‘freeze’ all processes [19]. Many studies using IF showed that dozens of TFs are localized outside of
mitotic chromosomes [5,20,21], though antibody labeling could bias toward more ‘accessible’ epitopes on the
periphery of the chromosomes. A review from 2013 stated that out of thousands of DNA-binding proteins in
the mammalian genome, only 34 can bind to mitotic DNA, many of which are chromatin-interacting proteins
[22]. These studies led to the belief that most TFs are excluded from mitotic chromosomes, fueling the question
of how DNA-accessible regions are maintained in mitosis and how transcription is faithfully re-established.
Chromatin immunoprecipitation (ChIP) analysis has also been used to map protein binding across DNA,

providing locus-specificity that IF-based approaches lack. ChIP also commonly uses formaldehyde fixation to
freeze TF–DNA interactions [23]. Using this approach, studies have shown that most DNA-bound proteins
lose site-specific binding during mitosis, confirming IF-based studies. For example, RNA Polymerase II (Pol II)
has been shown to be localized away from mitotic chromosomes [24] and ChIP-PCR showed greatly decreased
signal for Pol II binding in mitosis compared with asynchronous cells at various gene loci [25]. These results
suggested that visual localization as measured by IF corresponded with DNA binding as measured by ChIP,
and that only a few select TFs could act as mitotic bookmarkers.
Interest in the mitotic bookmarking theory increased with the use of live-cell imaging of TFs fused with

fluorescent proteins (FPs) or fluorescently labeled tags. This approach led to the identification of several TFs as
highly enriched on mitotic chromosomes, including FOXA1, GATA1, Oct4, and Sox2 [12,14,15], and other
factors such as androgen receptor (AR) and Pregnane and Xenobiotic Receptor (PXR) [11,16,17]. In many
cases, however, enrichment on mitotic chromosomes as measured by live-cell imaging did not correspond well

Figure 1. Stages in the discovery of mitotic bookmarking.

(A) DNase I footprinting showing hypersensitive (accessible) sites on mitotic chromosomes provided the first indication of

potential mitotic bookmarkers, fueling the hunt for transcription factors (TFs) that bind to accessible regions on mitotic

chromosomes. (B) Certain cell-type specifying TFs were identified as exceptions to the rule of TF exclusion during mitosis,

implying that only specific TFs have the capability to function as mitotic bookmarkers. (C) Further investigations using live-cell

imaging revealed that the majority of transcription factors exhibit diverse levels of enrichment on mitotic chromosomes.
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with site-specific binding as measured through ChIP-based assays. For instance, live-cell imaging of FoxA1,
Sox2, and Oct4 indicated significant enrichment on mitotic chromosomes but ChIP-based assays revealed
unexpectedly low binding signals [10,26]. These studies led to the first branching in TF behavior during
mitosis — that TFs can ‘coat’ mitotic chromosomes, and/or bind site-specifically, and that these behaviors are
not always congruent.
More recently, several studies challenged the underlying assumption that formaldehyde fixation provides an

immediate and accurate snapshot, at least for the mitotic cell. In two independent studies, HNF1b-GFP and
Halo-Sox2 both colocalize with mitotic DNA, but become excluded after fixation with formaldehyde [12,27]. A
proposed model for this effect is that cross-linking starts as formaldehyde molecules enter the cell membrane
and follows an inherent rate that moves toward the center of the cell, forming a gradient of cross-linking. TFs
diffusing throughout the cytoplasm would be cross-linked first before TFs that are localized on mitotic chromo-
somes [12]. This model implies that (1) for TFs with koff rates faster than the kinetics of the formaldehyde
reaction, there is sufficient time to unbind DNA and be displaced during the fixation process, but (2) for TFs
with koff rates slower than the fixation kinetics, the DNA bound TFs would be fixed before they unbind. In
support of this model, TBP and CTCF have been shown to have koff rates of 1 min or longer and are able to be
fixed on mitotic chromosomes [12,28,29]. In contrast, Sox2 with a koff rate of ∼12 s exhibits formaldehyde-
based exclusion [12]. Previous studies showing that paralogous proteins cross-linking differently during mitosis,
for example, MLL1 cross-linked on mitotic chromosomes but not MLL2 [30], could be explained with this
kinetic model if one paralog has much more dynamic DNA interaction than the other.
For the field of mitotic bookmarking, challenging the universality of formaldehyde fixation is ground-

