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Abstract

While chromatin characteristics in interphase are widely studied, characteristics of mitotic 

chromatin and their inheritance through mitosis are still poorly understood. During mitosis 

chromatin undergoes dramatic changes: Transcription stalls, chromatin binding factors leave the 

chromatin, histone modifications change and chromatin becomes highly condensed. Many key 

insights into mitotic chromosome state and conformation have come from extensive microscopy 

studies over the last century. Over the last decade the development of 3C-based techniques has 

enabled the study of higher order chromosome organization during mitosis in a genome-wide 

manner. During mitosis chromosomes lose their cell type specific and locus-dependent chromatin 

organization that characterizes interphase chromatin and fold into randomly positioned loop 

arrays. Upon exit of mitosis cells are capable of quickly rearranging the chromosome 

conformation to form the cell type specific interphase organization again. The information that 

enables this rearrangement after mitotic exit is thought to be encoded at least in part in mitotic 

bookmarks, e.g. histone modifications and variants, histone remodelers, chromatin factors and 

non-coding RNA. Here we give an overview of the chromosomal organization and epigenetic 

characteristics of the interphase and mitotic chromatin in vertebrates. Second, we describe 

different ways in which mitotic bookmarking enables epigenetic memory of the features of the 

interphase chromatin through mitosis. And third, we explore the role of epigenetic modifications 

and mitotic bookmarking in cell differentiation.
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Introduction

A major question in cell biology is how cell type identity is maintained through mitosis. 

Imaging studies have been instrumental in studying mitotic chromosomes in live cells and 

after purification. These pioneering studies, mostly by the Laemmli group, led to 

fundamental insights into the architecture of mitotic chromosomes (Earnshaw & Laemmli, 

1983; Maeshima & Laemmli, 2003; Marsden & Laemmli, 1979). More recently, high-

throughput genomic methods have been used to gain deeper and more detailed insights into 

the folding of chromatin inside mitotic chromosomes and the local characteristics of the 

chromatin fiber such the presence of open sites, patterns of histone modifications and the 

binding of other factors (Hsiung et al., 2015; Hsiung et al., 2016; Naumova et al., 2013).

Decades of genetic and epigenetic studies have revealed many features of chromosome 

structure and how these could be involved in transcriptional control in the interphase cell. 

Over the last decade emerging high-throughput sequencing techniques like chromosome 

conformation capture (3C) based techniques, assays for transposase-accessible chromatin 

using sequencing (ATAC-seq), DamID and chromatin immunoprecipitation sequencing 

(ChIP-seq) enable the study of chromosome conformation, nuclear organization, chromatin 

state, its function and its regulators (Buenrostro, Giresi, Zaba, Chang, & Greenleaf, 2013; 

Dekker, Rippe, Dekker, & Kleckner, 2002; Lieberman-Aiden et al., 2009; Orlando, 2000; 

van Steensel, Delrow, & Henikoff, 2001). Large-scale consortia like the Encode project and 

NIH epigenome roadmap provide comprehensive overviews of cell type specific profiles of 

histone modifications, nuclear organization and DNA binding factors in non-synchronous, 

mostly interphase, cells (The ENCODE Project Consortium, 2012; Consortium Roadmap 

Epigenomics et al., 2015). These cell type specific features establish regulatory control of 

the genome and its effects on the phenotype of a cell. However, the characteristics of 

vertebrate chromatin change dramatically during mitosis. Chromosome conformation 

transforms from a cell type specific to a universal condensed organization, many chromatin 

factors and the transcription machinery are thought to no longer bind to the DNA, nuclear 

envelope and therefore lamina interactions disintegrate and new histone modifications 

specific for mitosis are deposited. After mitosis, chromatin returns to its uncondensed cell 

type specific shape, chromatin factors are bound again, the nuclear envelope and lamina 

interactions are restored and the histone modification pattern specific for interphase is 

reestablished (Hsiung et al., 2015; Martinez-Balbas, Dey, Rabindran, Ozato, & Wu, 1995; 

Naumova et al., 2013; Prescott & Bender, 1962). However, for many of these changes in the 

vertebrate mitotic chromatin it is unknown how, with which function and in which order 

they occur and how the interphase chromatin state is re-formed upon mitotic exit.

Mitosis has been an area of interest for over a century since condensation of chromosomes 

was first observed by microscopy. For many decades the main focus was the study of the 

mitotic chromatin through different microscopy techniques like FISH and 

immunofluorescence to localize chromatin proteins (Levsky & Singer, 2003). Because of the 

clear morphological features of mitotic cells, it is relatively easy to single out cells for study 

using microscopy. A downside of studies using these techniques is the limitations of the 

scale of the experiment, since it is not possible to do genome-wide experiments (probing the 
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position of all loci) using microscopy. The development of high-throughput sequencing 

techniques have opened new ways to study mitotic chromosomes. These methods enable 

genome-wide detection of chromatin state, and the mapping of chromatin structure to 

specific sequences. However, these methods have their own set of limitations. Most 

particularly, these methods do not analyze single cells, but determine population-averaged 

features. For this, they typically require large numbers of cells, which means that for cell 

cycle studies one has to carefully synchronize large cell cultures in the cell cycle phase of 

interest (Banfalvi, 2011; Vassilev, 2006; Vassilev et al., 2006; Xeros, 1962). When doing 

such population based studies, one needs to obtain samples of a homogenous population. 

Although synchronization protocols have been optimized over the years, it is good to keep in 

mind that it remains difficult to obtain a fully synchronized population and that 

heterogeneity in the population can be the cause of inconsistencies between different studies 

and contamination with unsynchronized cells can reduce the quality of the obtained data.

Here we review and discuss chromosome conformation in interphase and mitosis and 

explore how epigenetic information can be contained within the local and global 

organization of chromatin. While we focus on vertebrate chromosomes, there is wealth of 

data on these phenomena in plants as well. We refer the reader to several key publications 

for those studies (Eichten, Schmitz, & Springer, 2014; Saze, 2008; Weimer, Demidov, 

Lermontova, Beeckman, & Van Damme, 2016).

Chromatin folding in Interphase and Metaphase

The fact that chromosomes do not simply consist of floating linear strands of DNA has been 

known since their discovery. In fact, chromosomes were first observed because of their 

dramatic condensation during mitosis, which allowed their visualization by microscopes of 

that time, described by Walther Flemming in the late 1800s (Flemming, 1882; Paweletz, 

2001). For decades chromosomes and chromatin were studied by microscopy and techniques 

like X-ray crystallography. In the era of molecular biology and the development of 

sequencing, the research focus shifted towards unraveling the human genome by sequence 

and the concept of chromosome structure and conformation became less studied. However, it 

is clear other factors beyond DNA sequence contain instructions for the cell. The structural 

and physical organization of chromosomes inside the nucleus is an important carrier of 

information, which is important in many processes such as gene expression regulation and is 

in part specific for cell type identity (Bickmore & Van Steensel, 2013; Dekker, Marti-

Renom, & Mirny, 2013; Dekker & Mirny, 2016).

