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Chapter 1

Introduction and scope of this thesis



Chapter 1

Introduction

When high-school students learn about chromosomes and DNA in biology class, it is
often visualized with the iconic images of condensed mitotic chromosomes. It is hard
to imagine that all genomic information is captured inside those x-shaped structures.
However, mitotic chromosomes do not only grasp the attention of teenagers, they
have intrigued many generations of scientists over the past centuries'. Studying
how chromosome are folded in general, and in mitosis in particular, is key to gain
understanding on gene regulation, genome stability and inheritance of chromosome
characteristics throughout cell cycles and even between generations®?. Traditionally
observed by microscopy, the rise of genomics techniques created many new
possibilities to study chromosomes in general and mitotic chromosomes in particular.
As technology development continuously brings new ways to study chromosomes,
our insights are ever changing as well. For example, in this thesis research we use
several techniques that were developed in the last decade; probing for chromatin
accessibility using ATAC-seq'?, histone modifications and chromatin binding proteins
using Cut&Run' and chromosome organization by Hi-C'2.

In interphase, chromosomes are characterized by cell type specific
transcription patterns, epigenetic features, such as histone modifications and
chromatin binding factors, and chromosome conformation in compartments and
topologically associating domains (TADs)™'¢. The mechanisms that regulate
these chromatin characteristics are largely conserved across vertebrates and
eukaryotes in general's'%. However, the exact genomic locations of these features
can be specific to the species, the cell type and even the state of the cell'>'417-23,
Strikingly, as the cell progress into mitosis, these chromatin characteristics change
dramatically; transcription is halted®, histones and many other proteins become
heavily phosphorylated?®, the majority of chromatin binding factors lose binding®® and
chromosome conformation is rearranged into helical loop arrays?’28. However, after
cells complete mitosis and cells enter G1, chromosomes need to quickly reestablish
the interphase chromatin characteristics”2°%. To aid the memory of cell type identity
during mitosis, certain chromatin characteristics are maintained throughout the
cell cycle by leaving epigenetic bookmarks in the genome. These bookmarks can
consist of remaining chromatin factors®2, histone modifications and variants?,
DNA methylation®, chromatin accesiblity®** and even non-coding RNAs®*. We will
discuss chromatin characteristics of mitotic cells and the different mechanisms of
mitotic bookmarking in greater depth in chapter 2%.

With many epigenomics consortium efforts focusing on interphase cells,
we gained a tremendous amount of information about the epigenetic characteristics
and the chromatin binding factors that regulate transcription and cell type identify in
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Introduction

interphase’®'*17. However, there are many open questions regarding chromosome
characteristics in mitosis. For example, it is currently still unknown for several
important interphase chromatin factors whether they maintain binding during
mitosis. Furthermore, for factors and histone modifications that have been found
to be maintained throughout the cell cycle, it is unclear whether their interphase
function is maintained in mitosis. In chapter 3, we describe the cell cycle dynamics
of chromosome architecture protein CTCF. Combining both genomics and imaging
techniques, we find that CTCF binding is lost in human somatic cells during mitosis®.
Strikingly, we find that histone modifications H3K4Me1 and H3K4Meg3, and histone
variant H2A.z are maintained around CTCF sites. This could possibly function as
a mitotic bookmark, which enables rebinding of CTCF upon mitotic exit and the
formation of CTCF mediated loops and TADs as cells enter G1.

Recently, there have been several contradicting reports on mitotic chromatin
characteristics. Some of these results can be due to technical differences between
studies. Forexample,ithas beenreported that cross-linking conditions can significantly
influence observations using techniques such as immunofluorescence microscopy
as well as ChlP-seq®+°. Perhaps more interestingly, these discrepancies could also
be due to biological variance between cell types and species. We compare CTCF
binding dynamics between different cell types and mitotic chromosome conformation
in general between species in chapter 4. We find that, in contrast to human somatic
cell lines, 30-50% of all interphase bound CTCF sites maintain binding during mitosis
in mouse stem cells (MESCs). Although CTCF binding is partially maintained, we
do not observe any CTCF-mediated chromosome structures, such as TADs and
loops. This suggests that interphase function of CTCF is not maintained in mitosis.
Additionally, we compare the loop arrays by which mitotic chromosomes are
organized in chicken, mouse and human cell lines. We show that different species
have different size loops in mitosis. The loop size is correlated with the average size
of the g-arm in each species, where chicken chromosomes have both the smallest
loop size and smallest g-arm on average and mouse shows both the largest loops
and largest average g-arm length. This result could be interpreted that chromosomes
with longer arms compact to greater extend by forming larger loops, in order to allow
for proper separation of the sister chromatids in anaphase.

In addition to maintenance of cell type specific characteristics, chromosomes
face a second major challenge the cell cycle. After DNA has been replicated in
S-phase, the newly formed sister chromatids are severely entangled*'. Although
close proximity of sister chromatids to each other enables a pathway for DNA damage
repair during G2-phase*, it also creates a substantial topological problem when
sister chromatids separate in anaphase®. In order to prevent potential catastrophic
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Chapter 1

events such as cell cycle arrest or even aneuploidy, the sister chromatids need
to completely disentangle and condense as the cells progress through mitosis*:.
This requires that the machineries which align the sister chromatids orchestrate
their actions with the machineries that form the loop array while shaping properly
condensed and detangled mitotic chromosomes®.

It remains however difficult to study the organization of sister chromatids by
genomics techniques. By definition, sister chromatids have identical sequences, as
they have been replicated from the same DNA template during S-phase. In recent
years, a microscopy technique has been developed that allows visualization sister
chromatids independently by using a two-color labelling system*. Additionally, the
genomics technique Strand-seq allows for detection of sister chromatid exchange
events*. It was however not yet possible to differentiate the interactions between and
along sister chromatids by Hi-C. In chapter 5, we describe a novel Hi-C technique,
SisterC, and apply this technique to study sister chromatid organization in mitotic
budding yeast®. In yeast, where both intra-sister extruding loops and inter-sister
connection are mediated by cohesin, we find that extruding cohesin and cohesive
cohesin act independently. This allows for compaction of chromosomes during
mitosis, while also maintaining a degree of alignment between the sister chromatids.
Additionally, we propose strategies to optimize our SisterC technique and adapt the
protocol for use in human cell line Hap1 in chapter 6, which will allow the study sister
chromatid organization as cells progress from late S-phase up to anaphase.

Finally, in chapter 7, | will discuss our findings in relation to other recent
publications and propose future directions. As every researcher knows, new
scientific findings can bring answers to outstanding questions, but possibly more
frequently, give rise to new research questions. In this thesis, | present my exploration
expedition to mitotic chromosomes. During my PhD work, | was incredibly fortunate
to be surrounded by an amazing group of 3C experts'?49-5!) test my hypotheses
using brand new genomics techniques, such as ATAC-seq'® and Cut&Run',
collaborate with leaders in the field of cutting-edge imaging approaches® and go
through the struggles of developing a new technique, SisterC*¥53. By investigating
mitotic chromosomes from chromosome folding on megabase scale to epigenetic
bookmarks at nucleosome resolution, | hope this thesis brings new insights and
raises several research questions that will instigate the next scientific expeditions to
the characteristics of mitotic chromosomes.
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Scope of this thesis

Chapter 2 gives a literature overview which introduces the field of epigenetic
characteristics of mitotic chromosomes and their organization in 3D.

Chapter 3 presents a study to binding dynamics and epigenetic modifications at
CTCF motifs throughout the cell cycle.

Chapter 4 describes CTCF binding dynamics and chromosome organization in
different cell types and species in prometaphase

Chapter 5 introduces a novel Hi-C technique, SisterC, which allows for the detections
of chromatin interactions between and along sister chromatids.

Chapter 6 describes a strategy to optimize the SisterC protocol and adapt the
technique for use in mammalian cells.

Chapter 7 offers a general discussion of the research presented in this thesis and
closes with current challenges and future research directions.
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Chapter 2

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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Epigenetic Characteristics of the Mitotic Chromosome in 1D and 3D

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'=.
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*®.

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), DamlD
and chromatin immunoprecipitation sequencing (ChlP-seq) enable the study of
chromosome conformation, nuclear organization, chromatin state, its function and
its regulators”'. 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®'3. 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*®14+15, 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 (figure 1).

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'®. 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
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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

own is in Hela cells and was previously published in Naumova et al.®
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Epigenetic Characteristics of the Mitotic Chromosome in 1D and 3D

limitations of the scale of the experiment, since it is not possible to do genome-wide
experiments (probing the position of all loci) using microscopy. The development
of high-throughput sequencing techniques has 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'-2,
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?'-2.

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 1800s24%5. 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?6-22.
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°). As interphase chromosomes are too large to
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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 HelLa 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 HelLa cells. Hi-C data shown was published in
Naumova et al.? (d) Model of the bottle brush polymer conformation of the mitotic chromosome
suggested by Naumova et al.® and Goloborodko et al.®!
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Epigenetic Characteristics of the Mitotic Chromosome in 1D and 3D

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®?°. Chromosomes can interact with neighboring chromosomal territories
by looping part of one chromosome into another chromosome territory®°. 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®.

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)®%. 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®3,
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®®. 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)®-7,
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®*¥°, TAD boundaries are enriched for certain protein binding sites.
It is still under debate which proteins are involved in defining TAD boundaries and
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which genetic features define a TAD region, however some characteristics of TAD
boundaries are well described, such as the CTCF binding motif*¢. These motifs
are bound by structure-mediating proteins like CTCF and cohesin, which can act
as an insulator between TADs®**4=4 Since CTCF binding motifs are genetically
defined, TAD boundaries are regarded as universal features of all cell types®. 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®.

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 promoter344246:47,
Many looping interactions appear to occur between loci located within the same TAD
orinsulated domain*-%°. 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®. The presence of a looping interaction can alter gene expression in a
cell type specific manner by bringing promoters in close proximity to promoters*”:%'-%3,
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*54%5, 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®¢%’. It was shown
that these mitotic bands along the chromosomes are the same between different
cell types®®. 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
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present before mitosis®. 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®%°. 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®. 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™®. 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®'-53,

The main machineries that drive mitotic chromosome morphogenesis
are condensin complexes, including condensin | and 1154%, |t was found that
depletion of subunits of the condensin complexes delays the condensation process
and progression of mitosis®%”. 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®.
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
Il is present in the nucleus throughout the cell cycle and mainly exerts its mitotic
function in prophase, condensin | mostly gains access to the chromatin upon nuclear
envelope breakdown in prometaphase®’.

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)®.
This idea is further elaborated in loop extrusion models, proposed in earlier form
by Arthur Riggs over 25 years ago’, and recently developed to describe chromatin
interaction data obtained with Hi-C%4071.72. Computational modeling and experimental
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studies applied extrusion models for understanding formation of interphase
chromatin domains?338407273 Naumova et al. proposed that a loop extrusion process
could lead to formation of the mitotic chromatin loop array®. One of the most recent
studies directly tested the loop extrusion model for mitotic chromosome formation?'.
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®. 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 bottlebrush-like organization of the DNA with loops arranged
as rosettes around a more 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' 4. 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’. A recent
study suggested that the positively charged protein Ki-67 could act as such an agent
to keep the mitotic chromosomes separated’. 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™. 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 s divided between the new daughter
cells”8'. 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
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on the DNA by the mitotic spindle. It has been known that cohesin removal from
the mitotic chromosome has two distinct pathways®. 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®. 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®® showed how topoisomerase lla functions to disentangle the sister
chromatids. In addition to this, Goloborodko et al showed in their computational
study how addition of topoisomerase ll-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®. It was shown that sister
chromatid separation is initiated in early prophase, however further condensation is
halted when topoisomerase lla is inhibited.

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®¢. 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®. 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®. 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
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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*. 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®.
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 back into cell type specific conformations in early
G16415 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®. 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®. In addition
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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®%. 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. Arecent study by Alabert et al showed that
not all histone modifications are added to the new nucleosomes at the same time®'-2,

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 ChlP-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®. Although this
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.

27



Chapter 2

Histone Phosphorylation

One ofthe mostpronounced histone modificationsin mitosisis histone phosphorylation.
Many serine and threonine residues on the histone 3 tail become phosphorylated
during mitosis, which was already observed in the 1970s%. 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®9%%, 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®%. 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)%1%, 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®®1°1,

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®2,
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'®. An example of such a
phospho/methyl switch is H3K9me3S10pho, where the function of tri-methylated
H3 lysine 9 is affected by H3S10 phosphorylation in mitosis (figure 3a)%*%4. 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
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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'®. 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'®.
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'%, which is represented in figure 3b. H3 lysine 4 tri-methylation
is a mark known to be associated with active promoter sites'®. H3K4me3 on the
interphase chromatin has high affinity for the transcription factor TFIID, which is
known to recruit the transcription machinery''° |n mitotic chromatin however,
the H3K4me3 neighboring residue H3T3 becomes phosphorylated by Haspin™.
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'®”. Upon mitotic exit, H3T3 becomes dephosphorylated by the
phosphorylase complex RepoMan PP1 gamma''2''3, Once the H3T3 residue is no
longer phosphorylated, TFIID can bind again to H3K4me3 and RNA polll 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'®” 4, 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?, 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 sites,
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the phospho/methyl switch is one of the best described and understood mechanisms
of mitotic bookmarking.
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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 PP1y
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 y 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.

Histone Acetylation

Most histone acetyltransferases and histone deacetylases migrate off the mitotic
chromatin®. 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
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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'®'"7, 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 H48°. 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'®. The removal of nucleosomes results in
local chromatin decompaction and exposes free DNA to which protein complexes
like the transcription machinery can bind®. 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'”'°. 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''”:12°,
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
Brd44.

Another histone acetylation mark associated with reactivation of post-
mitotic transcription is H3K27Ac. In a recent paper by Hsiung et al. polll binding
upon mitotic exit was measured using ChIP-seq to study prevalence, location and
order of spikes in transcription after mitotic exit’. 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 incorporated before the end of mitosis'!. Which remodelers are regulating this
replacement and when in the cell cycle this occurs is not known. The best studied
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histone variant with a known function in mitosis is the centromeric variant H3, CENP-A
in humans'?2123, 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'®*. 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'?.
Although DNA sequences in centromeres have been shown not to be conserved, the
centromeric H3 histone variant shows high levels of similarity across species'®. 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 HIURP27-1%0,

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''. H3.3-containing nucleosomes appear less stable than the canonical H3
containing nucleosomes, which enables nucleosome clearance and remodeling, and
therefore initiates transcription'2. 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!?!:131.133.134,

Linker Histone H1

Hyper phosphorylation of the histone variant H1 is also a hallmark of mitosis31%6,
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'®” 1%, Some histone H1 variants have been shown to become more
phosphorylated than other variants, however all H1 variants gain phosphorylation
marks in mitosis''%, It has been suggested that H1 and its phosphorylated forms
are key mediators of chromatin structure and chromosome condensation'-43,
Maresca et al immuno-depleted H1 in Xenopus laevis egg extracts'* 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 that
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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'2%,

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'%6, Methylated cytosines can function as a chromatin silencing mark
and enable imprinting of gene silencing'”. 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'*.
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'®-'%", 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's. Thisimplies 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'2, 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 mMCARs consisted of
small nucleolar RNA molecules (snoRNAs) and long non-coding RNAs (IncRNAs).
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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 mMCARs in mitosis. In an attempt to study the localization of these
mCARs on mitotic chromatin, it was observed that there are two classes of mMCARs
which located either on the condensed chromosomal exterior or on the interior of
the condensed chromosome. However, it remains to be resolved what the role of
mCARs is during mitosis, whether their identity and location are cell type-specific,
and whether they can function as 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'?. 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®%+-'%, FOXA1 was shown to specifically remain bound
to highly transcribed regions in mitosis and promotes initiation of transcription of
these regions after mitosis'*. 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'™’. 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. 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'®1%, 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

34



Epigenetic Characteristics of the Mitotic Chromosome in 1D and 3D

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'’. This implies that information regarding lamina interactions
is 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'®".