breaking. It brought to question all the previous data based on IF and ChIP assays. However, it also provided a
potential rationale for the discrepancy between live-cell imaging and ChIP-based results by hypothesizing that
TFs that are both enriched by live-cell imaging and binding site-specifically would exhibit more stable
DNA-binding dynamics, whereas those that show enrichment but not site-specific binding would have very fast
DNA-binding dynamics. It also led to a new appreciation for the role of dynamics in this process and for the
technologies that have enabled these discoveries.

Uncovering TF dynamics in mitosis
Imaging-based approaches such as fluorescence recovery after photobleaching (FRAP) are well suited in meas-
uring dynamic properties of TFs, which include diffusion rates of free molecules, the fraction of molecules
bound to DNA versus unbound, and DNA-binding kinetic properties such as kon and koff rates [31–34]. In
FRAP assays, an FP-tagged TF is bleached by a high-intensity laser beam to photobleach a defined region. The
recovery of fluorescence in the region is then recorded over time. The amount and rate of fluorescence recovery
are proportional to the fraction of immobile molecules (DNA-bound TFs) in that region and the dynamics of
diffusing molecules (free TFs) throughout the cell, respectively. FRAP analysis of TFs such as Esrrb-GFP,
GFP-FoxA1, and Halo-Sox2 in interphase cells suggested that each TF has inherent binding and diffusing
dynamics, and, importantly, most TFs revealed higher dynamics during mitosis compared with interphase cells.
For instance, FRAP recovery rates in mitosis vs interphase for GFP-FoxA1, Halo-Sox2, and Esrrb-GFP were
two-fold, five-fold, and four-fold faster, respectively [8,10,12]. These results illustrate that TF behavior during
mitosis is more nuanced than the ‘bound/enriched’ versus ‘excluded’ categories, and that the mitotic state likely
contributes to the increase in TF dynamics.
Recent innovations have enabled an unprecedented increase in temporal and spatial resolution well beyond

the diffraction limit, giving rise to various methods collectively known as ‘super-resolution’ microscopy [35].
One such technique that has been used to study TF dynamics is single-molecule localization microscopy
coupled with single particle tracking analysis (SMLM-SPT) [36,37]. In this assay, fluorescently labeled TFs are
localized individually and tracked over time, and varying image acquisition rates allow for kinetic measure-
ments of DNA bound and freely diffusing molecules. For instance, coupling sparse labeling with slow acquisi-
tion rates (2–5 Hz, slow tracking) leads to diffusing TFs to ‘blur’ out, while DNA-interacting TFs appear as
diffraction-limited spots whose length of time at one location is proportional to its residence time on DNA
[38]. Alternatively, imaging at much higher acquisition rates (100–200 Hz, fast tracking) allows tracking of TF
displacement pattern, and through mathematical modeling, the fraction of molecules bound versus freely diffus-
ing can be extracted, along with the associated diffusion rates [39]. These techniques have been used to
measure TF behavior during mitosis and confirm the increased dynamics in mitosis compared with interphase
cells. For example, studies using slow tracking showed that the residence time of Sox2, HSF1, and HSF2 in
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mitosis decreases by 40–50% compared with interphase [12,18]. Furthermore, studies using fast tracking
showed that the DNA-bound fraction of Sox2 decreases from 30% in interphase to ∼20% during mitosis [12].
Taken together, the increased dynamics of TFs during mitosis may appear to be a common phenomenon.
To identify genomic sites specifically occupied by TFs during mitosis, several approaches have been devel-

oped to circumvent the formaldehyde fixation artifact. One approach relies on a double cross-linking ChIP
assay, where cells are first cross-linked with disuccinimidyl glutarate (DSG) followed by formaldehyde [26]. It is
presently unclear how DSG overcomes the cross-linking artifact. One possibility is that it has a much faster
cross-linking kinetics than formaldehyde, though this remains to be tested. This approach has been used to
detect site-specific binding of Esrrb, Oct4, Nanog, MYC, and MAX in mitosis. For both Esrrb and MAX, the
number of bound sites is reduced in mitosis, representing 29.9% and 11.8%, respectively, of their interphase-
bound sites, whereas MYC, Oct4, and Nanog showed near complete loss of binding in mitosis [8,40]. Although
dual cross-linking allows the detection of site-specific binding in mitosis by some TFs, it remains to be deter-
mined how closely the dual cross-linking represents the native conditions of the mitotic cell.
An alternative approach avoids fixation altogether and instead uses enzymatic-based processing to query TF–