Eukaryotic chromatin is organized on different levels which are represented in figure 2a as 

cartoons and as observations of these organization levels in Hi-C heatmaps of interphase 

HeLa cells represented in figure 2b (previously published data in a study by Naumova et al 

(Naumova et al., 2013)). As interphase chromosomes are too large to freely diffuse inside 

the nucleus, they occupy their own territories (figure 2a–b, first panel). These individual 

chromosome territories were already observed in the 1990s and have been confirmed with 

microscopy and chromosome conformation capture techniques (Cremer et al., 1993; 

Lieberman-Aiden et al., 2009). Chromosomes can interact with neighboring chromosomal 

territories by looping part of one chromosome into another chromosome territory (Branco & 
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Pombo, 2006). As a result of chromosome territories interchromosomal interactions are 

much less frequent than interactions between loci located on the same chromosome. The 

organization of chromosome territories within the nucleus is highly conserved between cell 

types and even across species (Tanabe et al., 2002).

The next layer of interphase chromosomal conformation is the organization in distinct sub-

nuclear compartments where active and inactive regions, both from the same chromosome 

and occasionally from different chromosomes, cluster together (figure 2a–b, second panel) 

(Lieberman-Aiden et al., 2009; Wang et al., 2016). These regions are categorized as A or B 

compartments; A compartments are described as sub-nuclear neighborhoods of active and 

transcribed loci and B compartments mostly contain inactive regions. The 

compartmentalization correlates with other well-studied characteristics of the chromatin, 

such as gene expression, genome accessibility and histone marks: A-compartments are 

highly correlated with open, active, euchromatic regions and B compartments mostly contain 

loci of closed, inactive, heterochromatin regions. The organization in compartments leads to 

spatial separation of active loci from inactive loci, preventing interactions between active 

and inactive regions which may help prevent heterochromatin spreading. 

Compartmentalization is cell type specific (Lieberman-Aiden et al., 2009; Rao et al., 2014), 

likely because gene expression and chromatin modifications are cell type specific. Some 

studies show that the organization in active and inactive compartments is correlated with an 

increased concentration of factors involved in the regulation of these regions. An example of 

such an enrichment can be found in so-called transcription factories; a concept introduced by 

Iborra et al (Iborra, Pombo, Jackson, & Cook, 1996). Transcription factories are regions in 

the nucleus, where active genes and the transcription machinery are concentrated. This 

mechanism of enrichment would fit with an organization into A compartments. However, it 

is still to be determined whether compartmentalization in A and B compartments is cause or 

consequence of these proposed mechanisms.

The third layer of chromosomal organization in interphase is the organization of DNA into 

topologically associated domains, TADs (figure 2a and b, third panel) (Dixon et al., 2012; 

Nora et al., 2012). TADs are defined as contiguous genomic regions, typically several 

hundred kilobases in size that show elevated levels of self-interactions. TADs are separated 

from each other by boundaries that prevent interactions between loci located in adjacent 

TADs (Fudenberg et al., 2016; Giorgetti et al., 2014; Sanborn et al., 2015). TAD boundaries 

are enriched for certain protein binding sites. It is still under debate which proteins are 

involved in defining TAD boundaries and which genetic features define a TAD region, 

however some characteristics of TAD boundaries are well described, such as the CTCF 

binding motif (Dixon et al., 2012). These motifs are bound by structure-mediating proteins 

like CTCF and cohesin, which can act as an insulator between TADs (Phillips-Cremins & 

Corces, 2013; Rao et al., 2014; Tang et al., 2015; Wit et al., 2015; Zuin et al., 2014). Since 

CTCF binding motifs are genetically defined, TAD boundaries are regarded as universal 

features of all cell types (Dixon et al., 2012). Cell-type invariant TADs that can be located 

far apart on the same chromosome or on different chromosomes cluster together forming the 

cell type-specific A- and B-type compartments described above, depending on their 

chromatin and expression state in a given cell type. Therefore TADs have been proposed to 

be basic building blocks of chromosome and nuclear organization (Gibcus & Dekker, 2013).
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At the scale of up to tens of Kb, chromatin interactions are organized in DNA loops (figure 

2a–b fourth panel). Looping between two loci on a 10 to 100 kb scale, enables direct 

interaction between for example an enhancer and a promoter (Doyle, Fudenberg, Imakaev, & 

Mirny, 2014; Rao et al., 2014; Sanyal, Lajoie, Jain, & Dekker, 2012, Tang et al., 2015). 

Many looping interactions appear to occur between loci located within the same TAD or 

insulated domain (Hnisz et al., 2016; Jin et al., 2015; Smith, Lajoie, Jain, & Dekker, 2016). 

Even though TAD organization is often conserved among cell types, looping interactions can 

be cell type specific, but do rarely seem to cross TAD boundaries (Smith, Lajoie, Jain, & 

Dekker, 2016). The presence of a looping interaction can alter gene expression in a cell type 

specific manner by bringing promoters in close proximity to promoters (Deng et al., 2014; 

Sanyal et al., 2012; Tolhuis, Palstra, Splinter, Grosveld, & De Laat, 2002; Vernimmen, De 

Gobbi, Sloane-Stanley, Wood, & Higgs, 2007). Looping interactions have been suggested to 

function as a fine-tuning mechanism of (transcriptional) regulation. It has been shown for 

several diseases, like cancer and polydactyly, how alteration in looping interactions is 

associated with the disease phenotype (Hnisz et al., 2016; Lupianez et al., 2015; Zhao et al., 

2009). To summarize, interphase chromatin architecture is established by clustering of sets 

of TADs into cell type specific A and B compartments. The cell type specific regulation of a 

certain locus within a TAD is then enabled by forming loops of for example regulating loci 

with an effector locus.

This partly cell type specific conformation of interphase chromosomes changes dramatically 

during mitosis. Observations using microscopy techniques already proved the dramatic 

changes many decades ago. The distribution of the DNA in the nucleus changes from 

amorphous territories to elongated rode shaped structures, with the characteristic banding 

pattern upon staining (Speicher & Carter, 2005; Uchida & Lin, 1971). It was shown that 

these mitotic bands along the chromosomes are the same between different cell types (Craig 

& Bickmore, 1993). Both the dramatic change in shape and the cell type indifferent band 

patterns already suggested loss of the higher organization in compartments and TADs known 

for interphase chromosomes, as the rod shape and the individualization of the chromosomes 

do not allow for interaction within and between compartments. Using 5C and Hi-C-

techniques Naumova et al. observed these dramatic changes in a genome wide manner, 

represented in figure 2c. Clearly, cells are capable of reestablishing the same chromosomal 

organization in early G1 phase as was present before mitosis (Naumova et al., 2013). A 

recent study of Hsuing et al measured enhancer promoter interactions in interphase and 

mitosis using Capture-C, a technique to capture interactions anchored at hundreds of loci at 

the same time (C. Hsiung et al., 2016; Hughes et al., 2014). For the promoter enhancer pairs 

measured in this study, it was found that they are specific to interphase, and show to have 

largely reduced interaction frequencies in mitotic cells. This suggests that chromosomal 

organization in loops between functional elements is also impaired in mitosis, and that these 

interactions must be re-established in the next G1 phase.