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'?. This 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'®®'%*. Even more so, it has been
shown that upon fertilization, the gametes undergo epigenome reprogramminge.
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'>%¢, at the
level of long-range interactions between such elements and the formation chromatin
domains such as A- and B- compartments*”-1¢7:168, Correspondingly, gene expression
programs are affected'®. 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®7°, During mitotic exit and early G1 chromosomes
decondense and the nucleus reforms, providing the cell a window of opportunity to
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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 endoderm72173,

Several techniques have been developed to study how sister chromatids
separate from each other. One of these techniques is Strand-seq'*'"®. 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'”®. 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’””-'®'. 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 their 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 tetramer stays together during DNA replication.
This implies that nucleosomes can be assigned as new and old nucleosomes

after DNA replication®. A paper by Tran et al in 2013 already showed that new
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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®, Furthermore, recent studies in Drosophila and mammalian cell lines observed
differences in histone modifications between these old and new nucleosomes®':92:184,
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!ss.
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, but 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 is changed, for example in stem cell differentiation or in diseases that result
in cancer development and aging.
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Abstract

CCCTC-binding factor (CTCF) plays a key role in the formation of topologically
associating domains (TADs) and loops in interphase. During mitosis TADs are
absent, but how TAD formation is dynamically controlled during the cell cycle is not
known. Several contradicting observations have been made regarding CTCF binding
to mitotic chromatin using both genomics and microscopy-based techniques. Here
we have used 4 different assays to address this debate. First, using 5C we confirmed
that TADs and CTCF loops are readily detected in interphase, but absent during
prometaphase. Second, ATAC-seq analysis showed that CTCF sites display greatly
reduced accessibility and lose the CTCF footprint in prometaphase, suggesting loss
of CTCF binding and rearrangement of the nucleosomal array around the binding
motif. In contrast, transcription start sites remain accessible in prometaphase,
although adjacent nucleosomes can also become repositioned and occupy at least
a subset of start sites during mitosis. Third, loss of site-specific CTCF binding
was directly demonstrated using CUT&RUN. Histone modifications and histone
variants are maintained in mitosis, suggesting a role in bookmarking of active
CTCF sites. Finally, live-cell imaging, fluorescence recovery after photobleaching
and single molecule tracking showed that almost all CTCF chromatin binding is
lost in prometaphase. Combined, our results demonstrate loss of CTCF binding to
CTCF sites during prometaphase and rearrangement of the chromatin landscape
around CTCF motifs. This, combined with loss of cohesin, would contribute to the
observed loss of TADs and CTCF loops during mitosis and reveals that CTCF sites,
key architectural cis-elements, display cell cycle stage-dependent dynamics in factor
binding and nucleosome positioning.
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Introduction

Several studies have observed a key role of CCCTC-binding factor (CTCF) in
organizing the linear genome in topologically associating domains (TADs) and loops
in interphase vertebrate cells'=. CTCF is an 11 zinc finger protein that binds a well-
defined motif to which it can bind only in one direction*. Nucleosomes flanking CTCF
bound sites are strongly positioned °. In addition, flanking nucleosomes contain
histone modifications such as H3K4 methylation and histone variants such as H2A.
Z%7. Although CTCF has about 42,000 predicted binding sites in the human genome,
only a subset of CTCF sites are bound in a given cell type.

It has been proposed that topologically associating domains (TADs)
and CTCF-loops are formed as a result of cohesin-dependent loop extrusion®°,
According to this model, when cohesin is loaded on the chromatin, it will be able to
form a loop between two loci and will keep extruding until it is blocked by CTCF, which
will function as a boundary element. Whether cohesin is blocked by bound CTCF
and whether two CTCF-occupied sites can form a loop depends on the orientation
of the CTCF motif: looping is mostly observed between CTCF sites in a convergent
orientation-'*. CTCF loops often define TADs that are implicated in gene regulation.

Chromosome organization changes dramatically during mitosis. The
structural features of interphase chromosomes described by 5C and Hi-C, such
as TADs and A- and B-compartments are lost in prometaphase™. Current models,
based on modeling Hi-C data for prometaphase cells combined with extensive
earlier imaging data'®'8, propose that mitotic chromosomes are organized as arrays
of nested loops that are helically arranged around a spiraling central axis'®. These
loops can be generated by a process of loop extrusion mediated by condensin
complexes 81920,

Although it is clear that loss of CTCF causes genome-wide loss of TADs in
interphase?, whether the loss of TADs during mitosis is due to regulation of CTCF
is currently unclear. First, it is possible that condensin-mediated loop extrusion,
unlike cohesin-mediated extrusion, is not blocked by CTCF. It has been shown that
condensin Il in interphase cells does not accumulate at CTCF sites unlike cohesion?'.
This suggests that CTCF cannot block condensin Il mediated loop-extrusion.
Alternatively, TAD boundaries could be absent because CTCF, and most of cohesin,
dissociates from chromatin during mitosis. Along these lines, CTCF becomes highly
phosphorylated in mitosis??* and in vitro assays show that DNA binding capability
of phosphorylated CTCF is dramatically reduced?-2¢,

There have been several studies to examine chromatin/protein factor
binding in mitotic cells using both microscopy and genomics techniques such as
ChIP-seq and DNase | sensitivity assays. Several studies suggest that most factors
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lose site-specific binding to the chromatin during mitosis®”2¢. However, other studies,
mainly using imaging or western blot analysis of chromosome associated proteins,
report maintenance of factor binding in mitosis?®-2. There are several reasons that
could explain these conflicting results. First, formaldehyde fixation can affect protein
association with mitotic chromosomes, and therefore prevent observation of factor
binding by both microscopy and ChIP-seg®*%34 Additionally, when performing
population wide genomic studies in mitosis, cells need to be synchronized using drugs,
cell sorting or modified cell lines'3%-%7_ It is important to obtain pure synchronized
populations, as contamination of interphase cells, especially in studies using
immunoprecipitation, can lead to an overestimation of signal in mitosis. Furthermore,
although microscopy has advantages over population wide studies, microscopy does
not capture information on site specific binding of factors. Moreover, it is important
to distinguish co-localization of factors with the mitotic chromatin from site specific
binding, which could function as a mitotic bookmark®33°, |n this study, we used a
combination of several genomics techniques and live cell imaging to study cell cycle
dynamics of CTCF mediated looping interactions, CTCF binding and local chromatin
state flanking CTCF binding sites.

Results
5C shows loss of TADs and CTCF loops in prometaphase
It has been shown that interphase structures such as TADs and compartments, are
lost in mitosis' %441, However, the resolution of these previous studies was not
sufficient to investigate specific looping interactions, e.g. between CTCF sites. We
therefore applied a targeted 5C approach* that allows high resolution analysis (10
to 15 kb) for domains up to several megabases in interphase and mitosis. To obtain
mitotic cells, we synchronized HelLa S3 cells by first arresting cells in early S-phase
using a thymidine block, followed by an arrest in prometaphase using nocodazole’.
We confirmed cell cycle state of non-synchronous and mitotic (prometaphase) cell
populations using flow cytometry (Supplemental Fig. S1) and quantified the mitotic
index (percentage of cells with condensed chromosomes) using fluorescence
microscopy of DAPI stained cells. HeLa S3 asynchronous populations have a mitotic
index count of ~5%, whereas a nocodazole arrested culture contained 95-98% mitotic
cells. We also biochemically purified mitotic chromatin from prometaphase cells®.
When purified mitotic chromosomes were examined using fluorescence microscopy
with DAPI staining, no contaminating interphase cells were detected (representative
examples in Supplemental Fig. S1).

We performed 5C with a pool of primers targeting each end of each restriction
fragment (a “double” alternating design**), which produces a complete interaction
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Figure 1. Topologically associating domains (TADs) and CTCF-loops are lost in
prometaphase. 5C data of Chromosome 11 33,299,877-34,752,377 shows TADs (dashed
lines) and CTCF loops (arrows) in interphase (A), however these structures are lost in
nocodazole arrested mitotic cells (B) and purified mitotic chromatin (C). (D-F) Insulation
profiles. The insulation profile for non-synchronized cells shows a strong pattern alternating
peaks centered within TADs and valleys at TAD boundaries (D). TAD boundaries are co-
localized with bound CTCF as is shown by ENCODE CTCF ChIP-seq. Insulation profiles for
mitotic cells and mitotic chromatin do not show deep minima indicating TAD boundaries are
absent (E-F). 5C interaction profiles anchored on one CTCF-bound site (15 kb bin spanning
Chr11: 34,012,377-34,027,377). Peaks along these profiles (arrows) indicate CTCF-loops
observed in interphase (G). CTCF loops are not detected in mitotic cells and mitotic chromatin

(H-1). Blue arrows represent the position and orientation of CTCF motifs.

map for all restriction fragments throughout the two 2MB regions (Supplemental Fig.
2). Ininterphase cells, TADs are readily detected as domains of increased interaction
frequencies between loci flanked by CTCF-bound sites (Fig. 1A, representative TAD
marked with dashed line). By evaluating the insulation profile along the locus, we
can identify TAD boundaries and quantify the strength of TADs'®“%. Insulation score
is low at TAD boundaries and high at loci inside TADs (Fig. 1D, an example of a
TAD is indicated with white dotted lines in Fig. 1A). As has been shown before,
TAD boundaries are enriched in CTCF binding" '3, CTCF-looping interactions are
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detected by their appearance as “dots” of elevated interaction frequency ((Fig. 1A),
several loops marked with arrows). To illustrate CTCF-loops we plotted the interaction
frequencies of one CTCF site with its flanking loci (Fig. 1G). We find that interaction
frequencies generally decay with genomic distance, but that peaks appear at other
CTCEF sites, consistent with loop formation. It has been shown that loops between
CTCEF sites typically occur between motifs that are in convergent orientation'2-1446,
Looping interactions we observe in our 5C data are consistent with this (Fig. 1G).
5C analysis reveals that TADs are no longer observed in mitotic cells and mitotic
chromatin (Fig. 1B-C), in agreement with previous observations'®'. The loss of
TADs can be seen both visually in the interaction heatmap, as well as by calculation
of the insulation profile (Fig. 1E-F). Importantly, looping interactions between CTCF
sites are also no longer detected in mitosis (Fig. 1H-I).

Analysis of chromatin accessibility in interphase and prometaphase

To investigate chromatin characteristics at CTCF binding sites, we determined
chromatin accessibility using ATAC-seq*’. ATAC-seq fragments capture information
in several different ways. First, ATAC-seq data provides information about genome-
wide nucleosome positioning and spacing. This information is captured in the
length distribution of all fragments (Fig. 2A). Very short fragments ranging from 24-
80 bp are frequently observed. These fragments represent accessible regions in
between nucleosomes or in between a nucleosome and another chromatin bound
protein. Larger fragments typically form an enrichment of sizes that are multiples of
approximately 195 bp. This reflects the nucleosomal array, which has been seen before
in previous studies using ATAC-seq*. In mitosis we observed a similar nucleosomal
array. However, interestingly, the nucleosomal array is more pronounced, as the
enrichment for fragments that are multiples of 195 bp, represented by the peaks in
Fig. 2A, is stronger. This suggests that the spacing of nucleosomes genome wide is
more regular in mitosis compared to interphase.

A second type of information captured in ATAC-seq data is on accessibility of
specific classes of sites. We called peaks on ATAC-seq data using HOMER*. ATAC-
seq data have been shown to display peaks in regions of open chromatin similar to
peaks generated by DNase | sensitivity assays*. We can separate regions of the
genome based on their function assigned by ChromHMM?®5!, ATAC-seq peaks are
found in different types of functional elements, such as active promoters, enhancers
or CTCF insulator regions (Fig. 2B). We then compared peaks found in interphase
to peaks found in mitotic cells and mitotic chromatin. In general, there is large loss of
peaks in prometaphase compared to interphase. However, when we compare which
types of functional elements lose peaks, we see that active promoters maintain
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significant accessibility, whereas the other functional elements examined lose most
accessibility in mitosis (Fig. 2B). The maintenance of significant accessibility of
promoter regions and concomitant loss of accessibility at enhancers during mitosis
has been previously observed using DNase | sensitivity assays?%2. In addition to
this, we find an even more substantial loss of accessibility at CTCF binding sites.
This was observed in both mitotic cells and purified mitotic chromatin. Fig. 2C shows
an example of ATAC-seq signal at individual TSSs and CTCF motif (Fig. 2C).
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Figure 2. ATAC-seq data show accessibility at CTCF sites and enhancers is reduced
in mitosis, though maintained at TSSs. (A) Fragment length distribution of ATAC-seq
reads genome-wide in non-synchronized cells, mitotic cells and purified mitotic chromatin.
(B) Distribution of number of peaks called in non-synchronized cells, mitotic cells and mitotic
chromatin and their position on ChromHMM segments. (C) Example of a representative region
illustrating maintenance of accessible chromatin at TSSs in mitotic conditions while ATAC-seq
signal is lost at CTCF motifs.
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V-plots reveal protein occupancy at CTCF motifs and nucleosome positioning in
interphase
ATAC-seq also captures information on protein binding footprints and nucleosome
positioning flanking hypersensitive sites. This information is captured by the length
of fragments at a site of interest. We used V-plots to represent this data. V-plots
have been used to plot MNase data as a way to display chromatin binding by site
specific factors and positioning of flanking nucleosomes on different length scales
53, We have plotted our ATAC-seq data with the fragment length on the y-axis and
positioning of the midpoint of the fragment on the x-axis representing the distance
to the binding site of interest. In order to investigate local chromatin state at and
around sites of CTCF binding, we made V-plots of our data on CTCF motifs* that are
accessible, i.e. have an ATAC-seq peak, in interphase (Fig. 3A). In non-synchronized
cells, we observe an enrichment of 80-100 bp fragment at the CTCF binding sites
(asterisk), which represents the footprint of bound CTCF and possibly associated
proteins like cohesin. Similar footprints have been found using MNase digestion®.
The footprint can also be observed when the fragment length distribution is plotted
for all fragments with their midpoint on bound CTCF motifs (Fig. 3D, asterisk). When
we plot the lengths of reads with one end on a CTCF motif, we observe that many
fragments have a short length (Fig. 3E). These represent fragments generated by
pairs of ATAC cleavages in between bound CTCF and the flanking nucleosomes.
The second type of information that can be derived from V-plots is regarding
the positioning of flanking nucleosomes. For bound CTCF motifs in interphase, we
observe enriched dots on the arms of the V in the V-plot (Fig. 3A, arrows). These dots
indicate strong positioning of several nucleosomes flanking the bound CTCF motif,
consistent with previous MNase results®. The series of enriched signals represent
ATAC-seq fragments covering one, two, three and four flanking nucleosomes, but
are longer than expected for a typical nucleosomal array. We attribute this size
discrepancy to mean that some of these fragments can cover not only one or more
nucleosomes, but also the flanking bound CTCF site. This becomes even clearer
when fragment lengths are plotted of reads which have one of their read ends near a
bound CTCF motif (Fig. 3E, red arrow). We observe an enrichment of fragments that
are around 220 bp, instead of the expected 195 bp for a canonical mononucleosome.
Similar results were found when V-plots were made for all CTCF motifs or for CTCF
motifs with peaks from available CTCF ChIP-seq ENCODE data’' (Supplemental
Fig. S3A). Taken together, these analyses show that during interphase CTCF is
bound to its motif and nucleosomes flanking CTCF-occupied sites form a regularly
spaced array.
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Figure 3. ATAC-seq data represented in V-plots show loss of CTCF binding in mitosis
and rearrangement of nucleosomes flanking CTCF motifs. (A-C) ATAC-seq data
represented in V-plots aggregated at CTCF sites. The lengths of ATAC-seg reads are plotted
on the y-axis, and the distance between their midpoints and the CTCF motif is shown on
the x-axis. (A) V-plot for interphase ATAC-seq data. Asterisk indicates the CTCF footprint.
Enriched dots along the arms of the V (arrows) represent strongly positioned nucleosomes.
(B-C): V-plots for ATAC-seq data from mitotic cells and purified mitotic chromatin aggregated at
CTCF motifs with interphase ATAC-seq peaks. Asterisks mark the loss of the CTCF footprint.
Arrows indicate positioning of flanking nucleosomes. (D) Distribution of fragment lengths of
reads that have their midpoint on a CTCF motif. Dashed line: genome-wide average read
length distribution. Arrows: read lengths representing 1 and 2 nucleosomes. (E) Distribution
of fragment length of reads with either read end near a CTCF motif with interphase ATAC-seq
peak compared to the genome-wide average (dashed line). In interphase reads representing
one flanking nucleosome are longer (red arrow) as compared to reads representing one
flanking nucleosome in mitosis (black arrow). (F) Side-by-side comparison of V-plots for non-
synchronized and mitotic chromatin. The shift in nucleosome positioning is highlighted using
arrows. Asterisks mark loss of CTCF footprint in mitosis.