DNA-binding under native conditions. These methods include the newly developed Cleavage Under Targets
and Release Under the Nucleosome (CUT&RUN) and Cleavage Under Targets and Tagmentation (CUT&Tag)
assays [41,42]. In these assays, whole cells or nuclei are immobilized on magnetic beads and permeabilized to
allow for protein–DNA mapping using MNase (CUT&RUN) or Tn5 (CUT&Tag). CUT&RUN has been used
to map CTCF, Sox2, and Esrrb during mitosis [43,44], while CUT&Tag has been used for Sox2, HSF1, and
HSF2 [18]. In general, the number of TF-bound sites during mitosis is decreased compared with interphase
cells. It ranges from near complete loss of binding (CTCF) to 50–85% reduction in site-specific binding (HSF1,
Sox2, Esrrb) [43,44]. To date, the only exception is HSF2, where a modest increase of binding sites in mitosis
was observed [18]. Although these approaches do not use formaldehyde cross-linking, how well the native con-
ditions are preserved during the assay remains to be seen. Taken together, these studies show that current tech-
nologies are revealing much more nuance in TF–DNA interaction during mitosis than the simple bound versus
excluded dichotomy.

Modes of TF–DNA interaction during mitosis and their
molecular determinants
Applications of the above technologies have expanded our understanding of how TFs interact with mitotic
DNA along two axes: enrichment on chromosomes as measured by imaging (coating) and site-specific binding
as measured by genomics (binding). Combinations of these properties result in at least four distinct categories
(Figure 2). The first is the exclusion mode (group I), where the TF is neither coating nor binding. Examples of
TFs in group I include Sox13 and Nanog. A second mode is considered the classical bookmarking (group II),
where TFs are both coating and binding. Examples of TFs belonging to group II include Sox2, ESRRB, PXR,
and the vitamin D receptor (VDR) [45,46]. A third mode is characterized by coating but not binding (group
III). This rare mode of interaction has been observed for a mutant FoxA1, in which a mutation in the
DNA-binding domain leads to decreased site-specific binding but not coating. More recently, we have shown
examples of a fourth type of TF interaction with mitotic DNA (group IV) in which a TF binds but does not
coat. TFs in this category include HSF1 and HSF2.
What determines how a TF interacts with DNA during mitosis? The minimal components of a TF include a

structurally folded DNA-binding domain (DBD) that recognizes specific DNA sequences, and a trans-activating
domain (TAD) that enables protein–protein interactions for transcription activation [47]. From there, other
domains may be included, such as a nuclear localization signal (NLS), a nuclear exclusion signal (NES), dimer-
ization/trimerization regions, and ligand-binding domains [48,49]. The DBD plays a pivotal role in determining
TF behavior during mitosis. For instance, removal of the Sox2 DBD or mutations of the specific DNA-binding
residues completely abolishes its coating of mitotic DNA [12]. Furthermore, replacing the DBD of Sox13
(group I) with that of Sox2 (group II) causes the hybrid protein to exhibit coating behavior [18]. In some
cases, the DBD also allows for non-specific DNA binding of TFs through an affinity for the DNA backbone.
Mutations in FoxA1 that decrease its non-specific binding lead to decreased coating without affecting site-
specific binding, whereas mutations in FoxA1 DNA-binding residues lead to continued coating, presumably
through non-specific interactions, but loss of site-specific binding [10]. These studies provide extensive support
for the importance of the DBD in determining TF behavior during mitosis.
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How do other TF domains affect its behavior during mitosis? Previous studies showed that a functional NLS
is required for establishing interaction with mitotic DNA. For instance, mutations in the NLS of Sox2 abolished
its ability to coat mitotic DNA, and fusing a strong NLS to the non-DNA-binding HaloTag enabled coating
behavior [12]. However, the NLS was not always sufficient to confer coating behavior, since fusing a strong
NLS to HSF2, which does not coat chromatin during mitosis, did not result in coating behavior [18]. This
result suggested that, for some TFs, other regulatory domains determine their behavior during mitosis. For
instance, HSF2 has been shown to be one of the rare TFs that exhibit binding but not coating behavior (group
IV). In addition to a DBD, HSF2 contains domains for trimerization, regulation, and trans-activation [50,51].
The HSF2 DBD on its own showed coating and binding capabilities, but the addition of the trimerization
domain to the DBD led to the loss of coating [18], suggesting that the inherent capability of the HSF2 DBD to
coat mitotic chromosomes is counteracted by the trimerization domain. Therefore, although the behavior of
TFs during mitosis is primarily dictated by its DBD, other domains can influence, and sometimes completely
reverse, its behavior, which may have implications in how TFs promote transcription initiation after mitosis.