Folding of the mitotic chromosome

Although the folding characteristics of interphase chromatin appear almost completely lost 

during mitosis, this does not mean mitotic chromatin has no higher order organization. The 

mitotic chromosome of vertebrates condenses 2–3 times in volume compared to interphase 
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(Vagnarelli, 2012). The prevailing model for mitotic chromosome architecture that is 

supported by pioneering microscopy studies by Laemmli and co-workers, more recent 5C 

and Hi-C analyses and polymer modeling is that chromosomes fold as longitudinally 

compressed arrays or stochastically positioned consecutive chromatin loops (Earnshaw & 

Laemmli, 1983; Naumova et al., 2013). Furthermore, during the condensation process, sister 

chromatids are separated and individualized during pro- and prometaphase to accommodate 

proper division over the two new daughter cells (Liang et al., 2015; Llères, James, Swift, 

Norman, & Lamond, 2009; Nagasaka, Hossain, Roberti, Ellenberg, & Hirota, 2016).

The main machineries that drive mitotic chromosome morphogenesis are condensin 

complexes, including condensin I and II (Hirano & Mitchison, 1994; Kimura & Hirano, 

1997; Ono et al., 2003). It was found that depletion of subunits of the condensin complexes 

delays the condensation process and progression of mitosis (Ono et al., 2003; T Hirota, 

Gerlich, Koch, Ellenberg, & Peters, 2004). Although the exact working mechanism is not yet 

completely understood, the prevailing model is that condensin functions as a ring-like 

structure that keeps two strands of DNA from the same chromosome together (Cuylen, 

Metz, Hruby, & Haering, 2013). Condensins are abundant chromosomal protein complexes 

that are located along the central axis of the mitotic chromosome, consistent with its 

proposed role to organize the chromosome as a long array of chromatin loops. Whereas 

condensin II is present in the nucleus throughout the cell cycle and mainly exerts its mitotic 

function in prophase, condensin I mostly gains access to the chromatin upon nuclear 

envelope breakdown in prometaphase (Hirota et al., 2004).

A model introduced by Nasmyth proposes that protein complexes like condensins are 

capable of forming loops that progressively become larger until further progression is 

blocked by other chromatin bound factors (e.g. other condensins) (Nasmyth, 2003). This 

idea is further elaborated in loop extrusion models, proposed in earlier form by Arthur Riggs 

over 25 years ago (Riggs, 1990), and recently developed to describe chromatin interaction 

data obtained with Hi-C (Dekker, 2014; Fudenberg et al., 2016; Goloborodko, Imakaev, 

Marko, & Mirny, 2016; Sanborn et al., 2015). Computational modeling and experimental 

studies applied extrusion models for understanding formation of interphase chromatin 

domains (Alipour & Marko, 2012; Dekker and Mirny, 2016; Fudenberg et al., 2016; Sanborn 

et al., 2015; Yang Zhang, Isbaner, & Heermann, 2013). Naumova et al. proposed that a loop 

extrusion process could lead to formation of the mitotic chromatin loop array (Naumova et 

al., 2013). One of the most recent studies directly tested the loop extrusion model for mitotic 

chromosome formation (Goloborodko, Imakaev, Marko, & Mirny, 2016). During the mitotic 

condensation process condensin complexes concentrate onto the chromatid axis and as 

interphase-specific boundary elements like CTCF dissociate from the mitotic chromatin, 

loop extrusion can occur unimpeded, which causes the DNA to progressively condense. 

Using this model, Goloborodko et al were able to computationally predict the condensation 

process into prophase-like chromosomes that show the same characteristics as was observed 

in experimental studies (Earnshaw & Laemmli, 1983; Naumova et al., 2013). Loop-

extrusion leads to arrays of stochastically positioned consecutive loops. General chromatin 

attraction leads to further loop condensation and stacking of loops on top of each other. The 

physical characteristics of DNA predict steric repulsion between loops which results in a 

bottle-brush like organization of the DNA with loops arranged as rosettes around a more 
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centrally located axis of loop bases, represented in figure 2d. This is a structure very 

reminiscent of the radial loop model for mitotic chromosomes proposed many years ago by 

Laemmli and co-workers (Earnshaw & Laemmli, 1983; Rattner & Lin, 1985). This loop 

repulsion also mediates separation of the sister chromatids after disentanglement is 

established, which will be described later in this section. Although the loop extrusion model 

can explain many features of the condensing chromatin, it does not explain the higher order 

rod-like organization chromosomes in mitosis. The forces involved in the loop-extrusion 

model would cause a complete condensation and collapse of the DNA into a ball shape, 

caused by the chromosomes sticking to each other, if there would not be an external agent 

that functions as a surfactant coating the mitotic chromosomes to prevent multiple mitotic 

chromosomes sticking together (Ohta, Wood, Bukowski-Wills, Rappsilber, & Earnshaw, 

2011). A recent study suggested that the positively charged protein Ki-67 could act as such 

an agent to keep the mitotic chromosomes separated (Cuylen et al., 2016). Ki-67 is 

associated with nucleoli in interphase cells, however it has been known for many years that 

Ki-67 is associated with the outside of the mitotic chromosome (Scholzen et al., 2002). This 

makes Ki-67 a good candidate to be a key mediator in the individualization of mitotic 

chromosomes.

Another key player that regulates the organization of the mitotic chromosome is the cohesin 

complex, which holds sister chromatids together until late mitosis when the sister 

chromatids are separated and the DNA is divided between the new daughter cells (Foti et al., 

2015; Haering, Löwe, Hochwagen, & Nasmyth, 2002; Ivanov & Nasmyth, 2005; Tanaka, 

Cosma, Wirth, & Nasmyth, 1999). Sister chromatids are tightly intertwined after DNA 

replication in S-phase up till prophase. This implies that the initial stages of condensation 

occur while the sister chromatids are entangled and interacting. However, sister chromatids 

need to be separated to enable proper segregation, equal distribution of chromosomes over 

the daughter cells and to prevent DNA breaks caused by the strong forces on the DNA by the 

mitotic spindle. It has been known that cohesin removal from the mitotic chromosome has 

two distinct pathways (Waizenegger, Hauf, Meinke, & Peters, 2000). Cohesin is first 

removed from the chromosome arms during prophase; however localization of cohesin at the 

centromeres is maintained. This enables coupled progression of the condensation and sister 

separation of the chromosome arms, while they are still attached at the centromeres 

necessary for metaphase plate alignment. Cohesin complexes located at the centromeres are 

removed after completion of the condensation process and formation of the mitotic spindle 

in metaphase to anaphase transition (Waizenegger et al., 2000). However, the question how 

the topological entanglement of the sister chromatids is resolved after removal from cohesin 

in prophase, remains to be addressed. A recent study from Liang et al (Liang et al., 2015) 

showed how topoisomerase IIα functions to disentangle the sister chromatids. In addition to 

this, Goloborodko et al showed in their computational study how addition of topoisomerase 

II-activity to the loop extrusion model leads to separation of the sister chromatids. The 

function of topoisomerase in sister segregation was later also confirmed using a labeling 

technique to visualize the chromatids separately by super resolution microscopy (Nagasaka, 

Hossain, Roberti, Ellenberg, & Hirota, 2016). It was shown that sister chromatid separation 

is initiated in early prophase, however further condensation is halted when topoisomerase 