V-plots show loss of binding at CTCF motifs and rearrangement of nucleosomes in
prometaphase

We then created V-plots for ATAC-seq data generated from mitotic cells and purified
mitotic chromatin at CTCF motifs that have an interphase ATAC-seq peak (Fig. 3B-C).
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As expected from the peak calling assessment, overall accessibility is reduced (and
no longer significant) in mitotic conditions. However, some accessibility remains. We
do note that ATAC-seq signal at CTCF sites for purified mitotic chromatin is stronger
compared to ATAC-seq signal in mitotic cells. This higher signal to noise ratio is
possibly caused by lower background signals overall due to stronger nucleosome
interactions as a result of detergents in the chromosome purification buffer*. Several
additional features are observed. First, there is a change in the CTCF footprint. The
enrichment of 80-100 bp fragment lengths observed in interphase is no longer present.
Instead there is an enrichment of small fragments around 25-75 bp (asterisks). This
suggests that CTCF is no longer bound to the motif, where it protected the site from
ATAC-seq cleavage in interphase. We observed this in both mitotic cells and purified
mitotic chromatin. The loss of 80-100 bp fragments is also observed when the length
distribution is plotted for fragments with their midpoint on interphase bound CTCF
motifs (Fig. 3D, compare to interphase length distribution marked by asterisk).
Second, the positioning of nucleosomes around interphase bound CTCF
motifs also changes during mitosis (Fig. 3B-C, arrows). Loss of CTCF binding would
create a large accessible region between the flanking nucleosomes, which can in
turn cause nucleosomes to move inwards. This movement of nucleosomes would
cause the linkers in the nucleosomal array to become larger than average. We
observe this phenomenon in several ways. First, nucleosomes are able to occupy
CTCEF sites in mitosis. This can be seen by a gain of mono- and dinucleosome sized
fragments in the length distribution plot in Fig. 3D (arrows). Nucleosome occupancy
at the CTCF motif is not observed in interphase when CTCF typically occupies the
motif. Second, as discussed above, in interphase we observe a peak at 220 bp in
the fragment length distribution for fragments with one end in a CTCF motif that
is larger than typical for a mononucleosome (Fig. 3E, red arrow). In mitosis, this
mononucleosome peak becomes more similar to the genome-wide average (195
bp); again suggesting that CTCF is no longer bound (Fig. 3E, black arrow). This
size discrepancy becomes even more obvious when V-plots for non-synchronized
cells and purified mitotic chromatin are plotted side by side (Fig. 3F, compare
arrows). Lastly, there is a change in nucleosome spacing and positioning during
mitosis (Fig. 3B-C). In interphase, the locations of nucleosomes are observed as
enriched dots along the arms of the V with a strong positioning relative to the CTCF
motif. Conversely, in mitosis, the enriched dots become less pronounced and we
observe horizontal bands of elevated fragment frequency in the heatmap running
several kb up and down stream of the CTCF motif. Given that these V-plots are
normalized for genome-wide average fragment length frequency, a banding pattern
only emerges when the spacing between several of the flanking nucleosomes differs
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and/or is more variable from the genome-wide average. Specifically, the banding
pattern indicates that there is an increase in nucleosomes spaced by larger linkers
than the genome-wide average (Fig. 3E, dashed line). These observations confirm
that several flanking nucleosomes are able to move inwards, creating longer linkers
between them. This creates a local nucleosomal array around CTCF sites with larger
than average linkers.

Taken together, our data suggest that CTCF is no longer bound in
prometaphase and nucleosomes rearrange. To exclude that there are certain
subgroups of CTCF motifs that maintain binding in mitosis, we plotted V-plots for
several obvious classes of CTCF motifs, e.g. motifs proximal or distal to TSSs or
CTCF motifs that maintain an ATAC-seq peak in mitosis. In addition, we use k-means
clustering for ATAC fragments of 75-150 bp at CTCF sites to determine whether there
are subgroups of motifs that maintain a CTCF footprint in mitosis (Supplemental Fig.
S4). None of these methods found a specific group of CTCF motifs that maintain
CTCF binding. Finally, we confirmed the loss of CTCF binding and rearrangement of
nucleosomes in multiple differentiated cell lines (Supplemental Fig. S5-6).

Transcription start sites maintain significant accessibility, but show variable loss of
factor binding and nucleosome repositioning in prometaphase

We also made several observations about the chromatin landscape at accessible
TSSs in interphase and mitosis (Supplemental Fig. S7). First, we see an enrichment
of fragments with a length below 150 bp compared to the genome-wide average in
interphase (Supplemental Fig. S7A, asterisk). We do not observe an enrichment
of fragments of a defined size as we do for CTCF (compare supplemental Fig.
S7D to Fig. 3D). This can be explained by the fact that contrary to CTCF sites,
TSSs can be bound by a more diverse set of proteins. Second, we do not observe
enrichments of nucleosome sized fragments centered on the TSS (Supplemental
Fig. S7D), confirming that in interphase typically no nucleosomes are bound at TSSs.
Furthermore, the length of fragments covering the two nucleosomes directly flanking
the TSS appears less defined compared to those flanking CTCF sites (compare Fig.
3E to Supplemental Fig. S7E, red arrow). There is a local enrichment of fragments a
little over 200 bp in length. These fragments represent ATAC-seq products covering
factors bound to the TSS plus the neighboring nucleosome, resulting in a length that
is over the genome-wide expected 195 bp covering a single nucleosome. In addition,
the enrichment of fragments over 200 bp is less pronounced compared to genome-
wide average for single nucleosome fragments, suggesting that heterogeneity in
factors binding to the TSS can result in a wider distribution of fragment lengths
covering the TSS and the flanking nucleosome.
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Figure 4. ATAC-seq V-plots show nucleosome repositioning, while accessibility is
maintained at transcription start sites. Panels A-E show ATAC-seq data for the set of TSSs
that display the lowest 20 percent accessible peaks in mitotic chromatin, panels F-J show ATAC-
seq data for the set of TSSs that display the highest 20 percent accessible peaks in mitotic
chromatin (A-B) V-plots of ATAC-seq signal aggregated at TSSs in non-synchronized cells (A)
and mitotic chromatin (B). (C) Side-by-side comparison of the V-plots of low accessible TSSs
for non-synchronized cells and mitotic chromatin. (D) Distribution of fragment length of reads
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with their midpoint on a TSS compared to the genome-wide average (dashed line). Arrows:
read lengths representing 1 and 2 nucleosomes. (E) Distribution of fragment length of reads
with either end in a TSS in mitotic chromatin compared to the genome-wide average (dashed
line). In interphase reads representing one flanking nucleosome are longer (red arrow) as
compared to reads representing one flanking nucleosome in mitosis (black arrow). (F-G)
V-plots of ATAC-seq signal aggregated at TSSs that display the highest 20% accessibility in
mitotic chromatin for non-synchronized cells (F) and mitotic chromatin (G). (H) Side-by-side
comparison of the V-plots shown in (F) and (G). (I) Distribution of fragment length of reads
with their midpoint on a TSS with highest 20% highest accessible peaks in mitotic chromatin
compared to genome-wide average (dashed line). Arrows: read lengths representing 1 and
2 nucleosomes. (E) Distribution of fragment length of reads with either end in a TSS with
highest 20% highest accessible peaks in mitotic chromatin compared to the genome-wide
average (dashed line). For mitotic chromatin reads representing one flanking nucleosome are
of similar length (black arrow) as compared to reads representing one flanking nucleosome in
interphase (red arrow).

In mitosis, complementary to our peak calling analysis (Fig. 2B-C), V-plots
show that overall accessibility at TSSs is reduced, though maintained at higher levels
than at CTCF sites (compare Fig. 3B-C to Supplemental Fig. S7B-C). Interestingly,
we observe that in mitotic chromatin, nucleosome sized fragments are observed
at the TSS (Supplemental Fig. S7D, arrows), suggesting that nucleosomes start
occupying TSSs. This led us to explore further how mitotic accessibility at TSSs is
related to nucleosome positioning. We compared the accessibility and nucleosome
positioning in the top 20 percent most accessible and 20 percent least accessible
TSSs in mitosis. In interphase, these two groups behave highly similarly, except for
signal intensity as expected (compare Fig. 4A and D to Fig. 4F and I). In mitosis,
both groups of TSSs can be occupied by nucleosomes, however the level of
nucleosome occupancy is inversely related to the level of remaining accessibility
in mitosis (Fig. 4D and |, black arrows). For the group of TSSs with low levels of
remaining accessibility, the nucleosome occupancy in mitosis is comparable to the
genome-wide average (Fig. 4D, dotted line), while the group of TSSs with the highest
remaining accessibility in mitosis, the nucleosome occupancy is lower than the
genome-wide average (Fig. 41, dotted line). During mitosis, the set of TSSs with the
lowest accessibility resembles CTCF sites in several ways. First, while in interphase
the fragments representing mononucleosomes flanking the TSS are longer than
genome-wide average, in mitosis this length shortens to the canonical 195 bp (Fig.
4E, compare black and red arrows). This shortening of fragments covering flanking
nucleosomes can also be observed in V-plots (Fig. 4C, compare arrows). Lastly, as
for CTCF sites, we observe a gain of horizontal banding pattern in the V-plot, again
indicating that there is an increase in nucleosomes spaced by larger linkers than the
genome-wide average. Importantly and in contrast to CTCF sites, these TSSs are
significantly more accessible than the genome-wide average, despite the fact that
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this set of TSSs is now occupied by nucleosomes.

The set of TSSs that maintain high levels of accessibility in mitosis however
behaves differently. For this set of TSSs we continue to observe an enrichment of
short fragments (below 150 bp) compared to the genome-wide average and larger
fragments covering the flanking nucleosomes (Fig. 4J, arrows), suggesting that some
factors remain bound to the TSSs. This is also observed by a lack of downwards shift
of nucleosome sized fragments along the arms in the V (Fig. 4H, compare arrows).
However, as indicated above, some increase in nucleosome occupancy at the TSS is
observed in mitosis, suggesting that this set of TSSs is heterogeneous with some sites
gaining nucleosomes, while other sites maintain interphase nucleosome positioning.
The presence of a subset of TSSs with repositioned nucleosomes in mitosis is also
reflected in the gain of horizontal bands in the V-plot (Fig. 4H). As discussed above,
the horizontal banding pattern is a result of repositioned nucleosomes that have
altered linker lengths than the genome-wide average.

CUT&RUN directly observes loss of CTCF binding in prometaphase
Next, we set out to detect CTCF binding directly. Given concerns about formaldehyde
induced artifacts that affect protein binding to mitotic chromosomes (discussed
above, and?®3%334) we decided not to use ChIP-seq. Instead, we use CUT&RUN?®4,
CUT&RUN uses a protein A-MNase fusion to target proteins of interest labelled by
primary antibodies. Upon addition of calcium ions, protein A-MNase will digest DNA
bound by the protein of interest, after which short digested DNA fragments can be
isolated, amplified and sequenced. In contrast to ChlP-seq, CUT&RUN can be done
on unfixed cells and it does not require any pull down of molecules. CUT&RUN
signal for CTCF shows a very clear peak at accessible CTCF motifs in interphase.
However, in mitosis, the signal diminishes to almost background levels (Fig. 5A).
Even prolonged digestion did not reveal CTCF binding in mitotic (prometaphase)
cells (Supplemental Fig. S8). We analyzed CTCF binding in different obvious classes
of CTCF motifs, e.g. sites with an ENCODE CTCF ChIP-seq peak or sites proximal
to TSSs (Supplemental Fig. S9). None of these sites showed CTCF CUT&RUN
signal in prometaphase cells. Furthermore, when we represent CTCF CUT&RUN
signal of each motif sorted on signal strength, there are no CTCF sites found that
maintain CTCF binding (Supplemental Fig. S10). This suggests that CTCF binding
does not just become weaker in prometaphase, but that essentially all motif-specific
binding is lost.

Next, we wanted to determine whether CTCF gains binding at other sites
specifically in prometaphase. Whereas de novo peak calling of CTCF CUT&RUN
data in interphase identified 7824 peaks, in mitotic cells only 107 peaks were
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identified (Supplemental Fig. S11). This suggests there is very little site specific
binding in mitosis. It has been described that CTCF becomes highly phosphorylated
in mitosis?2. To ensure the loss of CUT&RUN signal is not caused by the inability of the
CTCF antibody to recognize phosphorylated CTCF, we performed western blot with
lysates of non-synchronized cells, mitotic cells and mitotic chromatin (Supplemental
Fig. S12). The antibody detected CTCF in both non-synchronized and mitotic cell
extracts. Interestingly, we did not detect CTCF in extracts from mitotic chromatin
(Supplemental Fig. S12). This indicates again that CTCF binding in mitosis is lost
and when isolating chromatin from prometaphase arrested cells, CTCF is not co-
purified with the chromatin.
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Figure 5. CUT&RUN data shows loss of CTCF binding at CTCF motifs in mitosis,
while H2A.Z and H3K4 methylation marks are maintained. (A) Aggregation plot of CTCF
CUT&RUN signal of reads shorter than 120 bp after 10 min digestion. Reads are aggregated
on CTCF motifs that display an interphase ATAC-seq peak. (B-D) CUT&RUN signal for H2A.Z
(B), H3K4Me1 (C), H3K4Me3 (D) of reads longer than 120bp after 30 min digestion. Reads
are aggregated at CTCF motifs with interphase ATAC-seq peak.
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Histone marks and variants at active CTCF sites are maintained in mitosis

There are several histone characteristics described that are associated with
CTCF bound motifs in interphase. The histone variant H2A.Z is often observed
in nucleosomes flanking CTCF sites and TSSs%7%. Additionally, several histone
modifications have been found around bound CTCF motifs; for example H3K4me1
for motifs distal to TSSs and H3K4me3 for motifs proximal to TSSs®. In order to
assay the presence of these histone marks and variants, we performed CUT&RUN.
For H2A.Z and H3K4 mono- and trimethylation we observe two distinct peaks
around the CTCF maotif in non-synchronized cells (Fig. 5B-D). This confirms our
observations in V-plots of ATAC-seq data, where the CTCF flanking nucleosomes
are strongly positioned relative to distance from the CTCF moitif in interphase due to

CTCF binding.

Many histone marks and variants have been suggested to serve as mitotic
bookmarks for factor binding (reviewed in%¢). Both H2A.Z and H3K4 methylation
states have been observed throughout the cell cycle”*'5%%, Using CUT&RUN we
observed that H2A.Z binding and H3K4 methylation states are maintained at CTCF
sites during mitosis, even though CTCF binding is temporarily lost (Fig. 5B-D). We
note that the level of H3K4me1 is reduced during mitosis, in contrast to H3K4me3
for which signal strength is similar in interphase and mitosis. It has been previously
shown that H3K4me3 typically gets rapidly reestablished on histones on both sister
chromatids in S-phase, while H3K4me1 levels do not get restored until after cell
division®. A 50% reduction in H3K4me1 levels as a result of dilution over the two
sister chromatids is consistent with the reduced levels observed by CUT&RUN. As
described, we observe two strong peaks in H2A.Z and H3K4 methylation signal
flanking the CTCF motif in interphase, however in mitosis these peaks become
weaker and form two broader peaks with a less defined valley in between. This
is in concordance with ATAC-seq data, where we observed rearrangement of the
nucleosomes and filling in of the nucleosome depleted regions (NDRs) at CTCF in
mitosis.