Transcription regulation in mitosis
Previous studies have established that transcription is greatly reduced during mitosis through the phosphoryl-
ation of general TFs and hyperphosphorylation of Pol II heptad repeats in the C-terminal domain [52,53].
However, recent studies are shedding new mechanistic insight into the role of chromatin and its structural reg-
ulators in mitotic transcription inhibition. During the onset of mitosis, chromatin undergoes massive reorgan-
ization, leading to the loss of chromatin loops and topologically associated domains that predominate
interphase chromatin organization [1,54]. Factors that contribute to organizing interphase chromatin, including
Topoisomerases, CTCF, and Cohesin, show altered behavior during mitosis, with Topoisomerases I and II
(TOP1 and 2) remaining integral to the structure of mitotic chromosomes [50], and overall loss of binding by
CTCF and Cohesin [44,55], though some studies have also shown CTCF binding at specific loci during mitosis
[56]. Intriguingly, the removal of Cohesin from mitotic chromosomes seems critical for Pol II eviction during
mitosis, as knockdown of the Cohesin removal factor WAPL led to the retention of transcriptionally engaged
Pol II on mitotic chromosomes [57]. Similarly, the activity of TOP1 is required for clearing Pol II from the

Figure 2. Four modes of TF-mitotic DNA interactions.

Combinations of two characteristic axes, mitotic chromosome coating, and site-specific binding, lead to at least four modes of

TF interactions. Group I: no binding and no coating; Group II: coating and binding; Group III: coating and no binding; and

Group IV: binding but no coating.
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chromosomes at the onset of mitosis, as loss of TOP1 results in the retention of Pol II on the DNA during
mitosis [58]. These results suggest that chromatin condensation is intricately connected to the overall transcrip-
tion repression during mitosis. More importantly, in both cases, retention of Pol II on mitotic chromosomes
caused delays in cell cycle progression and improper reactivation of transcription following mitosis, emphasiz-
ing the importance of clearing Pol II during mitosis.
That said, recent studies have also challenged the belief that transcription is repressed during mitosis.

Despite the phosphorylation cascade that inactivates the Pol II machinery, transcription occurs at centromeric
DNA during mitosis [59]. Furthermore, recent studies report that some transcription outside of centromeres
occurs during mitosis [60]. Using pulse-chase labeling with 5-ethynyluridine (5-EU) of newly transcribed
RNA, Palazola et al. showed that most genes (∼8000) exhibited 200-fold decreased 5-EU incorporation in
mitosis compared with interphase cells. In contrast, 484 genes showed 100-fold increase in 5-EU labeling in
mitosis, and these genes are enriched for those involved in extracellular structure. The magnitude and signifi-
cance of gene-specific transcription during mitosis remain to be further studied.
The first wave of transcriptional reactivation occurs before cytokinesis is even completed and the levels of

activity surpass those of interphase cells, suggesting a hyperactive transcription state following mitosis
[59,60,61,62] that could be influenced by TF-mitotic bookmarking [63]. Furthermore, the group of genes that
are first reactivated post-mitosis vary depending on cell type. For instance, in human hepatoma (HUH7) and
osteosarcoma (U2OS) cells, the first to be reactivated are ‘housekeeping genes’ involved in basic cellular func-
tions, while cell-type-specific genes are re-expressed at later time points [60,62]. However, in mouse embryonic
stem cells, pluripotency genes are re-expressed first along with housekeeping genes [63]. Why do stem cells not
follow hierarchical reactivation observed in different cell types? While more studies are needed, concurrent
expression of stem cell-specific and housekeeping genes is likely related to their short G1 phase that lacks a G1/S
checkpoint, and to their need for self-renewal capacity that is strictly dependent on pluripotency TFs [64–66].