IIα is inhibited.
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Chromatin condensation not only occurs at the level of chromatin loops and whole 

chromosomes, at the nucleosomal level changes are observed during mitosis as well. As 

many chromatin binding factors are thought to migrate off the chromatin during mitosis, the 

nucleosomes can rearrange their relative positioning. Although it is unknown how the 

activity and movement of ring-like complexes like condensin, as proposed for loop 

extrusion, are affected by the presence nucleosomes on the DNA, it has been shown that 

nucleosomes are evicted from the chromatin in order for condensin to load and start forming 

loops (Toselli-Mollereau et al., 2016). One can imagine that the forces on the chromatin 

fiber during the condensation process might cause the nucleosomes to redistribute along the 

chromatin. Using an electron microscopy technique called EM-assisted nucleosome 

interaction capture (EMANIC), Grigoryev et al were able to capture hierarchical looping of 

nucleosome chains that are ordered in a zig-zag like fashion (Grigoryev, Bascom, 

Buckwalter, Schubert, & Woodcock, 2015). The zigzag stacking of nucleosomes is also 

present in interphase chromatin, however the higher order organization of loops of 

nucleosomes appears to be unique for mitosis (Grigoryev, 2012). This emphasizes the 

importance of nucleosomes, their positioning and their modifications in mitosis, which will 

be more elaborately discussed below.

Chromatin accessibility in mitosis—Mitotic chromatin is highly condensed and 

appears to have universal organization as detected by Hi-C. This does not mean that there 

are no differences in levels of local condensation and chromatin accessibility along the 

mitotic chromosome, as described for the interphase chromatin. A study by Hsuing et al 

observed variability in the accessibility of the mitotic chromatin using DNA hypersensitivity 

assay (Hsiung et al., 2015). Hsuing and colleagues showed that certain elements like 

promoters are maintained accessible during mitosis, where other elements such as enhancers 

are only accessible in interphase but not during mitosis. This is interesting, because this 

suggests there are chromatin features present in the interphase chromatin that are 

maintaining these promoter sites accessible during mitosis. The accessibility of promoter 

during mitosis sites also implies that the motifs, although temporarily less stable bound by 

factors,, maintain their open conformation and are accessible for these factors upon mitotic 

exit. This was surprising as the 3D organization of the mitotic chromatin does not seem to 

suggest differences across the mitotic chromatin (Naumova et al., 2013). Furthermore, again 

seemingly contradictory with the data on the 3D organization of the mitotic chromatin, this 

locus specific accessibility can be different between cell types and therefore enable 

epigenetic memory of chromatin accessibility after mitosis. The mechanism that enables the 

maintenance of chromatin accessibility in mitosis however still remains to be resolved and 

might be different for individual loci.

Mitotic Bookmarking and Epigenetic Memory

Mitotic chromosomes have their own, temporary, chromosomal organization with unique 

characteristics. Interestingly, this organization is highly similar between different cell types, 

whereas interphase chromosomal organization is on some levels highly cell type specific. 

Even though most transcription activity ceases and at least a subset of proteins dissociate 

from the chromosomes during mitosis, cells are capable of rearranging their chromosomes 
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back into cell type specific conformations in early G1 (Martinez-Balbas et al., 1995; 

Naumova et al., 2013; Prescott & Bender, 1962). This suggest that the information to 

rearrange chromosomes into their interphase chromosomal organization after condensation 

is contained in the mitotic chromosomes, in the soluble fraction, or both even though it is 

temporary overruled by machineries in mitosis that enable chromosome condensation and 

segregation. One way cell type-specific information can be maintained could be through 

mitotic bookmarking of cell type specific gene regulatory elements by patterns of local 

histone modifications and other epigenetic marks. These mitotic bookmarks can be histone 

modifications and variants, DNA methylation, noncoding RNA and less frequently specific 

transcription factors and histone reader complexes that remain bound during mitosis (F. 

Wang & Higgins, 2013). There are two distinct functions of mitotic bookmarks. First, there 

are mitotic bookmarks that exert a function during mitosis, for example histone 

phosphorylation that is implicated in chromatin condensation (Wilkins et al., 2014). In 

addition to that, there are mitotic bookmarks that are important for epigenetic memory, 

which enables proper open or closed chromatin re-formation in early G1, like the phospho/

methyl-switch H3K9me3-S10ph and the histone acetyl transferase Brd4 (Devaiah et al., 

2016; Jeong, Cho, Park, Ko, & Kang, 2010). The latter bookmarks may act at single sites, 

like enhancers and promoters, or at larger domains, for example larger heterochromatic 

lamina associated domains. Below we describe different forms of mitotic bookmarking, their 

function and mechanism and give some examples of bookmarks that are passed on through 

mitosis.

Histone modifications and variants

During S-phase the cell replicates not just the DNA but also the local chromatin state. The 

appropriate set of histone modifications has to be added onto the new histones assembled on 

the newly replicated DNA. Although new nucleosomes are incorporated directly after DNA 

duplication, the histone modifications are added in the time between S-phase up till early 

G1. A recent study by Alabert et al showed that not all histone modifications are added to 

the new nucleosomes at the same time (Alabert et al., 2015; Lin, Yuan, Han, Marchione, & 

Garcia, 2016).

Analysis of histone modifications as bookmarks in mitosis has been limited and sometimes 

contradictory because of the limitations of proper antibodies used to study the marks using 

immunofluorescence microscopy or ChIP-seq. Although mass spectrometry techniques have 

been used to study histone modifications in an antibody free and unbiased way, these 

techniques are not without limits either. Mass spectrometry can measure the mass change 

caused by the histone modifications. Furthermore the co-localization of modifications on the 

same histone tail can be studied using mass spectrometry. However, a downside of mass 

spectrometry is that it cannot detect the location of the studied histones on the DNA, so the 

information of where these histone modifications reside on the mitotic chromatin is lost. In 

addition to that, like all population studies, mass spectrometry relies on the level of 

homogeneity of the synchronized population that is studied. A recently developed technique 

by the Bernstein lab combines the power of high resolution imaging with antibody detection 

of histone modifications followed by sequencing (Shema et al., 2016). Although this 
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technique still relies on antibodies for detection, it can detect combinations of bivalent 

histone modifications at specific genomic locations.

Even though analysis of histone modifications can be challenging, it will be important to 

understand the pathways of mitotic bookmarks and the mechanisms by which modifications 

affect the dynamics and characteristics of mitotic chromosomes, and the transmission of 

gene regulatory programs that determine cell type identity. Although we will not be able to 

describe all studies, we will highlight recent and important studies of histone modifications 

and their modifiers in mitosis.

Histone Phosphorylation—One of the most pronounced histone modifications in 

mitosis is histone phosphorylation. Many serine and threonine residues on the histone 3 tail 

become phosphorylated during mitosis, which was already observed in the 1970s (Bradbury, 

Inglis, Matthews, & Sarner, 1973). Since many of these histone phosphorylation residues 

exert their function solely during mitosis and are dephosphorylated upon mitotic exit, this is 

an example of a mitotic bookmark that has a function during mitosis and may be involved 

marking gene regulatory elements specifically during mitosis when factors that bind them in 

interphase are not bound, or in organizing the mitotic chromosome itself. One well-studied 

histone phosphorylation event is histone 3 serine 10 phosphorylation (H3S10ph). H3S10ph 

is important for chromosome condensation, most likely through recruitment of regulatory 

and structural proteins, but the precise mechanisms through which this modification affects 

chromosome conformation are not fully understood (Antonin & Neumann, 2016; Johansen 

& Johansen, 2006; Wilkins et al., 2014). The kinase that is the main histone writer of this 

modification, Aurora B, is shown to be colocalized with other histone kinases like Haspin, 

which phosphorylates a second histone residues H3T3ph (Wang et al., 2010, 2012). 