We then analyzed H2A.Z and H3K4me3 levels at TSSs detected by
CUT&RUN in interphase and mitosis. In line with previous studies and our CUT&RUN
data at and around CTCF sites, we found that H2A.Z and H3K4me3 levels are
maintained at TSSs in prometaphase (Supplemental Fig. S13;7%5%). Interestingly,
but not surprisingly, we again observe loss of depletion of histone signal at TSSs
in prometaphase, similar to CTCF sites. This is an indication that nucleosomes
reposition and occupy at least a subset of TSSs, consistent with our observations in
ATAC-seq V-plots (Fig. 4).
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Live cell imaging shows that CTCF is not enriched on prometaphase chromosomes
and that essentially all specific binding is lost

Genomic and imaging studies have occasionally reported contradicting findings when
it comes to factor binding to prometaphase chromatin. To independently validate
our observation using genomics techniques that essentially all site specific CTCF
binding is lost during prometaphase, we turned to live-cell imaging and applied a
three-pronged approach based on long-term time-lapse imaging, Fluorescence
Recovery After Photobleaching (FRAP) and Single-Particle Tracking (SPT). We
previously generated and validated a U20S cell line where all CTCF alleles have
been Halo-tagged (C32 Halo-CTCF®). To visualize mitotic cells, we additionally
stably integrated a histone H2B-GFP transgene. We performed ATAC-seq on this
cell line and observed the expected loss of accessibility at CTCF sites in mitosis
and loss of the CTCF footprint represented in V-plots (Supplemental Fig. S5E-F
and Supplemental Fig. S6G-H). First, we used multi-hour time-lapse fluorescence
microscopy to observe Halo-CTCF (Supplemental Movie S1-2) and H2B-GFP
(Supplemental Movie S2) in actively dividing cells. Although CTCF was clearly
enriched on mitotic chromosomes during most phases of mitosis (e.g. telophase),
CTCF localization appeared to be diffuse during prometaphase. Second, to quantify
CTCF binding dynamics we used FRAP. As for the genomics experiments, we
used nocodazole to arrest cells in prometaphase. As we observed with time-lapse
microscopy, CTCF showed a diffuse localization without clear enrichment on mitotic
chromosomes during prometaphase (Fig. 6A; upper panel). To rule out any artifacts
due to nocodazole drug treatment, we also identified cells in prometaphase without
drug-treatment based on their H2B-GFP localization (“prometaphase enriched”) and

similarly observed diffuse CTCF localization without enrichment on chromatin.

We then performed FRAP, bleaching a ~1 um circle and quantifying the
recovery®'. In interphase, Halo-CTCF showed slow recovery consistent with a high
fraction of chromatin binding to specific CTCF sites with an apparent residence time
of a few minutes (Fig. 6B®°). However, in prometaphase, Halo-CTCF showed ~90-
95% recovery within seconds as well as a fraction of the population (~5-10%) which
showed slower recovery suggesting stable binding by only a small subpopulation
(Fig. 6B). We validated our FRAP approach and show that the difference in recovery
was not due to improper drift-correction using histone H2B controls (Fig. 6C; note
that the H2B bleach depth is slightly lower in prometaphase due to “gaps” between
chromosomes, but that the rate of recovery is unchanged). Thus, in prometaphase,
although a small population approaching our detection limit (~5-10%) does appear to
bind specific sites with aresidence time in the minute range, the vast majority of specific
CTCF binding is clearly lost, which is consistent with the genomics experiments. We
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conclude that nearly all specific CTCF binding is lost in prometaphase.

Third and finally, we sought to verify this using an independent technique
and used stroboscopic photo-activation single-particle tracking (spaSPT). spaSPT
makes it possible to observe single CTCF molecules in live cells and to visualize
both bound (specific and non-specific) and freely diffusing molecules without motion-
blur bias®®®2. We then tracked single CTCF molecules at 134 Hz in interphase
(Supplemental Movie S3), in nocodazole-arrested prometaphase (Supplemental
Movie S4) and in “prometaphase-enriched” cells (Supplemental Movie S5) and
quantified the distribution of displacements between frames. Analysis of the
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Figure 6. Live-cell imaging shows large loss of CTCF binding in mitosis. (A) Halo-CTCF
and H2B-GFP localization of representative U20S cells for prometaphase arrested cells and
non-arrested cells selected as prometaphase (“prometaphase enriched”). (B) FRAP for Halo-
CTCEF in interphase, prometaphase arrested and prometaphase enriched cells. (C) Controls
showing FRAP for H2B-Halo in interphase and prometaphase arrested cells and for Halo-
3xNLS in interphase cells. (D) Single particle tracking displacement statistics for halo-CTCF
in different timeframes in interphase, prometaphase arrested and prometaphase enriched
cells. (E) Displacement cumulative distribution function (CDFs) derived from single particle
tracking at At 22.5ms for interphase, prometaphase arrested and prometaphase enriched
cells. (F) Fraction bound of Halo-CTCF calculated using the Spot-On model in interphase,
prometaphase arrested and prometaphase enriched cells®.
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cumulative distribution function (CDF) revealed that nearly all CTCF chromatin
binding was lost in prometaphase (Fig. 6D-E; bound molecules typically appear below
150nm). To quantitatively analyze the spaSPT data we fit a 2-state kinetic model
(Spot-On) wherein CTCF can exist in either a bound (both specific and transient
non-specific binding) and free state (Fig. 6D%%2). This revealed that whereas ~55%
of CTCF molecules are chromatin bound in interphase, only ~10-14% are bound in
prometaphase (Fig. 6F). Since this bound population includes transient non-specific
binding, these results independently confirm the FRAP results (Fig. 6B). In summary,
our live-cell imaging results independently confirm that nearly all specific CTCF
binding is lost during prometaphase and, additionally, that this observation is not an
artifact of nocodazole treatment.

Discussion

Our study presents a comprehensive analysis of CTCF binding and CTCF motif-
flanking nucleosomes in mitosis using several complimentary techniques and
multiple differentiated cell lines. Genomics and live cell imaging techniques show that
overall CTCF binding is lost in mitosis, as are TADs and loops between CTCF sites.
We did not find any subgroup of CTCF sites that maintain binding in mitosis, nor did
we find any new sites of mitotic CTCF binding. This, together with the known loss of
cohesin during prophase, could explain why TADs and CTCF loops are not observed
in mitosis®®%, In addition to this, we found that nucleosomes flanking interphase
CTCEF sites rearrange in prometaphase, resulting in nucleosomes occupying the
CTCF motif and forming an array of nucleosomes with larger and more variable
linkers (Fig. 7). Furthermore, similar phenomena can occur at TSSs, although these
sites remain hyperaccessible as observed by ATAC-seq. Epigenetic marks, such as
histone variant H2A.Z and H3K4 methylation marks, are maintained at both CTCF
sites and TSSs in mitosis.

Previous studies found evidence for CTCF binding to mitotic chromosomes
using imaging and chromatin fractionation approaches®*'%7, Additionally, proteomics
studies of isolated mitotic chromatin detect CTCF, although at reduced levels
compared to interphase chromatin'®®. Importantly however, all these approaches
measure general mitotic chromatin association and do not capture information on
site specific binding®*%3°_ Our live cell imaging data also indicate that CTCF remains
associated with chromatin during several stages of mitosis, however in prometaphase
CTCF binding dynamics are changed and the vast majority of specific and stable
binding is lost. This is complementary to our findings using genomics techniques,
where we also observe loss of CTCF binding at interphase sites and we do not
find any mitotic site specific binding. It is possible that CTCF remains associated

67



Chapter 3

Nucleosome . Histone variant J Histone modification * CTCF .

A
Interphase

CTCF motif
° %
Prometaphase

OOV D OO D OO
CTCF motif

Figure 7. Dynamics of CTCF binding and chromatin organization around active CTCF
motifs throughout the cell cycle. (A) In interphase CTCF is bound to its motif and flanking
nucleosomes are strongly positioned relative to the motif, in contrast to nucleosomes further
away from the motif, as indicated by arrows. Flanking nucleosomes are characterized by
histone variants and modifications. (B) In prometaphase, CTCF binding is temporarily lost
and nucleosomes rearrange to fill in the nucleosome depleted region at the CTCF motif. This
increases the linker lengths between adjacent nucleosomes. Epigenetic marks however are
maintained, possible functioning as bookmarks that enable inheritance of active CTCF motifs
throughout the cell cycle. Arrows underneath nucleosomes indicate that the position of these
nucleosomes can vary between cells.

with mitotic chromatin, although in a non-specific and highly dynamic manner. First,
mitotic chromatin retention could enable proper segregation of CTCF levels over
the daughter cells. Second, maintained chromatin association can enable efficient
reestablishment of CTCF binding upon mitotic exit. A recent study observed a rapid
raise of CTCF levels associated to the chromatin in late anaphase, as for many
other chromatin binding factors®”. The hypothesis that chromatin binding factors
retaining chromatin association in mitosis, though losing motif specific binding, has
been tested using imaging techniques in recent studies®*2°. Additionally, we note that
CTCF may show cell type specific dynamics in prometaphase. Our study observes
CTCF cell cycle dynamics of differentiated cells, using both transformed and non-
transformed cell lines.

Transcription start sites are highly accessible and free of nucleosomes in
non-synchronized cells that are mostly in interphase. In contrast to CTCF sites,
TSSs remain hyperaccessible during mitosis. This has also been observed by
DNase | sensitivity assays?”?. Here we find that despite remaining highly accessible,
nucleosome-sized ATAC-seq fragments are detected at TSSs in mitosis indicating
that nucleosomes are able to occupy these sites, and that the spacing between
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flanking nucleosomes becomes larger and more variable compared to genome-wide
average, similar to what we observed at and around CTCF sites. These observations
are consistent with a recent study that found that a large fraction of NDRs at TSSs
become filled in by a nucleosome that is marked with H3K4 methylation®”. The fact
that TSSs remain hyperaccessible suggests either that TSSs become occupied
by nucleosomes in only a subset of cells in the population, or that nucleosomes
rearrange in all cells, creating linkers between adjacent nucleosomes at TSS that
are relatively large and thus more accessible than the genome-wide average.
Long linkers between the nucleosomes would be expected if flanking nucleosomes
reposition across the relatively large interphase nucleosome-free regions around

TSSs in the absence of de novo nucleosome assembly.

The level of nucleosome occupancy at the TSS is directly related to the
remaining accessibility during mitosis. We find that the set of most accessible TSSs
in mitosis has low levels of nucleosome occupancy, though this level is higher than
in interphase. This set of most accessible TSSs also shows evidence that the TSS
can frequently remain free of nucleosomes, with no changes in the positions of the
directly flanking nucleosomes. One parsimonious interpretation of these data is that
TSSs are variable in the extent to which nucleosomes reposition during mitosis.
This variability can be at the level of single cells for individual TSSs, or at the level
of subsets of TSSs where some sets remain bound by factors that maintain an open
nucleosome-free site in most cells. TBP has been described as a factor that can
maintain stable binding to at least a subset of promoters®-7'. TBP, possibly together
with histone modifications that remain stable in mitosis, may serve as bookmarks for
re-activation of promoters in the subsequent cell cycle. Given that we do not find any
evidence that CTCF or other factors remain associated with CTCF sites in mitosis,
we propose that the continued presence of modified histones and histone variants
such as H2A.Z around CTCF motifs, and the larger spacing between adjacent
nucleosomes around the site are sufficient for marking these sites for re-binding of
CTCF as cells exit mitosis.

Both H2A.Z and H3K4 methylation marks have been studied in regard to
their role as mitotic bookmarks at promoters. H2A.Z has been described to form a
heterodimer with H3.3 which can fill in the NDRs of promoter regions in mitosis®”:%.
The H3.3/H2A.Z heterodimer is found to be less stable than its canonical H3/H2A
counterpart and often repositioned or removed by chromatin remodelers. It has been
suggested that H3.3/H2A.Z could be a place holder for transcription factors in mitosis.
Upon mitotic exit, chromatin remodelers can be recruited to sites of H3.3/H2A.Z and
open up NDRs, which will enable transcription factors to bind at its interphase sites
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again’. Both H3K4 monomethylation and trimethylation are maintained in mitosis
((Lin et al.%8; Varier et al.*°) and Fig. 5 and Supplemental Fig. S13). Recently it was
observed that a large fraction of NDRs at TSSs become filled in by a nucleosome
that is marked with H3K4 methylation and loss of histone acetylation®”. Therefore,
the nucleosomes that fill in NDRs stand out compared to their flanking nucleosomes
that will still have acetylation marks. This could be another mechanism for specific
recruitment of chromatin remodelers upon mitotic exit to these bookmarked sites,
which could enable reestablishment of interphase factor binding.

We find that chromatin organization around CTCF sites alternates between
two distinct states during the cell cycle. To convert from one state to the other, a
number of molecular events must likely take place. First, as cells enter mitosis, CTCF
dissociates from the chromatin. This may involve phosphorylation of CTCF, which
reduces its affinity for DNA in vitro??232526, The mechanism by which nucleosomes
become repositioned is not known. It is possible that simply the removal of CTCF,
and associated factors such as cohesin, is sufficient for nucleosomes to passively
reposition and occupy the CTCF motif. Alternatively, and more interestingly, it
is possible that specific remodeling enzymes act at CTCF sites during mitosis.
Sometime during or after mitotic exit CTCF regains site specific binding. This likely
involves dephosphorylation of CTCF. Rebinding at CTCF motifs could be facilitated
by the relative large linkers between nucleosomes around previously bound CTCF
sites and the presence of histone variants and histone modifications. CTCF rebinding
correlates with repositioning of the flanking nucleosomes. How CTCF rebinding
and nucleosome repositioning are mechanistically linked remains unknown. CTCF
binding could passively lead to nucleosome repositioning or a process of active
chromatin remodeling precedes CTCF binding.

The molecular events occurring at CTCF sites during the cell cycle coincide
with large scale changes in higher order chromosomal folding, where TADs and
loops are present in interphase and absent in prometaphase. The recently
proposed model of loop extrusion explains how such localized events of CTCF
binding can determine the formation of TADs and loops at the scale of hundreds of
kilobases®198°. This model proposes that during interphase dynamic loop extrusion
by cohesin is blocked by CTCF bound sites. This process leads to TAD formation
and loops between convergent CTCF sites'~'*. Taken together our data on CTCF
and published data on cohesin®¥-%¢ show that the absence of TADs and CTCF loops
in mitosis can be explained by the dissociation of the entire interphase loop extrusion
machinery. Upon mitotic exit condensins become inactivated and CTCF and cohesin
re-associate rapidly®”, allowing the reestablishment of CTCF loops and TADs.
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Supplemental figures
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Supplemental Fig. S1 — Flow cytometry using propidium iodide staining and microscopy
using DAPI staining show synchronization in M-phase by Nocodazole. (A-B) Cell cycle flow
cytometry for non-synchronized (A) and nocodazole arrested (B) HeLa-S3 cell populations.
(C) DAPI staining of an interphase cell, nocodazole arrested prometaphase cell and purified
mitotic chromatin of HeLa-S3 cells and their average scored mitotic index in percentage of
total population. (D-E) Cell cycle flow cytometry for non-synchronized (D) and nocodazole
arrested (E) HFF cell populations. (F) DAPI staining of an interphase cell, nocodazole arrested
prometaphase cell and purified mitotic chromatin of HFF and their average scored mitotic
index in percentage of total population. (G-H) Cell cycle flow cytometry for non-synchronized
(G) and nocodazole arrested (H) U20S Halo-CTCF H2B —GFP cell populations. (I) DAPI
staining of an interphase cell and nocodazole arrested prometaphase cell of U20S Halo-
CTCF H2B-GFP and their average scored mitotic index in percentage of total population.
Note that the scales of x-axes of the different plots are different dependent on the setting of
the FACS equipment.
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Supplemental Fig. S2
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Supplemental Fig. S2 — 5C interaction interaction maps obtained with non-synchronized
HelLa-S3 cells (A), mitotic HeLa-S3 cells (B), and mitotic chromatin purified from mitotic
HelLa-S3 cells (C). Heatmap shows two 2 MB regions located on chromosome 1 (hg19 chr1:
46740122-48740121 (upper left)) and chromosome 11 (hg19 chri1: 33003550-35003549
(lower right)). Data was binned in 20 kb bins.
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Supplemental Fig. S3 — (A-C) Normalized V-plots at CTCF motifs that display ENCODE
CTCF ChIP peaks. V-plots are made based on ATAC-seq data from non-synchronized cells
(A), mitotic cells (B) and mitotic chromatin (C). (D-F) Normalized V-plots at CTCF motifs within