Mechanisms of transcriptional memory and future
prospects
How do cells reactivate transcription after mitosis? From the onset of the mitotic bookmarking field, this ques-
tion has remained a challenge to address. The difficulty arises from the temporal nature of the phenomenon,
specifically, separating the function of TF activity during interphase versus mitosis. Fusion with mitosis-specific
or drug-inducible degrons has been employed to degrade TFs specifically during mitosis followed by transcrip-
tional analysis, including for sequence-specific TFs like Sox2 [14], OCT4 [67], GATA1 [9], GATA2 [68], for
nuclear receptors like ESRRB and NR5A2 [69], for the general TF TBP [28], and for the structural chromatin
regulator CTCF [55,70]. In some cases, mitosis-specific degradation led to altered transcription reactivation for
target genes [28,69] or deficient cell identity maintenance [14,67,68], but others had limited to no effects
[55,70], highlighting the importance of functional analyses of mitotic bookmarking. Another functional
approach has been the use of small molecule inhibitors. For example, the chromatin regulator BRD4, part of
the BET (Bromodomain and Extra-Terminal motif ) family of proteins, has been shown previously to bind
mitotic chromosomes extensively [71], but BRD4 displacement through small molecule inhibitors showed little
effect on transcription reactivation after mitosis [72]. These studies suggest that binding on mitotic chromo-
somes may not always equate with a functional role in maintaining transcriptional memory through mitosis.
Although our review has focused on the role of TFs in this process, chromatin also plays a major role.

Studies have shown that certain histone marks are largely retained during mitosis at the gene promoters and
enhancers, including most of H3 methylation [54,61,62] and acetylation [72]. For example, H3K9 acetylation
(H3K9Ac), a hallmark of active promoters, and H3K27 acetylation (H3K27Ac), a hallmark of active enhancers,
are retained at specific loci on mitotic chromosomes [67,73,74]. Importantly, loss of H3K27Ac during mitosis
caused by pharmacological inhibition of the p300/CBP acetyltransferase resulted in dysregulation of almost half
of the post-mitotic reactivated genes, with cell-type-specific genes being the most affected [62]. These results
suggest that histone PTMs play an important role in marking genes that are reactivated after cell division.
The discovery that the vast majority of TFs and other transcription regulators can interact with mitotic chro-

matin, and that these interactions are highly dynamic, begs the question of how these dynamic interactions
lead to gene reactivation. For certain TFs, a clear link between mitotic binding and gene reactivation has been
established. For instance, MAX binding during mitosis leads to recruitment of MYC immediately following
mitosis, allowing for rapid re-expression of target genes [40], and rapid degradation of Sox2 and Oct4 during
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mitosis impairs pluripotency maintenance [14,67]. Given that most TFs interact with mitotic chromosomes in
a variety of ways, it remains to be seen whether an overarching model for how TFs promote transcriptional
memory can be discerned. It is likely that each TF, with its own distinct properties, will have a specific contri-
bution that collectively leads to the complex pattern of gene reactivation that is unique to each cell type.
Importantly, as the field of mitotic bookmarking matures, a challenge presents itself in assessing the functional
effects of the different modes of TF bookmarking in terms of cellular memory. Such functional tests would also
need to consider the roles that protein and mRNA stability may play in this process. As new technologies
provide increased sensitivity, resolution, and precision in measuring TF binding and transcription reactivation,
we are well-positioned to more fully define the dynamic roles of TFs in promoting transcriptional memory fol-
lowing cell division.

Perspectives
• Transcriptional memory through mitosis is important for maintaining cell identity.

• TFs exhibit a dynamic mode of interacting with mitotic chromosomes.

• How dynamic TF interactions promote transcriptional memory remains to be determined.
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