Although Haspin and Aurora B can act on individual chromosome arms, centromeric histone 

H3 phosphorylation is regulated by a positive feedback loop of these kinases. Recruitment of 

Aurora B and Haspin and the subsequent hyper phosphorylation of the centromere, enables 

the recruitment of the chromosomal passenger complex (CPC) (Wang et al., 2011; 

Yamagishi, Honda, Tanno, & Watanabe, 2010). The CPC is required for attachment of the 

mitotic spindle and kinetochores to the mitotic chromatin, which is necessary for proper 

sister chromatid segregation and completion of cytokinesis (Gurden, Anderhub, Faisal, & 

Linardopoulos, 2016; Wang et al., 2012).

Phospho/Methyl Switches—H3S10ph and H3T3ph not only exert their function during 

mitosis to guide recruitment of the CPC to centromeres, but also have a function in 

maintaining epigenetic memory along the chromosomal arms during mitosis. Several 

residues that can be phosphorylated are located next to a lysine, that can be mono, di or tri-

methylated (Martin & Zhang, 2005). For instance H3S10 is located immediately adjacent to 

H3K9. Many of these lysines are modified and bound by regulating factors in interphase. 

However when the neighboring serine or threonine becomes phosphorylated in mitosis, 

these regulating factors can no longer bind the modified lysine residue. The temporary 

phosphorylation of the neighboring residue switches the lysine off as a regulating histone 

modification, a so-called phospho/methyl switch (Fischle, Wang, & Allis, 2003). An 

example of such a phospho/methyl switch is H3K9me3S10pho, where the function of tri-

Oomen and Dekker Page 10

Crit Rev Biochem Mol Biol. Author manuscript; available in PMC 2017 June 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



methylated H3 lysine 9 is affected by H3S10 phosphorylation in mitosis (figure 3a) (Toru 

Hirota, Lipp, Toh, & Peters, 2005; Jeong et al., 2010). The positioning of H3S10ph next to 

histone 3 lysine 9 di- and tri-methylation functions like a temporary shield from the 

chromatin binding factors. During interphase H3K9me3 acts like a heterochromatic mark, 

which binds to the heterochromatin protein 1 (HP1). HP1 and H3K9me3 together enable 

heterochromatic spreading and compaction of the heterochromatin (Lachner, O’Carroll, Rea, 

Mechtler, & Jenuwein, 2001). However, when the neighboring residue H3S10 is 

phosphorylated during mitosis, HP1 can no longer bind to H3K9me3. This enables the 

heterochromatin mark to be temporary overruled by the mitotic machinery, inactivating its 

role in interphase chromosome architecture and allows the chromatin to be condensed in a 

locus-independent mitosis-specific way. Then, upon mitotic exit, the H3S10ph is 

dephosphorylated by the PP1gamma complex and heterochromatin protein 1 (HP1) can bind 

H3K9me2/3 again which mediates proper reestablishment of the heterochromatin, and thus 

may contribute to the re-establishment of the interphase – specific spatial chromosome 

conformation (Qian, Beullens, Lesage, & Bollen, 2013).

There are also phospho/methyl switches at euchromatic marks that are temporarily affected 

by a neighboring phosphorylated residue. An example of this is H3T3ph/H3K4me3 (Varier 

et al., 2010), which is represented in figure 3b. H3 lysine 4 tri-methylation is a mark known 

to be associated with active promoter sites (Hon, Hawkins, & Ren, 2009). H3K4me3 on the 

interphase chromatin has high affinity for the transcription factor TFIID, which is known to 

recruit the transcription machinery (Orphanides, Lagrange, & Reinberg, 1996; Vermeulen et 

al., 2007). In mitotic chromatin however, the H3K4me3 neighboring residue H3T3 becomes 

phosphorylated by Haspin (Eswaran et al., 2009). TFIID binding to H3K4me3 has been 

shown in a collaborative study by the labs of Jonathan Higgins and Marc Timmers to be 

severely reduced in mitosis as a result of H3T3 phosphorylation (Varier et al., 2010). Upon 

mitotic exit, H3T3 becomes dephosphorylated by the phosphorylase complex RepoMan PP1 

gamma (Prévost et al., 2013; Qian, Lesage, Beullens, Van Eynde, & Bollen, 2011). Once the 

H3T3 residue is no longer phosphorylated, TFIID can bind again to H3K4me3 and RNA 

polII can bind to the promoter site to start transcription. The importance of maintenance of 

H3K4me3 as mitotic bookmark is emphasized by the fact that H3K4me3 is copied on to the 

new nucleosome early after DNA replication. This is in contrast with H3K4me1, a mark for 

enhancer regions, which is not shielded by H3T3ph and is shown to be added later in the cell 

cycle (Lin et al., 2016; Varier et al., 2010). This result, combined with observations by 

Hsiung et al that showed that chromatin in promoter regions, typically marked by 

H3K4me2/3, remains accessible, whereas many enhancer regions close, or become less 

accessible, during mitosis (Hsiung et al., 2015), suggests that bookmarking sites are 

correlated with maintenance of accessibility at these sites through mitosis.

Phospho/methyl-switches provide an elegant system to temporarily overrule the regulatory 

and structural effects of cis-elements by dissociating the trans factors that in interphase 

mediate their activity including long-range interactions with other elements, while 

maintaining their positional information so that in the next G1 the same set of regulatory 

elements can be re-activated. Although a lot is still unknown about the exact working 

mechanisms and whether the kinases and phosphorylases are specifically targeted to these 
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sites, the phospho/methyl switch is one of the best described and understood mechanisms of 

mitotic bookmarking.

Histone Acetylation—Most histone acetyltransferases and histone deacetylases migrate 

off the mitotic chromatin (Kruhlak et al., 2001). This implies that many acetylation marks 

once added after S-phase and G2 are stable throughout mitosis. Although phosphorylation 

marks are not known to shield acetylation marks like they do for some methylation marks, 

there are pathways that may help the reestablishment of factors binding to these acetylation 

marks and the associated chromatin after mitosis. An example is the chromatin binding 

protein bromodomain 4 protein (BRD4), that is known to bind either H3K14 or H4K5 or 

K12 acetylated residues (Chiang, 2009; Dey, Nishiyama, Karpova, McNally, & Ozato, 

2009). Its working mechanism in interphase is represented in figure 3c. Brd4 binds 

acetylated histones, but also has histone acetyltransferase activity itself, which preferentially 

acetylates the H3 lysine 122 residue and several lysine residues on the tail of H3 and H4 