(G-)

Normalized V-plots at CTCF motifs 2 kb or more away from any TSS in non-synchronized cells
(G), mitotic cells (H) and mitotic chromatin (I). (J-L) Normalized V-plots at CTCF motifs with
mitotic ATAC-seq peak in non-synchronized cells (J), mitotic cells (K) and mitotic chromatin

(L).
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Supplemental Fig. S4
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Supplemental Fig. S4 — (A) K-means clustering in 5 clusters of ATAC-seq signal of 75-
150 bp length reads in mitotic chromatin at 2kb window from interphase accessible CTCF
motifs. (B-C) V-plots of ATAC-seq data obtained with non-synchronized cells (B) and mitotic
chromatin (C) at CTCF motifs in cluster 1 representing 9,975 CTCF motifs. (D) Fragment
length distribution of reads with their midpoint on a CTCF motif from cluster 1. (E-F) V-plots of
ATAC-seq data obtained with non-synchronized cells (E) and mitotic chromatin (F) on CTCF
motifs in cluster 4 of kmeans clustering representing 612 CTCF motifs. (G) Fragment length
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distribution of reads with their midpoint on a CTCF motif from cluster 4. (H-l) V-plots of ATAC-
seq data obtained with non-synchronized cells (H) and mitotic chromatin (I) on CTCF motifs in
cluster 5 of kmeans clustering representing 104 CTCF moitifs. (G) Fragment length distribution
of reads with their midpoint on a CTCF motif from cluster 5.
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Supplemental Fig. S5 — ATAC-seq fragment length distributions and representative genome
tracks for data obtained with HeLa-S3 (A-B), HFF (C-D) and U20S Halo-CTCF H2B-GFP

(E-F).
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Supplemental Fig. S6
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Supplemental Fig. S6 — Normalized V-plots of ATAC-seq data obtained with HeLa-S3 cells at
CTCF motifs that display ATAC-seq peaks in interphase for non-synchronized cells (A), mitotic
cells (B) and purified mitotic chromatin (C). Normalized V-plots of ATAC-seq data obtained with
HFF cells at CTCF sites that display ATAC-seq peaks in interphase for non-synchronized cells
(D), mitotic cells (E) and purified mitotic chromatin (F). Normalized V-plots of ATAC-seq data

obtained with U20S Halo-CTCF H2B-GFP cells at CTCF sites that display ATAC-seq peaks in
interphase for non-synchronized cells (A), mitotic cells (B) and purified mitotic chromatin (C)
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Supplemental Fig. S7
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Supplemental Fig. S7 — ATAC-seq data obtained with HeLa-S3 in non-synchronozed cells
(A), mitotic cells (B), and purified mitotic chromatin (C) represented as V-plots aggregated on
all TSS that display an ATAC-seq peak in interphase. (D) Fragment length distribution of non-
synchronized cells, mitotic cells and mitotic chromatin for all reads with their midpoint on any
TSS. (E) Fragment length distribution of non-synchronized cells and mitotic chromatin for all
reads with either end near any TSS compared to the genome-wide distribution (dashed line).

(F) Side-to-side comparison of V-plots for non-synchronized cells and mitotic chromatin up to
2 kb upstream of TSS.
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Supplemental Fig. S8
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Supplemental Fig. S8 — Aggregation plots of CTCF CUT&RUN signal for reads shorter than
120bp obtained with different digestion times with pA-MNase (10 seconds to 30 min). Data
are aggegated at CTCF motifs that display ATAC-seq peaks in interphase for HeLa-S3 non-
synchronized cells (A) and mitotic cells (B). Insert in B shows CUT&RUN signal of mitotic cells
at a y-axis from (0-2).
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Supplemental Fig. S9
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Supplemental Fig. S9 — (A) CTCF CUT&RUN signal obtained with non-synchronized and
mitotic HeLa-S3 cells for reads shorter than 120bp aggregated at all CTCF motifs that display
ENCODE CTCF ChIP peaks (6,893 sites). (B) CTCF CUT&RUN signal obtained with non-
synchronized and mitotic HeLa-S3 cells for reads shorter than 120bp on all CTCF motifs
(42,066 sites). (C) CTCF CUT&RUN signal obtained with non-synchronized and mitotic
HelLa-S3 cells for reads shorter than 120bp on all CTCF motifs that display an ATAC-seq
peak within 2 kb to a TSS in interphase (1,181 peaks). (D) CTCF CUT&RUN signal obtained
non-synchronized and mitotic HeLa-S3 cells for reads shorter than 120bp on all CTCF motifs
that display an interphase ATAC-seq peak further than 2 kb away from a TSS in interphase
(9,459 peaks).
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Supplemental Fig. S10
A

Non Synchronous CTCF

Cut&Run data on CTCF motifs

with interphase ATAC-seq peak

CTCF motifs sorted by Cut&Run Signal Strength

-2000 -1000

distance from CTCF motif (bp)

0

2000

CTCF motifs sorted by Cut&Run Signal Strength

Mitotic Cell CTCF Cut&Run data
on CTCF motifs with interphase

ATAC-seq peak

-2000 -1000 1) 1000 2000

distance from CTCF motif (bp)

Normalized
value

!10
)

Supplemental Fig. S10 — Aggregation of CUT&RUN data heatmap obtained with HeLa-S3
cells for all reads shorter than 120bp on CTCF motifs that display an ATAC-seq peak in
interphase sorted on CUT&RUN signal strength in interphase for non-synchronized cell (A)

and mitotic cells (B).
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Supplemental Fig. S11
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Supplemental Fig. S11 — De novo peak calling on CUT&RUN CTCF data obtained with
non-synchronized and mitotic HeLa-S3 cells. (A) Visualization of ENCODE non synchronized
CTCF ChlIP-seq data and CUT&RUN data obtained with non-synchronized and mitotic
HelLa-S3 cells for a representative region. The lower two tracks show the locations of CTCF
motifs that display peaks called on ChIP-seq and CUT&RUN data respectively (CTCF motifs
were stretched to 2kb to enhance visualization). (B) Number of peaks called on CTCF
CUT&RUN data obtained with non-synchronized and mitotic HeLa-S3 cells and their overlap
with CTCF motifs and ATAC-seq peaks. (C) CTCF CUT&RUN signal in non-synchronized and
mitotic cells for reads shorter than 120bp on all peaks called in non-synchronized cells (7,824
peaks). (D) CTCF CUT&RUN signal in non-synchronized and mitotic cells for reads shorter
than 120bp on all peaks called in mitotic cells (107 peaks).
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Supplemental Fig. S12
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Supplemental Fig. S12 — Western blots of lysates from non-synchronized HelLa-S3 cells,
mitotic HeLa-S3 cells and mitotic chromatin purified from mitotic HeLa-S3 cells probed with
antibodies detecting CTCF (A), H3 (B) and H3S10ph (C).

Supplemental Fig. S13
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Supplemental Fig. S13 — (A) H2A.Z CUT&RUN signal of fragments larger than 120bp on
TSSs that display ATAC-seq peaks in interphase for non-synchronized HelLa-S3 cells (red)
and mitotic HeLa-S3 cells (green). (B) H3K4Me3 CUT&RUN signal of fragments larger than
120bp on TSSs that display ATAC-seq peaks in interphase for non-synchronized HelLa-S3
cells (red) and mitotic HeLa-S3 cells (green).
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Supplemental Fig. S14
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Supplemental Fig. S14 — Comparison of ATAC-seq data with freshly prepared and frozen
stored mitotic chromatin from mitotically synchronized HelLa-S3. (A) representative genomic
tracks, (B) fragment length distribution, (C-D) V-plots at CTCF motifs that display ATAC-seq
peaks in interphase (C-D).
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Supplemental Fig. S15
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Supplemental Fig. S15 - V-plots normalized (A-C) and unnormalized (D-F) by the genome-
wide fragment length distribution for HeLa-S3 ATAC-seq signal on all CTCF motifs that display
an ATAC-seq peak in interphase for non-synchronized cells (A/D), mitotic cells (B/E) and
purified mitotic chromatin (C/F). V-plots normalized (G-l) and unnormalized (J-L) by the
genome-wide fragment length distribution for HeLa-S3 ATAC-seq signal on a region 20kb
upstream of every CTCF motifs representing a random region in non-synchronized cells

(GANJ), mitotic cells (H/K) and purified mitotic chromatin (I/L).
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Supplemental tables

Supplemental Table T1 — 5C mapping statistics

Reads Sequenced Valid reads mapped

R1 Asynchronous 100,986,155 99,609,624

Mitotic Cell 67,042,262 65,620,645

Mitotic Cluster 38,212,480 36,918,691
R2 Asynchronous 181,209,251 175,402,702

Mitotic Cell 181,966,242 175,402,702

Mitotic Cluster 173,399,970 166,197,088
Combined | Asynchronous 282,195,406 275,012,326

Mitotic Cell 249,008,504 240,312,381

Mitotic Cluster 211,612,450 203,115,779

Supplemental Table T2 — Antibodies used for western blot and Cut&Run

Company + catalogue Western blot Cut&Run
number concentration concentration
CTCF CST #2899 1:1000 1:100
H2A.Z Abcam #ab4174 X 1:100
H3K4Me1 | Abcam #ab8895 X 1:50
H3K4Me3 | Abcam #ab8580 X 1:100
H3 Abcam #ab1791 1:1000 X
H3S10Ph | Abcam #ab5176 1:1000 X
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Methods

Cell culture and synchronization

HelLa S3 and HFF cells were grown at 37°C in Gibco glutamax DMEM supplemented
with 10% heat inactivated fetal bovine serum (FBS) and penicillin-streptomycin. We
previously generated a U20S cell line where CTCF has been homozygously and
endogenously with HaloTag (FLAG-Halo-hCTCF; C32) ¢'. To additionally enable
the visualization of mitotic cells, here we stably integrated a previously described
transgene expressing histone H2B-GFP with Puro selection®. U20S cells were
cultured in low glucose DMEM with 10% FBS and penicillin-streptomycin. Cells were
synchronized using thymidine and nocodazole treatments, which was tailored for
each cell line. See supplemental methods for detailed description.

Flow cytometry and DAPI staining

Level of mitotic synchrony in all cultures grown for genomic studies was observed by
performing flow cytometry for cell cycle analysis using propidium iodide staining in
ethanol fixed cells. In addition to this, cells were also stained using DAPI to determine
the fraction of prometaphase cells in total culture based on chromatin condensation.

Mitotic chromatin cluster purification

Mitotic chromatin clusters were purified according to previously a published protocol
with minor changes*®. A detailed description can be found in supplemental materials
and methods. Mitotic chromatin clusters can be frozen at -80°C in 33.33% glycerol.
Chromatin clusters were used for ATAC-seq both directly after chromatin cluster
purification and after freezing. Supplemental Fig. S14 shows fresh or frozen clusters
obtain highly similar results for ATAC-seq. For this reason, we continued using frozen
chromatin clusters for all further ATAC-seq experiments. Mitotic chromatin clusters
for 5C were immediately fixed in 1% formaldehyde before pelleting and storage at
-80C.

Genomics studies

5C was performed according to published protocols*2. We investigated the same
regions as previously described and we used the same primer pool*4. This 5C primer
pool covers two 2 Mb regions located on Chromosome 1 (hg19 Chr1: 46740122-
48740121) and Chromosome 11 (hg19 Chr11: 33003550-35003549). ATAC-seq was
performed following a previously published protocol*”. Additional information can be
found in supplemental materials and methods. CUT&RUN was performed according
to the published protocol®*. As mitotic cells do not have a nuclear membrane, it was
not possible to use concanavalin A beads. Instead, cells were spun at 600xg for 3
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min at 4C for every wash or buffer exchange. Details of all genomics techniques can
be found in the supplemental materials and methods.

Live cell imaging studies

FRAP and spaSPT experiments were performed and analyzed as previously
described®. Time-lapse movies were recorded using phase, GFP (for H2B-GFP)
and TMR (for Halo-CTCF) acquiring one frame every 2 or 5 minutes and lasted for
a total time of at least 10 hours — enough that several cells in a field of view went
through mitosis. CTCF was clearly enriched on mitotic chromosomes during most
phases of mitosis. Raw data as well as details on all imaging techniques and analysis
of spaSPT using Spot-On can be found in the supplemental materials and methods.

Bioinformatic analyses

All genomics data was mapped to hg19 to enable to usage of ENCODE datasets
available. As we remove all blacklisted regions of hg19 as determined by the
ENCODE project, we expect that our data mapped to hg38 would show highly
similar results’'. A detailed description of all bioinformatic analyses in this study
can be found in the supplemental materials and methods. The Spot-On code is
available at Gitlab https://gitlab.com/tjian-darzacg-lab/spot-on-matlab. Code used
for analysis of ATAC-seq and CUT&RUN data can be found at Github: https://github.
com/dekkerlab/CTCF_in_mitosis_GR_2018. Scripts used for 5C analysis can also

be found at Github: https://github.com/dekkerlab/cworld-dekker.

Supplemental material
Extended methods and supplemental movies for this study are available at https:/

genome.cshlp.org/content/suppl/2019/01/17/gr.241547.118.DCA1

Data access

All genomic data generated for this study has been submitted to the NCBI Gene
Expression Omnibus (GEO; https://www.ncbi.nlm.nih.gov/geo) under accession
number GSE121840.

All imaging data is publicly available at Zenodo (https://zenodo.org/record/1306976).
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Chapter 4

Abstract

Mitotic chromosomes are often perceived as universal structures across species
and cell types. However, contradicting recent genomics studies suggest that some
features of mitotic chromosomes might be cell type or species specific. We have
previously reported that CTCF binding in human differentiated cell lines is lost in
mitosis. In contrast, studies have shown that in mouse stem cells and progenitor
cells CTCF remain bound to a subset of sites during mitosis. We confirm these
findings by performing CTCF footprint analysis of ATAC-seq data in mitotic mESCs.
Additionally, we investigate the role of mitotically bound CTCF in chromosome
organization by Hi-C. We do not find any remaining interphase structures such as
TADs or CTCF loops at mitotic bookmarked CTCF sites in mESCs. This suggests
that mitotic loop extruders condensin | and Il are not blocked by bound CTCF, and
thus that any remaining CTCF binding does not alter mitotic chromosome folding.
Lastly, we compare mitotic Hi-C data generated in this study in mouse with publicly
available data from human and chicken cell lines. We do not find any cell type
specific differences; however, we do find a difference between species. The average
size of the mitotic loops is much smaller in chicken (350 kb), compared to human
(750 kb) and mouse (2 mb). Interestingly, we find that this difference in loop size is
correlated with the average length of the g-arm in these species. This suggests that
the dimensions of mitotic chromosomes can be modulated by loop extruding factors
condensin | and Il to facilitate proper condensation of the chromosome arms.

94



Differences in mitotic chromosome organization

Introduction

The development of 3C-techniques’™ has brought a better understanding
of the key features of chromosome organization in vertebrate cells. Interphase
chromosomes are organized on megabase scale in A and B compartments and on
a smaller scale of tens to hundreds of kilobase in topologically associated domains
(TADs)351°, TADs are proposed to be formed by loop extruding machines, such as
cohesins, which can be blocked by the chromatin binding protein CCCTC-binding
factor (CTCF) when bound to its motif¢°1-16, Although the mechanisms that establish
and maintain these structures are largely shared between different cell types and
between different vertebrate species, the specific genomic regions that interact
can differ strongly between species, cell types and even between sick and healthy
Ce”38,14,17—20_

In contrast to interphase chromatin, vertebrate mitotic chromosomes are
often perceived as universal structures, independent of cell type or organism.
Historically studied by microscopy?'-2® and in more recent years by genomics?+25,
we gained understanding on the fundamental principles of mitotic chromosome
folding. In mitosis the interphase structures are completely dissolved, as both TADs
and compartments can no longer be observed®*%. Instead, chromosomes are folded
as helical loop arrays mediated by condensin | and Il, which are not confined to
any specific locations?427-28, When studying mitotic chromosomes by Hi-C, a general
distance decay without any site-specific features in heatmaps can be observed®*2,

This might give the impression that all mitotic chromosomes are organized
in a similar fashion. However, imaging and biochemical studies revealed that
condensins play a more complex role during the rapid cell cycle of stem cells®. It
has been shown in Xenopus leavis that mitotic chromosomes from sperm nuclei
are folded as long and thin structures but become increasingly shorter and fatter
throughout the early stages of development®. Additionally, depletion experiments
in xenopus extracts show that the ratio of condensin | and Il can affect the width-
to-length ratio of chromosomes in mitosis®'. Using genomics techniques, it was
found that mitotic chromosomes can be cell type-specific on a more detailed scale
as well, in chromatin accessibility, histone modifications and mitotically bound
chromatin factors®2-3%, Along these lines, studies to determine whether architectural
protein CTCF remains bound in mitosis show different result in different cell lines.
In differentiated cell lines HeLa and HFF, we have previously reported complete
loss of CTCF binding by both ATAC-seq and Cut&Run, as well as by imaging®.
However, in mouse embryonic stem cells (MESCs), mouse blood progenitor cell line
G1E-ER4 and mouse pluripotent cells (mPCs), a substantial fraction of CTCF sites
remains bound in mitosis and this mitotic retention has been suggested to facilitate
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more rapid transcription initiation of a specific set of genes as cells exit mitosis and
reestablish interphase chromosome organization3-°.

In this study, we explore differences in mitotic chromosome organization
between cell types and species. As was reported previously, a subset of CTCF motifs
remain occupied in mitosis in mMESCs®. Using published CTCF ChIP-seq data®, we
first categorize CTCF binding sites in sets of sites that maintain CTCF binding in
mitosis in mMESC cells, sites that show reduced CTCF binding and sites that lose
CTCF binding in mitosis. Using these categories, we confirm that CTCF can remain
bound at certain sites in mitosis by reanalyzing previously published mESCs ATAC-
seq data. Next, we set out to observe chromosome organization at mitotically bound
CTCEF sites and CTCF sites that lose CTCF binding in mitosis in both mESCs and
differentiated mouse cell line C2C12 using Hi-C. Lastly, we explore species specific
features of mitotic loop arrays of chromosomes in mouse, chicken and human Hi-C
data.

Results
A fraction of CTCF sites remains bound to their cognate sites in mitotic stem cells

In the past few years several genomics studies have reported contradictory
results on the cell cycle binding dynamics of CTCF?*2%-3°_ These studies did not
only differ in cell type, but also in which technique was used to study mitotic CTCF
binding. Using ATAC-seq and Cut&Run, it was shown that in human differentiated
cell lines all CTCF sites lose binding in mitosis®. In contrast, using ChlP-seq it was
shown in mMESC, mPCs and the mouse blood progenitor cell line G1E-ER4 that a
substantial fraction of CTCF motifs remain occupied in mitosis®**=2. It is possible
that these differences are the result of the use of different methods. ChlP-seq
requires pull down of the protein of interest, in this case CTCF, which can result in
the overestimation of bound protein. ATAC-seq and Cut&Run are both performed
on unfixed cells and do not rely on pull down. However, these studies do not only
differ in genomics techniques and crosslinking conditions, but more notably, they
differ in which cell line was used. Perhaps more interestingly, we hypothesized that
this difference could result from a difference in cell types. This would suggest that
pluripotent cells can maintain partial CTCF binding in mitosis, whereas somatic
cell lines lose CTCF binding in mitosis entirely. In order to compare the different
cell types, while using the same technique, we set out to compare and reanalyze
ATACseq data of mitotic mouse stem cells generated in the study by Festuccia et al*”
using tools developed in our own study®? (see also chapter 3 of this thesis).

In the study by Festuccia et al®”, ChlP-seq was performed to observe the
binding of CTCF in non-synchronized and mitotically-synchronized mESC cells.
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A non-synchronized population of cells predominantly contains cells in interphase
and only a small fraction of mitotic cells. We will therefore interpret data from non-
synchronized cells to represent features of interphase cells. Using ChIP-seq, a total
of 51,805 CTCF motifs were found to be bound by CTCF in interphase. We further
categorized these interphase-bound CTCF sites as bookmarked sites, where ChlIP-
seq signal is maintained in mitosis (10,799 sites), reduced sites, where mitotic ChIP-
seq signal is lower yet still significant (18,704 sites) and lost CTCF sites, where
ChlP-seq signal in mitosis is below the level required to call peaks (22,302 sites).
We did not find CTCF sites that gained binding in mitosis but were not bound in
interphase cells.

As described above, performing ChIP-seq in mitotic cells can result in over-
estimation of signal. We therefore used the ATAC-seq data generated in the same
study, to observe footprints at these CTCF sites categories and confirm the findings
that were obtained with ChlP-seq. ATAC-seq signal can be represented as V-plots®24°,
which not only unveils chromatin accessibility, but also the footprint of any bound
protein. When CTCF is bound to chromatin, it will occupy approximately 80 base
pairs around its motif. Furthermore, it will push the neighboring nucleosomes away
from the motif and into a well-positioned tight array on each side of the motif34.
We can observe these phenomena when we represent ATAC-seq data of non-
synchronized mESCs aggregated around CTCF sites that are known to be bound in
interphase based on ChlIP-seq data (figure 1a, see also chapter 3, figure 3a). First,
the arms of the V cross at approximately 80bp fragment length, the known footprint
size of CTCF*'. Second, along the arms of the V, dots of enriched signal appear at
regular interval (~280bp, ~460bp, ~640bp etc). This ATAC-seq signal indicates the
array of well-positioned nucleosomes flanking the bound CTCF motif*'. Previously,
we found that in differentiated cell lines HeLa, U20S and HFF, CTCF sites generally
lost accessibility in mitosis®2. When ATAC-seq signal was plotted as V-plots, we
found that CTCF sites no longer showed enrichment at 80bp fragment length in
mitosis (chapter 3, figure 3b). Instead, the fragment size dropped to much smaller
fragment size. Furthermore, nucleosomes were no longer positioned in an array, but
instead can rearrange their positioning and are no longer confined by distance from
the motif.

When we create V-plots for all interphase-bound CTCF sites in both non-
synchronized (figure 1a) and mitotic (figure 1e) MESCs, we see a less clear picture.
First, more accessibility is maintained at CTCF sites in mitotic mESCs compared to
differentiated cell lines (compare figure 1 to chapter 3, figure 3). When we look at a
side-by-side comparison of V-plots of non-synchronized and mitotic cells at the CTCF
motif (figure 1i), we do see that the size of the CTCF footprint and the positioning
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Figure 1 — ATAC-seq data in mESCs show that a group of CTCF motifs remain bound by
CTCF in mitosis, whereas other CTCF motifs lose binding. (a-d) ATAC-seq data of non-
synchronized mESCs represented in V-plots as a pile up on all interphase-bound CTCF sites
(51,805 sites total) (a), bookmarked CTCF sites (10,799 sites) (b), CTCF sites with reduced
CTCF binding (18,704 sites) (c) and CTCF sites that lose CTCF binding in mitosis (22,302
sites) (d). (e-h) ATAC-seq data of mESCs synchronized in mitosis represented in V-plots as
a pile up on all interphase-bound CTCF sites (e), bookmarked CTCF sites (f), CTCF sites
with reduced CTCF binding (g) and CTCF sites that lose binding in mitosis (h). (i-l) Side-
by-side comparison of V-plots for non-synchronized and mitotically synchronized cells on all

interphase-bound CTCF sites (i), bookmarked CTCF sites (j), reduced CTCF sites (k) and
CTCEF sites that lose binding in mitosis (I).

of the nucleosomes along the arms of the V drop down to shorter fragment sizes in
mitosis. However, this change is less drastic than what we have observed before in
differentiated cell lines. This suggests that there are CTCF sites that maintain mitotic
binding as well as CTCF sites that lose binding during mitosis, as was observed by
using ChlP-seq before®°. Indeed, we find that mitotically bookmarked sites (figure
1b, f, j) maintain both ATAC-seq signal and strong CTCF footprint in mitosis. In
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contrast, lost CTCF sites lose ATAC-seq signal and the fragment size of the CTCF
footprint drops to shorter fragments, suggesting loss of CTCF binding (figure 1d, h,
[). ATAC-seq signal at CTCF sites that showed reduced ChlP-seq signal in mitotic
mESCs, show a more ambiguous footprint when plotted as V-plots (figure 1c, g,
k). This suggest that this category contains both CTCF sites that lose binding in
mitosis and other CTCF sites that maintain binding. Alternatively, this can also be
explained by the fact that this ATAC-seq experiment is performed on a population of
cells, and this can be the result of cell-to-cell variability in CTCF binding to this set
of sites. For example, the same CTCF motif remains bound in mitosis in one cell,
whereas it lost binding in mitosis in another cell. We also note that the ATAC-seq
signal in non-synchronized cells is much less intense for lost CTCF sites compared
to bookmarked CTCF sites. This could again be explained by cell-to-cell variability,
where the CTCEF sites in the lost CTCF site category is not bound in every cell in the
population at the time of the ATAC-seq experiment.

Taken together this analysis of ATAC-seq data confirms that at 30-50% of all
interphase-bound CTCF sites, CTCF maintains binding to the motif during mitosis in
mouse stem cells. This is in contrast to previous observations by both genomics and
imaging techniques in human differentiated cell lines, where CTCF binding to CTCF
motifs is lost entirely®2.

Hi-C data shows loss of interphase organization in mitosis for both mouse stem cells
and differentiated cells

The finding that a substantial fraction of CTCF sites maintains binding to
mitotic chromosomes, raises the question whether CTCF can still function as an
architectural protein in mitosis. In interphase cells, chromatin-bound CTCF can
block loop extrusion mediated by cohesin'. This results in the formation of TADs
and strong interactions between 2 CTCF sites (CTCF-CTCF loops), which can both
be observed by Hi-C and other C-techniques”*?#3. In mitotic differentiated cell lines,
where CTCF binding is lost, no TADs and CTCF-CTCF or any other site-specific
loops are observed?+2532, Maintained CTCF binding in mitotic stem cells creates the
opportunity to study whether mitotic loop extruding machines condensin | and I,
can also be blocked by CTCF, or whether they can shape the characteristic helical
loop array uninterrupted by bound CTCF. We performed Hi-C on non-synchronized
and mitotically synchronized mouse embryonic stem cells (figure 2a). In addition to
this, we also performed Hi-C on the differentiated myoblast mouse cell line C2C12
(figure 2b) - a cell line derived from muscle tissue - following our hypothesis that
differentiated cell lines lose binding of CTCF in mitosis entirely.
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Figure 2 — Hi-C data shows compartments and TADs are lost in both mitotic mESCs
and C2C12. (a-b) Hi-C heatmap of chr11 at 100kb bins for mESCs (a) and C2C12 (b) non
synchronized cells (left panel) and mitotic arrested cells (right panel). (e-d) Zoom in Hi-C
heatmap of chr11:43,000,000-47,000,000 at 25kb bins for mESC (c) and C2C12 (d) for non-
synchronized cells (left panel) and mitotic arrested cells (right panel).

When we plot Hi-C data on a chromosome wide level (figure 2a-b), we
see in interphase cells from both mESC and C2C12 clear compartment structures,
represented as a checkerboard pattern in the heatmaps. Interestingly, the
compartment signal in mESCs is much less pronounced compared to C2C12 cells.
The strengthening of compartment signal during differentiation has recently been
described in human cell lines'”. When we next look at chromosome-wide heatmaps
of mitotic cells, we find that compartments are lost in both C2C12 and mESCs. This
is in line with the previous observations in differentiated human cell lines, where
compartment signal is lost entirely in mitosis as well. We then continued to look at a
4Mb window within chr11 to observe TADs. Where in non-synchronized cells, TADs
can be observed in both mESCs (figure 2c) and C2C12 cells (figure 2d), in mitosis
these structures are lost. We note that there are faint structures visible in mitotic
C2C12 cells. We do not expect that this is due to maintenance of TADs in mitosis,
but it is more likely to be explained by the presence of a small number of interphase
cells that contaminates the mitotically synchronized population.

Mitotic loop extrusion is not blocked by retained CTCF sites
Next, we set out to observe CTCF dependent loops in mitotic mESCs in

order to investigate whether mitotic loop extruders condensin | and Il are blocked

100



Differences in mitotic chromosome organization

by bound CTCF. As described above no compartments and TADs are maintained
in mitotic stem cells at individual genomic locations (figure 2). However, it requires
high sequencing depth to observe individual CTCF-dependent loops in Hi-C data.
To observe loop formation using less deeply sequenced Hi-C libraries, loops can be
visualized by plotting the aggregate of Hi-C signal on either single CTCF sites (figure
3a-h) or on the pairwise interactions of CTCF sites (figure 3i-p). In line with the above
described ATAC-seq analysis, we used CTCF sites that are categorized based on
published ChIP-seq data®”* as mitotic bookmarked sites, mitotically reduced sites
and sites that lose CTCF binding in mitosis.

When we aggregate Hi-C signal on all interphase-bound CTCF-sites on the
diagonal a strong boundary can be observed at the center of the pile up plot in
interphase cells (figure 3a). This represent the accumulation of insulating potential of
CTCF at TAD boundaries, as it prevents the interaction of loci across the bound CTCF
site’#2, Insulation can be the result of blocked loop extrusion at CTCF sites. This
same phenomenon is observed when aggregating the signal in non-synchronized
cells on mitotically bookmarked CTCF sites (figure 3b), reduced CTCF sites (figure
3c) and lost CTCF sites (figure 3d). We note that the insulation potential is strongest
for bookmarked CTCF sites, compared to reduced and lost CTCF sites. Similar to
the ATAC-seq experiments described above, Hi-C is performed on a population of
cells. Therefore, a possible explanation could be that bookmarked CTCF sites are
more likely to be bound by CTCF across the population, whereas lost CTCF sites are
also captured in unbound state in the population. Contrary, when we plot these same
pile-up plots for mitotic mouse stem cells, we see that all CTCF insulation is lost for
each category of CTCF sites (figure 3e-h). This strongly implies that loop extrusion
in mitosis is not blocked at sites where CTCF binding is maintained.

Likewise, we can plot the aggregation of Hi-C signal on pairwise CTCF
interactions. We created a list of all possible pairwise interactions between two
CTCF sites separated by up to 250kb. Typically, pairwise CTCF interactions are
enriched in Hi-C interaction signal in interphase, as can be observed as a dot in the
center of the pile-up plot representing loops between pairs of CTCF sites. Indeed, we
see a clear enrichment at pairwise CTCF interactions in non-synchronized mESCs
across all categories of CTCF sites (figure 3i-l). Similar to the observation found
at an aggregation at single CTCF sites, this enrichment at pairwise CTCF sites is
lost in mitosis (figure 3m-p). Combined these results suggest that although CTCF
binding is maintained in mitosis at a substantial fraction of sites in mouse stem cells,
CTCF does not have the ability to block mitotic loop extruders condensin | and 1l and
therefore no CTCF-CTCF loops are formed.
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Figure 3 — Hi-C pile-up plots on single and pairwise CTCF sites show that loop extrusion
by condensins in mitosis cannot be blocked by bound CTCF. (a-d) Aggregate of Hi-C
signal binned at 10kb in non-synchronized mESCs on all interphase-bound CTCF sites (a),
mitotic bookmarked sites (b), reduced CTCF sites (c), and CTCF sites that lose binding in
mitosis (d). (e-h) Aggregate of Hi-C signal in mitotic mESCs on all interphase-bound CTCF
sites (e), mitotic bookmarked sites (f), reduced CTCF sites (g), and CTCF sites that lose
binding in mitosis (h). (i-p) Pile up of Hi-C signal in 10kb bins in non-synchronized (i-) and
mitotic (m-p) mMESCs of pairwise interactions within 250kb at all interphase bound CTCF
sites (i,m), bookmarked CTCF sites (j,n), reduced CTCF sites (k,0) and CTCF sites that lose
binding in mitosis (l,p). All CTCF sites are plotted with respect to strand orientation of the motif.
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Mitotic loop sizes differ between species

Hi-C data can be represented as a distance decay plot, where the interaction
frequency P is plotted as a function of the genomic distance s. These P(s) plots
have distinct shapes for both interphase and mitotic chromosomes?. By calculating
the slope of P(s) and plotting the contact frequency derivative as a function of
genomic distance, the average loop sizes present in interphase and mitosis can be
revealed?+2644-46_|n addition to any differences between stem cells and differentiated
cells, we were interested to study the loop characteristics of different species in
interphase and mitosis. In addition to Hi-C data generated in this study, several
studies have published Hi-C data on both non-synchronized and mitotic cells in
different species?+2547, which enabled the comparison of chicken cells (cell line DT40),
human cells (cell line HeLa) and mouse cells (cell lines mESCs, C2C12 and C127).
We chose to plot the derivatives of P(s) for an acrocentric chromosome of similar
length to allow for proper comparison between species (chr14 for both mouse and
human and chr1 for chicken), although we did not find differences when calculating
derivative plots for different chromosomes. In non-synchronized cell populations, all
species behaved similarly (figure 4a). Loops in interphase have an average loop size
of ~100kb across all species and cell lines (as highlighted with arrow in figure 4a).
Interestingly, this is not the case for mitotic loops of these different species (figure 4b
and zoom in figure 4c). Although there is no difference between the derivative plots
of mouse stem cells MESCs and mouse differentiated cell lines C2C12 and DT40, a
clear difference is observed between mitotic cells of human, mouse and chicken. A
prominent feature of mitotic chromosome folding that can be observed in derivative
plots, is the average size of the mitotic loops formed by condensins?*. All mouse cell
lines show an average mitotic loop size of 2 megabase (figure 4c, highlighted with
circle), whereas human cell line HeLa shows a loop array size of 750kb in mitosis
(figure 4c, highlighted with triangle) and chicken cell line DT40 has an average loop
size of 350kb (figure 4c, highlighted with star). This suggests a different level of
mitotic condensation between our three species.