(Devaiah et al., 2016). H3K122 is located in the core of the nucleosome where the 

nucleosome is bound to the DNA and acetylation of this residue causes nucleosome 

clearance of the chromatin (Tropberger et al., 2013). The removal of nucleosomes results in 

local chromatin decompaction and exposes free DNA to which protein complexes like the 

transcription machinery can bind (Devaiah et al., 2016). Although this process is only 

described in interphase and it is unknown if the histone acetyltransferase activity of Brd4 is 

present in mitosis, it is known that Brd4 is one of the few HATs that remain bound to mitotic 

chromatin (Dey, Chitsaz, Abbasi, Misteli, & Ozato, 2003; Dey et al., 2009). Furthermore, 

the sites where it remains bound to the mitotic chromatin are associated to post-mitotic 

transcription and Brd4 overexpression was shown to accelerate the reactivation of 

transcription upon mitotic exit (Dey et al., 2009; Zhao, Nakamura, Fu, Lazar, & Spector, 

2011). This suggests that Brd4 and its associated histone acetylation marks function as 

bookmarks during mitosis and enable reestablishment of post-mitotic transcription in a 

timely matter. One can imagine that loss of chromatin accessibility of certain regions as 

shown by Hsiung et al can be reestablished after mitosis by enzymes like Brd4 (Hsiung et 

al., 2015).

Another histone acetylation mark associated with reactivation of post-mitotic transcription is 

H3K27Ac. In a recent paper by Hsiung et al. polII binding upon mitotic exit was measured 

using ChIP-seq to study prevalence, location and order of spikes in transcription after 

mitotic exit (Hsiung et al., 2016). An interesting observation was that the histone 

modification H3K27Ac could best predict which sites were going to be transcriptionally 

active after mitosis. The regulatory pathways of H3K27Ac deposition and inheritance, and 

how this modification is involved in a spike in post-mitotic transcription still remain to be 

resolved. It will be very interesting to better understand the interplay of histone modification 

and re-initiation of transcription upon mitotic exit.

Histone Variants—Not much is known about the function of histone variants in mitosis 

and when histone variants are incorporated after DNA replication. During S-phase only the 

canonical histone variants H3.1 and H3.2 are incorporated in the newly synthesized DNA, 

which implies that histone variants that are functioning as mitotic bookmarks should be 
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incorporated before the end of mitosis (Campos et al., 2010). Which remodelers are 

regulating this replacement and when in the cell cycle this occurs is not known. The best 

studied histone variant with a known function in mitosis is the centromeric variant H3, 

CENP-A in humans (Ahmad & Henikoff, 2001; Sánchez & Losada, 2011). CENP-A is 

localized at centromeres and has been shown to help the localization of the mitotic 

kinetochores, which enables proper DNA segregation and cytokinesis. Defects in the CENP-

A localization have been shown to affect proper DNA segregation in mitosis (Maheshwari et 

al., 2015). A recent study by Roulland et al showed the importance of the flexible tails of 

CENP-A in mitosis. When the flexible tail of CENP-A is switched with the more rigid tail of 

the canonical H3, several kinetochore proteins dislocate and severe mitotic and cytokinetic 

defects like aneuploidy are observed (Roulland et al., 2016). Although DNA sequences in 

centromeres have been shown not to be conserved, the centromeric H3 histone variant shows 

high levels of similarity across species (Cheeseman et al., 2004). This suggests that DNA 

sequence does not determine sites of CENP-A incorporation, but is likely epigenetically 

determined, e.g. by the presence of old CENP-A. CENP-A incorporation is uncoupled from 

DNA-replication and is mediated by a dedicated histone chaperone HJURP (Bassett et al., 

2012; Dunleavy et al., 2009; Foltz et al., 2009; McKinley & Cheeseman, 2015).

Histone variant H3.3 is another histone 3 variant known to be inherited through mitosis. 

H3.3 can function as a mark for promoters of transcriptionally active genes (Chow et al., 

2005). H3.3-containing nucleosomes appear less stable than the canonical H3 containing 

nucleosomes, which enables nucleosome clearance and remodeling, and therefore initiates 

transcription (Ahmad & Henikoff, 2002). Furthermore, H3.3 is associated with many active 

histone modifications, such as histone acetylation and methylation (e.g. H3K4me3), which 

attracts histone modifiers that can spread the histone modifications to neighboring histones, 

both H3.3 and canonical H3 histones. In contrast to other H3 variants, H3.3 can be 

incorporated to the chromatin independent of DNA replication, as its remodeler is expressed 

in G1 and G2 as well as S-phase (Campos et al., 2010; Chow et al., 2005; Ray-Gallet et al., 

2002; Tagami, Ray-Gallet, Almouzni, & Nakatani, 2004).

Linker Histone H1—Hyper phosphorylation of the histone variant H1 is also a hallmark 

of mitosis (Boggs, Allis, & Chinault, 2000; Bradbury, Inglis, & Matthews, 1974). Histone 

H1 accumulates phosphorylation marks during the cell cycle, starting at no or low levels of 

phosphorylation in G1 to the highest levels of phosphorylation in M-phase (Bleher & 

Martin, 1999; Halmer & Gruss, 1996). Some histone H1 variants have been shown to 

become more phosphorylated than other variants, however all H1 variants gain 

phosphorylation marks in mitosis (Clausell, Happel, Hale, Doenecke, & Beato, 2009; Gréen, 

Lönn, Peterson, Ollinger, & Rundquist, 2010). It has been suggested that H1 and its 

phosphorylated forms are key mediators of chromatin structure and chromosome 

condensation (Ohsumi, Katagiri, & Kishimoto, 1993; Thoma, Koller, & Klug, 1979; Thoma 

& Koller, 1977). Maresca et al immuno-depleted H1 in Xenopus laevis egg extracts 

(Maresca, Freedman, & Heald, 2005) and found chromatin does not condense properly and 

chromosomes have elongated arms. Furthermore, the chromatids showed misalignment on 

the metaphase plate, which lead to defects in sister segregation. Interestingly, positioning of 

the kinetochore proteins was unaffected in the H1 depleted chromatin. It has been suggested 
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that the centromeric H3 variant CENP-A might not need histone H1 to interact with the 

linker DNA, as CENP-A contains a conserved domain that shows highly similarity with 

motifs present on the H1 tails. The results of the recent study by Roulland et al confirms 

these suggestions as they show a low binding affinity between CENP-A and H1 as a result of 

the flexible histone tails of CENP-A (Roulland et al., 2016).

DNA methylation

DNA methylation is a layer of epigenetic regulation that is closest to the genetic information 

in the DNA and was one of the first epigenetic marks to be discovered (Holliday & Pugh, 

1975; Holliday, 1987). Methylated cytosines can function as a chromatin silencing mark and 

enable imprinting of gene silencing (Curradi, Izzo, Badaracco, & Landsberger, 2002). In 

contrast to histone modifications and histone variants, DNA methylation of the newly 

synthesized strand is established immediately after the replication fork has passed, using the 

old strands as template (Wigler, Levy, & Perucho, 1981). This enables correct copying of 

cytosine methylation and prevents loss during multiple cell divisions. This makes DNA 

methylation unique among the other mitotic bookmarks, since the copying of the other 

bookmarks are delayed and spread out over G2 and M-phase. DNA binding of factors can be 

both positively and negatively affected by DNA methylation (Jones, 2012; Maurano et al., 

2015; Schübeler, 2015), which can influence the chromatin accessibility state and long-

range chromatin interactions. How these phenomena are altered or modulated in mitotic 

chromosomes to facilitate the folding of the chromosomes as linear loop arrays is not known 

yet. It will be interesting to study the interplay between DNA methylation and other mitotic 

bookmarks that mark repressive regions in the chromatin like histone 3 lysine 9 tri-

methylation.