We hypothesized that this difference in loop sizes could be related to
chromosome length. Possibly, longer chromosomes require a higher level of
condensation in order to ensure proper separation of sister chromatids in anaphase.
When we plot all lengths of all chromosomes of the three species (figure 4d), it
becomes clear that chicken chromosomes are on average much shorter than
human and mouse chromosomes, however the mouse and human chromosomes
have similar average chromosome length. The centromere is an important region
of mitotic chromosomes where the mitotic spindle will attach, which will pull the
sister chromatids apart during anaphase®. It is therefore more relevant to plot the
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length of the longest arm of each chromosome, per definition the g-arm (figure 4e).
Indeed, when we compare the g-arm length between our three species, we find that
chicken has very short g-arms with an average length of 11Mb, followed by human
chromosomes with an average g-arm length of 94Mb and an average g-arm length
of 125Mb for mouse chromosomes. Combined, these results show that in the cell
lines we investigated mitotic loop sizes are not related to cell type or differentiation
state but instead differ between species. Moreover, our results suggest that there is
a relationship between average g-arm length and the size of the mitotic loop array.
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Figure 4 — Mitotic loop arrays species differ in average loop size between species.
(a) Derivative of P(S) as a function of genomic separation in non-synchronized chicken
cells (DT40), human cells (HeLa) and mouse cells (mMESCs, C2C12 and C127). The arrow
highlights the average loop size mediated by cohesin in interphase in all cell types and species
(b) Derivative plots of Hi-C data from chicken cells (DT40), human cells (HeLa) and mouse
cells (MESCs, C2C12 and C127) synchronized in mitosis. (¢) A zoom-in of the derivative plot
shown in figure 4b. The star highlights the average loop size observed in mitotic chicken cells,
the triangle highlights the average loop size in mitotic human cells and the circle highlights the
average loop size in mitotic mouse cells. (d) Boxplot of full chromosome lengths in chicken
genome (galGal6), human genome (hg38) and mouse genome (mm10). Dots represent
individual chromosomes. (e) Boxplot of all g-arm lengths in chicken genome (galGal6), human
genome (hg38) and mouse genome (mm10). Dots represent individual chromosomes.
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Discussion

In this study, we set out to explore mitotic chromosome organization in
different cell types and vertebrate species. Although mitotic chromosomes are
often perceived as universal structures, there are several characteristics that can
differ between differentiation state and between species. First, we describe partial
maintenance of CTCF binding in mitotic mouse stem cells. This is in contrast with
our previous report on complete loss of mitotic CTCF binding in several differentiated
cell lines (chapter 3 of this thesis)®. Interestingly, when mESCs are investigated by
Hi-C, we observe that no interphase structures are maintained in mitosis despite
maintained CTCF binding, suggesting that CTCF does not block mitotic loop extrusion
by condensins. Lastly, we investigate whether mitotic chromosomes are differently
organized between species. For this analysis, we used Hi-C data generated in mouse
cell lines and publicly available data for mitotic human and chicken cell lines?*+’.
Although further experiments will be necessary, we find that the sizes of mitotic loops
are different between species, but do not change between different cell lines of the
same organism. Furthermore, our results suggest that mitotic loop size is correlated
with the average length of the g-arm of chromosomes.

The result that stem cells maintain partial bookmarking of CTCF binding,
raises the questions how CTCF binding is maintained in stem cells, if bookmarked
CTCEF has a function and why mitotic CTCF binding is not observed in differentiated
celllines. In addition to our study, several recent papers have reported similar retention
of CTCF binding at a fraction of CTCF sites in mitotic mouse progenitor cells** and
pluripotent cells® and even mouse sperm cells in meiosis 11*°. We hypothesized that
CTCF loses binding to mitotic chromosomes in differentiated cell lines as a result
of phosphorylation of zinc-fingers, which reduces the ability of CTCF to bind to its
motifs2%, It is not known whether the CTCF protein in stem cells does not become
phosphorylated or if CTCF retention is mediated in a different way. Additionally, we
note that it has not yet been shown whether loss of CTCF binding in mitosis is an
active process mediated by phosphorylation or chromatin remodelers or if this is
a passive process as a result of general chromatin changes and condensation as
cells progress through mitosis. The studies by the Blobel and Apostolou laboratories
correlated the fraction of bookmarked CTCF sites with proximity to genes that are
transcribed early in G133, This could suggest that maintenance of CTCF binding
in mitosis could promote fast transcription initiation upon mitotic exit. Additionally,
mouse stem and progenitor cells have a much faster cell cycle compared to many
differentiated cell lines (~12 hours in mMESCs vs 24 hours in HelLa cells), which could
necessitate fast transcription initiation upon mitotic exit.

Although we can only speculate about the potential function of maintained
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CTCF binding upon G1 entry, we did not observe any function related to chromosome
folding by bound CTCF in mitosis. When representing Hi-C data as individual loci
or as pileups of Hi-C signal on CTCF sites, we did not find any evidence of TADs or
CTCEF loops as a result of maintained CTCF binding in mitosis. This is in line with
modeling studies, which suggested that mitotic loop extruders condensin | and I
are not blocked by bound CTCF and therefore explain the loss of TADs and loops
in mitosis™51,

Lastly, we addressed the difference in average loop size in mitosis
between different species. It has been proposed that mitotic loop arrays are formed
by condensin | and Il, where condensin Il mediates loop formation in large loops
with several smaller loops inside formed by condensin 1?4, Additionally, the ratio of
condensin | and Il modulate the level of condensation and the average loop sizes as
has been observed as cell progress from prophase to mitosis?, during development
in mitotic Xenopus chromosomes®® and when mitotic chromosomes are depleted
from either condensin | or 1I¥'. Combined, this suggests that when chromosomes
have longer chromosome arms, sister chromatids compact to a greater extent. This
process can possibly be mediated by loading different ratios of condensin | and I
on mitotic chromosomes. Although it has been described that vertebrate species
appear to have different ratios of condensin | and 11525, to our knowledge this has
not yet been systematically studied in relation to mitotic loop size and chromosome
dimensions. This could be studied by proteomic or fluorescent imaging experiments
to detect the amounts and ratios of condensin | and II.

Overall, we find that mitotic chromosomes indeed have characteristics that
can differ between differentiation state and between species. On a detailed level we
observe that CTCF binding is partially maintained at stem cells but is completely
lost in differentiated cell lines. This confirms the hypothesis that condensins are
not blocked by mitotically bound CTCF. On a larger chromosome-wide scale, we
observe that the size of mitotic loops can differ between species, which could be
correlated to the average length of the chromosome g-arm. Although all vertebrate
mitotic chromosomes are folded as an array of loops mediated by condensin | and
Il, the ratio at which condensins are loaded onto chromosomes could modulate the
dimensions of chromosomes to generate long and thin or short and fat chromosomes.

106



Differences in mitotic chromosome organization

Methods

ATAC-seq analysis

ATAC-seq sequencing reads were trimmed to 24bp and aligned to reference genome
mm10 using Bowtie2 with a maximum mapping length of 2000bp®%8. Paired-end
reads were filtered for mapping quality, mitochondrial reads and PCR duplicates.
ATAC-seq data was plotted as V-plots*® on all interphase bound CTCF motifs (51805
sites) and on CTCF motifs categorized as bookmarked (10799 sites), reduced
(18704 sites) or lost (22302 sites) in mitosis by N.O. and P.N. V-plots were produced
as described in chapter 3 of this thesis®2. To plot V-plots, CTCF motifs were oriented
in the same direction.

Cell culture and synchronization conditions

Mouse embryonic stem cells (E14TG2a) were cultured and synchronized with
a 6 hour nocodazole arrest following previous publications®*?7. C2C12 cells were
cultured in DMEM media supplemented with Glutamax-1, 10% heat-inactivated FBS
and penicillin-streptomycin. C2C12 cells were synchronized with nocodazole arrest
(50ng/mL) for 8 hours. Mitotic C2C12 and mES cells were harvested by mitotic
shake off. Both mitotic and asynchronous cultures were fixed with 1% formaldehyde
and stored at -80°C until processed for Hi-C.

Hi-C

Hi-C on mitotic and asynchronous cultures were performed according to previously
published protocol*. Briefly cells were fixed and stored as described above. Crosslinked
cells were thawed, lysed and digested with Dpnll restriction enzyme overnight at
37°C. Restriction overhangs were filled with biotin-14-dATP supplemented with
dTTP, dCTP and dGTP for 4 hours at 23°C, followed by ligation using T4 DNA
ligase at 16°C for another 4 hours. Samples were then treated with proteinase K
at 65°C overnight. DNA was cleaned up and purified using phenol:chloroform and
ethanol precipitation. DNA was sonicated and size selection to average size of 100-
350bp using AMpure XB beads, followed by end repair. Samples were enriched for
biotin-tagged DNA fragments by pull down using streptavidin beads. After A-tailing,
libraries were ligated with indexed lllumina TruSeq sequencing adapters, followed by
pcr amplification. Finally, libraries were cleaned up from PCR primers using AMpure
XP beads and sequenced using paired-end 50bp sequencing on an lllumina HiSeq
4000.

Hi-C mapping and downstream analysis
Hi-C sequencing files were mapped to reference genomes hg38 (HelLa data),
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mm10 (C2C12, mESC and C127 data) and galGal6é (DT40 data) using publicly
available distiller-nf mapping pipeline (https://github.com/mirnylab/distiller-nf) and
downstream analysis tools pairtools (https:/github.com/mirnylab/pairtools) and
cooltools (https://github.com/mirnylab/cooltools). Briefly, reads were mapped using
bwa-mem, pcr duplicates were removed and reads were filtered for mapping quality.
Distance decay and derivative plots created using cooltools code by calculating
contact frequency (P) as a function of genomic distance (s) using valid pairs. For
further downstream analysis, interactions were binned in matrices at a range of
different resolutions using cooler®. lterative balancing was applied to all matrices,
while ignoring the first two bins from the diagonal®. Pile up plots at single CTCF sites
and pairwise CTCF interactions were produced using observed over expected signal
binned at 10kb. Pairwise CTCF sites for pile up plots were predicted by pairing all
CTCEF sites within 250kb on the same chromosome within the CTCF category (CTCF
sites bookmarked in mitosis, reduced in mitosis or lost in mitosis) following curation
by N.O and P.N. Directionality of the CTCF motifs were taken into account and all
motifs were orientated in the same direction.

Code availability

Hi-C mapping pipeline distiller-nf is available on Github: https://github.com/mirnylab/
distiller-nf. Downstream analysis tools pairtools and cooltools are available through
https://github.com/mirnylab/pairtools and https://github.com/mirnylab/cooltools.
Code used for analysis of ATAC-seq data can be found at Github: https://github.com/
dekkerlab/CTCF_in_mitosis_ GR_2018.

Publicly available data used in this study

In addition to the Hi-C data that was generated for this study, we use several ATAC-
seq and Hi-C datasets that are publicly available on the gene expression omnibus
(GEO). ATAC-seq data in mESC?® is available under accession number GSE122589.
Hi-C data in asynchronous and mitotic DT40 cells and HelLa are available under
GSE1027402%* and Hi-C data of mouse cell line C127 under GSE149677%".
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Abstract

Accurate chromosome segregation requires chromosome compaction with
concordant disentanglement of the two sister chromatids. This process has been
studied extensively by microscopy but has remained a challenge for genomic
methods, such as Hi-C, because sister chromatids have identical DNA sequences.
Here we describe SisterC, a chromosome conformation capture assay that can
distinguish interactions between and within sister chromatids. The assay is based on
BrdU incorporation during S-phase, which labels the newly replicated strands of the
sister chromatids. This is followed by Hi-C, e.g. during different stages of mitosis, and
then the selective destruction of BrdU containing strands by UV/Hoechst treatment.
After PCR amplification and sequencing of the remaining intact strands, this allows
for the assignment of Hi-C products as inter- and intra-sister interactions by read
orientation. We performed SisterC on mitotically arrested S. cerevisiae cells. As
expected, we find prominent interactions and alignment of sister chromatids at their
centromeres. Along the arms, sister chromatids are less precisely aligned with inter-
sister connections every ~35kb. In many instances, inter-sister interactions do not
involve the interaction of two identical loci but occur between cohesin binding sites
that can be offset by 5 to 25kb. Along sister chromatids, extruding cohesin forms
loops up to 50kb. Combined, SisterC allows the observation of the complex interplay
between sister chromatid compaction and sister chromatid segregation as the cell
transitions from late S-phase to mitosis. SisterC should be applicable to study mitotic
events in a wide range of organisms and cell types.
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Introduction

During S-phase, when sister chromatids are formed, they are closely
held together by the cohesin complex. Sister chromatids are initially also thought
to be wrapped around each other and entangled. During the subsequent mitosis,
sister chromatids become compacted and, in the process, become disentangled
and segregated from each other, although they remain aligned side by side.
Classically, this process has been studied using microscopic methods by labeling
sister chromatids differently using thymidine analogues?®. It has been difficult to
study this complex series of mitotic events using genomic techniques such as Hi-C,
as sequencing-based methods cannot distinguish the identical sister chromatids,
and therefore cannot differentiate interactions between and along sister chromatids.
Recently an assay detecting sister chromatid exchange events allowed mapping
of sister chromatid interactions genome wide in bacteria*. However, this approach
requires extensive genome editing to introduce sister chromatid exchange markers
throughout the genome.

Here we present a Hi-C-based assay, SisterC, that can detect and distinguish
inter- and intra-sister interactions. We demonstrate the performance of the assay by
studying mitotic S. cerevisiae cells. In S. cerevisiae the cohesin complex mediates
inter-sister interactions at the centromere and along the chromosome arms (“cohesive
cohesin”)%®. In addition, the cohesin complex compacts the sister chromatid arms
by forming intra-sister loops by dynamic loop extrusion (“extruding cohesin”)’".
The latter is different from many other organisms, including mammals, where the
condensin complex compacts chromosome arms. Condensin in yeast does act on
the centromeres and rDNA loci”. SisterC reveals the alignment of sister chromatids,
the positioning of inter-sister interactions and intra-sister loops and how the interplay
between cohesive and extruding cohesin shapes the mitotic chromosome.