Non-coding RNA

During recent years roles for non-coding RNAs (ncRNAs) in epigenetic regulation of the 

genome have been uncovered. Most of these studies are done in non-synchronously cycling 

cells and little is known about roles of ncRNA and formation of mitotic chromosomes. It 

was generally assumed that RNAs do not play a big role in the mitotic chromatin, since the 

transcription machinery stalls and migrates off the mitotic chromatin (Prescott & Bender, 

1962). This implies that there is no production of new RNAs during mitosis and RNA 

molecules that are retained on the mitotic chromatin have to be produced before mitosis 

initiation. A recent study however showed the presence of large group of ncRNAs during 

mitosis, which were coined mitotic chromatin associated RNAs, mCARs (Meng et al., 

2016). These authors used a novel technique called 5′-tag sequencing to detect a large set of 

new ncRNAs detected that either bind mitotic chromatin (mCARs) or interphase chromatin 

(iCARs). A large fraction of the detected mCARs consisted of small nucleolar RNA 

molecules (snoRNAs) and long non-coding RNAs (lncRNAs). Furthermore, it was shown 

that the mCARs are highly conserved across species in a wide range of vertebrate species 

(Meng et al., 2016), which suggests a conserved function of these mCARs in mitosis. In an 

attempt to study the localization of these mCARs on mitotic chromatin, it was observed that 

there are two classes of mCARs which located either on the condensed chromosomal 

exterior or on the interior of the condensed chromosome. However, it remains to be resolved 
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what the role of mCARs is during mitosis, whether their identity and location are cell type-

specific, and whether they can function as a mitotic bookmarks.

Transcription Factors

It was suggested for many years that most transcription factors and other interphase 

chromatin binding factors migrate from the chromatin upon mitotic entry and would remain 

in the cytosol until after DNA decondensation (Chen et al., 2005). However several studies 

have identified chromatin binding factors that remain on the mitotic chromatin, like the 

previously described histone acetyl transferase BRD4 and transcription factors like FOXA1, 

MYC and RUNX2, which have been shown to be important in cell fate determination 

(Caravaca et al., 2013; Devaiah et al., 2016; Topham et al., 2015; Young et al., 2007). 

FOXA1 was shown to specifically remain bound to highly transcribed regions in mitosis and 

promotes initiation of transcription of these regions after mitosis (Caravaca et al., 2013). 

Although it is not clear why some transcription factors remain on the mitotic chromosome 

and others migrate away from the chromatin, it is clear that some transcription factors play 

an important role in mitotic bookmarking and transcriptional reactivation after mitosis 

(Zaret, 2014). A recent paper by Teves et al. even suggests that many transcription factors 

remain associated to mitotic chromosomes, although in a more dynamic fashion compared to 

interphase (Teves et al., 2016). Teves et al. show that earlier studies showing transcription 

factors migrating of mitotic chromatin might be caused by fixation artefacts. Future studies 

will have to explore which transcription factors indeed remain bound to the mitotic 

chromosome and which function these factors exert during mitosis.

Lamina interactions—One of the major morphological changes of the vertebrate cell that 

occurs during mitosis is the breakdown of the nuclear envelope. During interphase the 

proteins that coat the inside of the nuclear membrane, the nuclear lamina, play roles in 

providing support and directing higher order chromosome folding and nuclear organization 

(Chubb, Boyle, Perry, & Bickmore, 2002; van Steensel & Dekker, 2010). Using an elegant 

system to track individual lamina interactions in single cells over time, it was shown that 

lamina interacting regions are not necessarily the same after mitotic exit and that the lamina 

interacting regions reassemble over the nuclear envelope. However the regions that interact 

with the nuclear lamina after mitosis are always associated with other regions that are 

associated with transcription repression and regions assigned as LADs (lamina interacting 

domains) in population studies (Kind et al., 2013). This implies that information regarding 

lamina interactions are not maintained by a mitotic bookmark throughout mitosis, however 

the epigenetic marks that label these regions as repressed and candidates for lamina 

interactions are maintained throughout mitosis. One of the histone modifications that could 

act as such a mark is H3K9me2, as sites of hyper methylated nucleosomes are typically 

found in regions containing LADs (Kind et al., 2013).

Meiotic bookmarking

Although not elaborately described in this review, it is known that epigenetic marks are not 

only inherited through mitotic cell divisions, but can also be transmitted through meiosis and 

passed on to next generations. Recent studies in Drosophila showed how epigenetic marks in 

the parental epigenome are inherited into the following generation (Öst et al., 2014). This 
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was surprising considering that spermatocytes do not have nucleosomes (or only a small 

number at specific sites), but use other DNA binding proteins to enable compact folding and 

protection against DNA damage causing factors to which the spermatozoa are exposed 

(Banerjee, Smallwood, & Hultén, 1995; Brunner, Nanni, & Mansuy, 2014). Even more so, it 

has been shown that upon fertilization, the gametes undergo epigenome reprogramming 

(Gill, Erkek, & Peters, 2012). However, studies like those performed by Ost et al showed 

that specific marks are able to escape this epigenetic reprogramming and can be passed on to 

epigenome of offspring. Further research is needed to explore the mechanisms by which 

meiotic epigenomic bookmarking is established and maintained.

Mitotic bookmarking in differentiation

As described in the paragraphs above, there are many different mechanisms that can 

establish mitotic bookmarking and epigenetic inheritance. However, one can imagine that 

the epigenetic marks need to change when cells undergo differentiation. During 

differentiation the chromatin characteristics of cells changes in many ways. Chromatin 

organization is changed at the scale of positioning and modification of individual 

nucleosomes at cell type specific gene regulatory elements (The ENCODE Project 

Consortium et al., 2012; Thurman et al., 2012), at the level of long-range interactions 

between such elements and the formation chromatin domains such as A- and B- 

compartments (Beagan et al., 2016; Sanyal et al., 2012; Wijchers et al., 2016). 

Correspondingly, gene expression programs are affected (Djebali et al., 2012). It is unlikely 

that large-scale changes in chromosome conformation are made during G1 as chromosomes 

are too big to move around in the interphase nucleus, which would be necessary to change 

the structures on the level of compartments (Dekker & Mirny, 2016; Rosa & Everaers, 

2008). During mitotic exit and early G1 chromosomes decondense and the nucleus reforms, 

providing the cell a window of opportunity to spatially rearrange its genome in accordance 

with changes in cell type. This concept is interesting in the context of cell type 

differentiation. During differentiation there are two scenarios, one where the cell divides into 

two equal daughter cells with a distinct cell type from the original cell. The second scenario 

is one where the two daughter cells have different states, e.g. one daughter cell is initiated to 

become a different cell type and the other daughter cell will remain the same type as the 

mother cell, a stem cell. In both scenarios epigenetic features change before, during or after 

mitosis, suggesting roles for bookmarking processes. In addition, in the second scenario, 

where the daughter cells acquire each a different state, epigenetic changes in bookmarks are 

specific to each of the sister chromatids. This adds another layer of complexity to the 

mechanisms of epigenetic inheritance and modification: how do cells change their mitotic 

bookmarks in order to initiate correct differentiation and how do cells initiate and control 

differences in epigenetic states of otherwise identical sister chromatids?

Several histone modifications have been described to change during cell type differentiation 

and repression of enzymes that deposit these modifications represses the differentiation 

process and the activation of differentiation-dependent genes. Examples of these are 

H3K4me3, which has been shown to change during differentiation of human embryonic 

stem cells, and H3K36me3, which was shown to be required for differentiation of mouse 

embryonic stem cells to endoderm (Grandy et al., 2016; Yuanliang Zhang et al., 2014).
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Several techniques have been developed to study how sister chromatids separate from each 

other. One of these techniques is Strand-seq (Falconer et al., 2010, 2012). Using BrdU 

labelling the sister chromatids can be separately observed and followed over stem cell 

differentiation. A hypothesis called the Immortal Strand Hypothesis has been introduced 

many years ago that proposes that stem cells will try to maintain the original copy of the 

chromosome to prevent accumulation of DNA replication mistakes (Cairns, 1975). Although 

some studies have contradicted this hypothesis, it is clear that at least some cells are 

retaining certain chromosomes in the daughter stem cells specifically (Conboy, Karasov, & 

Rando, 2007; Karpowicz et al., 2005; Potten, Owen, & Booth, 2002; Shinin, Gayraud-

Morel, Gomès, & Tajbakhsh, 2006; G. H. Smith, 2005). Using Strand-seq, the distribution of 

strands was followed over multiple cell cycles after labelling with BrdU for 1 cycle. The 

immortal strand hypothesis suggests that for some chromosomes the labeled copy of the 

chromosome will be unequally distributed into on daughter cell, the stem cell (represented as 

a flowchart in figure 4a).

In order to understand how histones and there modifications can segregate to the 

differentiating daughter cell, it is important to understand that the H3/H4 tetramer of 

nucleosomes are always incorporated together in the nucleosomes as the parental H3/H4 

tertramer stays together during DNA replication. This implies that nucleosomes can be 

assigned as new and old nucleosomes after DNA replication (Xu et al., 2010). A paper by 

Tran et al in 2013 already showed that new and old nucleosomes are not always equally 

represented on each sister chromatid, as they show that in stem cell differentiation of the 

male germline of Drosophila melanogaster preexisting nucleosomes preferentially segregate 

to the germline stem cell, whereas the new nucleosomes segregate to the differentiating 

daughter cell (Tran, Lim, Xie, & Chen, 2013). Furthermore, recent studies in Drosophila and 

mammalian cell lines observed differences in histone modifications between these old and 

new nucleosomes (Alabert et al., 2015; Lin et al., 2016; Tran, Lim, & Xie, 2012). It was 

shown that H3T3 phosphorylation is preferentially more represented on newly synthesized 

nucleosomes in the male Drosophila germline, represented in figure 4b, and when H3T3ph 

is impaired, proper differentiation of the germline was affected (Xie et al., 2015). It will be 

very interesting to explore the pathways and mechanisms that are used to initiate epigenetic 

changes in cellular phenotype, how differences between sister chromatids are established 

and proper sister segregation is controlled.

Concluding remarks

We are only starting to understand the mechanisms by which epigenetic information 

contained within the vertebrate chromatin is transmitted through mitosis and how this occurs 

in the context of a mitotic chromosome conformation that is dramatically different from 

interphase. One important question that remains unanswered is how molecular details of 

epigenetic bookmarks are read in early G1 and enable re-establishment of cell type specific 

chromatin organization. Insights into these processes promise not only to lead to mechanistic 

understanding of mitotic inheritance of cell type specific chromatin state, they will also 

reveal how the spatial organization of interphase chromosomes is determined in general by 

the action of cis-acting elements along the chromatin fiber. This will also lead to a better 

understanding of what epigenetic mechanisms underlie processes in which cell type identity 
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is changed, for example in stem cell differentiation or in diseases that result in cancer 

development and aging.
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Figure 1. 
Overview of cell morphological changes, changes in the chromatin organization and changes 

known epigenetic characteristics during the different phases of mitosis. Hi-C data shown is 

in HeLa cells and was previously published in Naumova et al (2013). A color version of this 

figure is available online.
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Figure 2. 
(A) Cartoon representation of chromosome territories (panel 1), compartments (panel 2), 

TADS (panel 3) and chromosome loops (panel 4). (B) Representation of the different 

chromosome organization levels in Hi-C heatmaps interphase of HeLa cell. Panel 1 shows 

chromosome territories in a heatmap showing all chromosomes. Panel 2 shows multiple 

compartments in a zoom in to the right arm of chromosome 18. Panel 3 shows a zoom in to 

3.1–49.6 Mb of chromosome 18 representing multiple TADs. Panel 4 represents a possible 

looping interaction in a zoom in to chromosome 18 34.5–39.8 Mb. (C) Hi-C heatmaps of the 

same regions shown in (B) but for metaphase HeLa cells. Hi-C data shown was published in 

Naumova et al. (2013). (D) Model of the bottle brush polymer conformation of the mitotic 

chromosome suggested by Naumova et al. (2013) and Goloborodko et al (2016). A color 

version of this figure is available online.
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Figure 3. 
Examples of epigenetic bookmarks in mitosis and interphase. (A) The heterochromatic mark 

H3K9 trimethylation is shielded by H3S10 phosphorylation caused by the Aurora B kinase 

during mitosis, which causes heterochromatin protein 1 (HP1) to temporarily dissociated 

from the mitotic chromatin. When H3S10 is dephosphorylated by the PP1γ complex, HP1 

binding is restored. (B) The histone mark H3K4 di and tri methylation becomes shielded 

during mitotis by the H3T3 phosphorylation mark regulated by the kinase Haspin. This 

causes the euchromatic regulatory protein TFIID to dissociate from the chromatin. Upon 

mitotic exit H3T3 is dephosphorylated by the RepoMan-PP1 γ complex which restores 

TFIID binding to the interphase chromatin. (C) The histone acetyl transferase BRD4 can 

bind to histone acetylation marks in interphase and mitosis. When bound to the chromatin 

BRD4 can then acetylate H3K122Ac, which results in nucleosome eviction. Local 

nucleosome eviction enables reorganization of the nucleosome distribution and binding of 

big complexes like the transcription machinery. A color version of this figure is available 

online.
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Figure 4. 
Mitotic bookmarks in cell differentiation. (A) Representation of the silent sister hypothesis 

as suggested by Falconer et al (2013). During stem cell differentiation it is believed that the 

daughter cells destined to be the stem cell will retain the original DNA strands of some 

chromosomes, where the differentiation daughter cells will mainly contain the newly 

replicated DNA strands. (B) Nucleosomes on one sister chromatid are specifically labelled 

with the H3T3 phosphorylation mark. This enables the cell to retain the sister chromatid 

containing to the stem cell and the other sister chromatid will be passed on to the 

differentiation daughter cell. A color version of this figure is available online.
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