Results

SisterC library production after induction of single strand breaks at BrdU
incorporation sites

Sister chromatids are identical in sequence but differ in which strand was newly
replicated in S-phase. This difference can be leveraged to differentiate interactions
between and within sister chromatids. BrdU containing DNA strands can be selectively
degraded after Hoechst treatment and radiation with UV3'2, This property has been
used before in Strand-seq'?, which allows the detection of sister chromatid exchange
events''s, and the mapping of structural genomic variants such as polymorphic
inversions'® onto completely phased human genomes'”. Here we describe SisterC, a
method that combines Hi-C'®'° on BrdU incorporated DNA and UV/Hoechst treatment
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to distinguish interactions between sister chromatids (inter-sister interactions) and
along sister chromatids (intra-sister interactions). Briefly, SisterC works as follows
(figure 1a-c). When cells go through S-phase in the presence of BrdU, this results in
cohesed pairs of sister DNA molecules where one molecule contains BrdU in the -
strand (assigned as sister A), and the other molecule contains BrdU in the + strand
(sister B) (figure 1a). Hi-C ligation of crosslinked and digested fragments of these
DNA molecules results in a matrix of 16 possible ligation products between and
within sister A and sister B that differ in the orientation of ligated fragments and the
strand or strands that contain BrdU (figure 1b-c). Treatment of the ligation products
with Hoechst and UV light creates single strand nicks in strands containing BrdU.
Upon PCR amplification, this results in specific depletion of Hi-C products for which
BrdU was present in both the + and - strands as for these products no intact template
strand remains. Only 8 possible ligation products will still have one completely
intact strand after UV irradiation, and these will therefore be PCR amplified (figure
1c). Four of these amplifiable ligation products will be interactions between sister
chromatids and four products will be interactions along a sister chromatid, but they
differ in fragment orientation. Strand orientations can be assigned after paired-end
sequencing and mapping of genomic locations on both sides of the ligation junction.
The orientation of SisterC fragments can then be used to differentiate interactions
between and along sister chromatids: + + or - - read orientations represent inter-
sister interactions, while + — or — + read orientations represent intra-sister interactions.

Here we choose to study mitotic sister chromatid interactions in S. cerevisiae
using SisterC. Budding yeast has a relatively small and haploid genome. Furthermore,
it can be synchronized in both late G1 and mitosis, which allow controlled incorporation
of BrdU for exactly one S-phase. Lastly, its mappable centromeres and known
cohesin binding sites along arms offer sites of particular interest, as these are sites
at which sister chromatids are connected and intra-sister chromatid loops may form.
As wild-type S. cerevisiae cells do not take up nucleosides from the environment, we
use a strain that expresses human equilibrative nucleoside transporter (hENT) and
Drosophila deoxyribonucleoside kinase DmdNK, which allows cells to take up BrdU
from the environment and incorporate it into their DNA'#2°. Cells were synchronized
in late G1 using alpha factor, the culture was split and released in media containing
either BrdU or thymidine. This was followed by nocodazole treatment to obtain cells
arrested in mitosis or was followed by a second alpha factor incubation to obtain
cells arrested in the subsequent G1 (supplemental figure 1).

To investigate the efficiency of SisterC, we performed several control
experiments. First, to determine the amount of BrdU incorporation required to
achieve efficient Hoechst/UV-induced strand destruction, we PCR amplified DNA
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Figure 1 — Outline of SisterC chromosome conformation capture technique. (a) As cells
go through replication BrdU is incorporated in the - strand for sister A and in the + strand for
sister B. (b) During Hi-C/SisterC DNA is digested followed by proximity ligation, UV-Hoechst
treatment and PCR-amplification. (¢) Proximity ligation leads to 16 possible Hi-C products
of inter- and intra-sister interactions. For SisterC libraries, DNA molecules were treated with
Hoechst and radiated with UV, which introduces single strand nicks. This leads to destruction
of DNA strands containing BrdU. PCR will lead to amplification only of these products with at
least one full length template strand. 8 different ligation products are amplifiable. After paired-
end sequencing, we can identify inter-sister (+ + and - -) and intra-sister interactions (- + and
+ -) by read orientation. (d) HPLC spectra of digested DNA isolated from yeast cultures that
progressed through 1 round of DNA replication in BrdU- or thymidine-containing media; this
enables quantification of BrdU incorporation. Percentages of each nucleoside are calculated
using the extinction coefficient of each nucleoside. (e) Flow cytometry analysis of cell cycle
profile and BrdU incorporation of harvested yeast cultures for preparation of SisterC libraries.
(f) Table of BrdU content and percentage inter-sister interactions in each SisterC replicate

preformed in this study.
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fragments using a range of dTTP to BrdUTP ratios, resulting in products with BrdU
incorporated in both strands. After treatment with Hoechst and UV radiation, we
amplified these products again (supplemental figure 2). This showed that PCR
amplification efficiency of DNA fragments containing more than 10 to 50% BrdUTP
after treatment with both UV and Hoechst is greatly reduced, indicating that template
strands were successfully broken. Second, we performed flow cytometry to detect
BrdU incorporation and cell cycle profile of the synchronized yeast cultures (figure 1e
and supplemental figure 3). We observe proper cell synchronization in mitosis and
late G1 and uniform BrdU incorporation across the cell population. Third, we directly
measured the BrdU incorporation efficiency in yeast cells by determining the base
composition of genomic DNA using HPLC. HPLC allows to quantitatively measure
each nucleotide present in genomic DNA extracted from cultures grown in BrdU or
thymidine (figure 1d and supplemental figure 4). We identified all peaks in the HPLC
spectra by mass spectrometry (supplemental figure 5) and detected all DNA and RNA
nucleosides, including BrdU. Note that each nucleoside has a different extinction
coefficient, which affects the area of the peak as measured by UV absorbance at
260nm in the HPLC spectra (this results in the relatively low BrdU peak area at
260nm; compare to HPLC spectrum measured at 279nm in supplemental figure
6). After adjustment of the peak area in the spectra by each extinction coefficient,
we find that 82.7 up to 98.1% of all Ts in the newly replicated strand are replaced
by BrdU (figure 1f and supplemental table 1). Lastly, we estimated the efficiency of
selective depletion of Hi-C ligation products as result of UV/Hoechst treatment by
producing SisterC libraries for cells synchronized in late G1 after BrdU incorporation
during the previous S-phase. As each cell went through the cell cycle and divided
into two cells, there are no longer sister chromatids in G1 cells. Using these cells
to perform SisterC, we were able to estimate the percentage of false inter-sister
interactions as these should no longer be present in a G1 SisterC library. Although
we do not detect full depletion of all inter-sister interactions in G1 libraries, we do
see a depletion down to approximately 20% (figure 1f and supplemental table 1). In
contrast, in mitotic SisterC libraries we typically see around 35-40% captured inter-
sister interactions (figure 1f and supplemental table 1), supporting that in SisterC
inter-sister interactions are enriched in pairs with - — and + + read orientation and
intra-sister interactions are enriched in pairs with — + and + - read orientation.

SisterC allows observation of interactions between and along sister chromatids

We carried out three biological replicates of SisterC experiments using Dpnll
with highly concordant results and one SisterC experiment using Hindlll (supplemental
figure 7 and supplemental table 1). After mapping and standard Hi-C data processing
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(see methods), we examined the SisterC interaction frequency (P) as a function of
genomic distance (s) separated by strand orientation (figure 2a-b and supplemental
figure 8a-b). Here the definition of genomic distance for interactions between sister
chromatids is the difference between their respective genomic coordinates, even
though this involves two different DNA molecules. We compared the results to Hi-C
controls (supplemental figure 8c-d) and SisterC negative controls of cells cultured
in thymidine instead of BrdU (supplemental figure 8e-h). As expected from any Hi-C
library, read orientation of interactions between loci separated by less than 1500bp
are influenced by technical artifacts, such as unligated dangling ends (+ - orientation)
and self-ligated fragments (- + orientation)?'. Therefore, we exclude any interactions
between loci separated by less than 1500bp in all our analyses (supplemental figure
8a-b). In the G1 SisterC libraries (figure 2a), we see a clear depletion in P__(s) of
inter-sister interactions as expected, as there are no longer sister chromatids in G1.
Note that the P__(s) of interactions assigned as inter-sister contacts runs parallel
to interactions assigned as intra-sister. This suggests that the former interactions
with + + and - - read orientations are in fact intra-sister interactions that were not
successfully depleted by UV/Hoechst treatment.

Interestingly, we find a very different P__(s) for inter-sister interactions
in mitosis (figure 2b). Inter-sister interactions are less frequent than intra-sister
interactions for loci separated by short genomic distances (below 30kb). P(s) for
inter-sister and intra-sister interactions converge for distances larger than 35kb.
This describes two phenomena. First, sister chromatids in yeast are not perfectly
aligned, as perfectly aligned sister chromatids would result in a minimal difference in
P(s) between inter-sister and intra-sister interactions (figure 2c, top model). Instead,
interactions with genomic distance below 35kb occur more frequently within the
same sister than interactions between sisters, suggesting sister chromatids are
loosely aligned (figure 2c, bottom model, left panel). Second, interaction frequency
of inter-sister and intra-sister interactions between loci separated by more than 35kb
distance converge, which implies that the likelihood of an interaction being inter-
sister or intra-sister has become identical (figure 2c, bottom model, right panel).
Together, this suggests that although the sister chromatids are not perfectly aligned,
sisters are loosely held together mediated by inter-sister interactions that are spaced
every 35kb on average (figure 2c¢).

When mitotic SisterC data are visualized as an interaction heatmap, e.g. for
chromosome XIlI (figure 2d), we observe similar characteristics as seen in P__(s).
Inter-sister interactions show a weaker interaction signal around the diagonal,
representing short-range interactions up to 30kb, compared to intra-sister interactions.
At larger distances this difference in interaction frequency is no longer detectable.
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Figure 2 — SisterC allows differentiation of inter-sister and intra-sister interactions in
mitotic chromosomes. (a) Chromatin interaction distance-dependent decay shows uniform
depletion of read pairs with + + and — - orientation in G1 synchronized yeast (loci separated
by more than1500bp). (b) Mitotic SisterC libraries show an offset of inter-sister interactions
up to 35kb genomic separation, with interactions between loci separated by less than 35 kb
depleted compared to intra-sister interactions. (¢) Model of tightly aligned sister chromatids
(top panel) and loosely aligned sister chromatids (bottom panel). (d) Chromosome-wide
SisterC interactions on chrXIll of all read pairs (left panel), all read pairs assigned as inter-
sister interactions (middle panel) and all read pairs assigned as intra-sister interactions (right
panel), binned in 2kb bins. (e) SisterC interactions at 1kb resolution of all reads on zoomed
in region of chrXll1:450,000-550,000 of all reads (left panel), inter-sister reads (middle panel)
and intra-sister reads (right panel). Arrows highlight interaction of cohesin sites that are more
prevalent as inter-sister interaction (black) or intra-sister interaction (green). Lower panels
show Scc1 ChlP-seq track, a subunit of the cohesin complex.
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However, zooming in to a smaller region on chromosome XIlII, we observe features
that appear stronger in either the inter-sister heatmap or the intra-sister heatmap
(figure 2e). In the combined SisterC interaction map (the sum of inter- and intra-
sister interactions, figure 2e left panel), we observe dots that represent interactions
between cohesin binding sites as detected by ChIP-seqg?2. When inter-sister or intra-
sister interactions are plotted separately, we observe that some of these interactions
are more

prominent in the inter-sister dataset (black arrow, figure 2e), while others are more
prominent in the intra-sister dataset (green arrow, figure 2e). This difference is
further highlighted after correction for the distance dependent expected interaction
frequency (supplemental figure 9). The finding that some of these interactions
between cohesin binding sites are detected in both inter- and intra-sister datasets,
albeit with different frequencies, could be related to the fact that Hoechst/UV depletion
is not complete. Perhaps more interestingly, this could also be due to variability in the
population in the positioning of inter- and intra-sister interactions. As any Hi-C library,
SisterC detects interactions as a population average. The observation that cohesin
binding sites pair in different frequencies as interactions between and along sister
chromatids can be interpreted in this context. Where in one cell a given cohesin
site interacts with a second cohesin site along the same chromatid to mediate
an intra-sister interaction, in another cell this cohesin site interacts with the same
second cohesin site but located on the other sister chromatid to form an inter-sister
interaction. Figure 2e illustrates a second example of cell to cell variability: the inter-
sister interactions highlighted by the black arrow and the intra-sister interaction
highlighted with the green arrow, are mediated by the same cohesin binding site at
position chrXIll:469,450. One interpretation is that in one cell this site is involved in
an inter-sister interaction where in another cell this site is mediating an intra-sister
interaction. Interestingly, inter-sister interactions seem to occur at a shorter genomic
distance than intra-sister interactions, as will be described in more detail below.

Sister chromatid interactions at centromeres

We set out to explore SisterC data around centromeres as we expect
enrichment of inter-sister interactions at these sites. Centromeres display very
prominent binding of both condensin and cohesin, where they mediate inter-sister
interactions and possibly intra-sister interactions’. When we aggregate all inter-
and intra-sister interactions combined around all 16 centromeres (figure 3a), we
observe a striking pattern. Regions directly adjacent on either side of the centromere
interact frequently with sequences up to 10 to 15kb away from the centromere.
When interactions between sisters and interactions along the sisters are plotted
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separately (figure 3b-c), we find that inter-sister interactions contribute differently to
the combined heatmap than intra-sister interactions do. First, intra-sister interactions
are depleted in a 2kb window centered precisely at the centromere. Second, we
observe that, compared to the genome wide average expected level, inter-sister
interactions at centromeric regions are enriched up to 10kb away from the diagonal
(figure 3b and 3d). Third, both intra- and inter-sister interactions contribute to the
line-like features emanating from the centromere in the Hi-C maps. Line-like features
in Hi-C maps have been interpreted as dynamic or variable loops with one fixed
anchor and with the second anchor at various distances away?. In this instance the
fixed inter-sister connection and intra-sister loop anchor is located directly adjacent
to the centromere. This fixed site then is engaged in an inter-sister interaction with
a site located on the other sister chromatid some variable distance away from the
centromere but on the same chromosome arm. Similarly, within a sister chromatid
the fixed loop anchor would engage with a second anchor at some variable distance.
Averaged over 16 centromeres, lines appear, but at individual centromeres such
intra-sister looping and inter-sister interactions at the same site can be observed as
an enriched dot, an example is shown in supplemental figure 10.

As described above, we observe that on average P,__(s) is smaller than
P....(s) for loci separated for up to 35kb, while they converge for loci separated by
larger distances. When we plot these two parameters for interactions anchored at all
centromeres (figure 3d, solid lines) and compare it to interactions along chromosome
arms (figure 3d, dashed lines), we observe near identical interaction frequencies of
inter- and intra-sister interactions at all distances. This indicates that at centromeres
sister chromatids are very precisely aligned so that the two sister centromeres act as
a single entity, while loci along arms sister loci are much more loosely aligned. This
can be explained at least in part because cohesin binding sites are spaced more
closely at centromeres than along arms: spacing between ChlP-seq cohesin peaks
is about 5kb around centromeres but along arms the spacing is ~ 15kb. Second, the
cohesin ChIP peaks at centromeres are much higher than along arms, indicating
that many or most cells in the population will have cohesin bound to those sites,
while along arms there may be more cell-to-cell variation in cohesin site occupancy.
In summary, a the precise and close alignment at centromeres may be the result of
closely spaced and frequently bound cohesin sites at centromeric regions during
mitosis??24,

Combined these observations lead us to propose that around centromeres
interactions between and along sister chromatids are organized differently from
those along chromosome arms. We note that we cannot differentiate between a
situation where extruding loops are actively formed by loop extruding factors such
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as extruding cohesin and condensin or if the observation of loops in peri-centromeric
regions is a result of offset cohesive cohesin binding, which would passively expulse
a loop on one sister chromatid (figure 3e, marked loops by asterisks). Both scenarios

will be observed as line-like features in Hi-C heatmaps.
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Figure 3 — SisterC data show that centromeres are more precisely and closely aligned
than loci along chromosome arms. (a-c) Pile up plot on all yeast centromeres at 1kb
resolution of all interactions (a), inter-sister interactions (b) and intra-sister interactions (c).
(d) Distance decay of interactions anchored on centromeres shows inter- and intra-sister
interactions are very similar for all genomic distance, while interactions along the chromosome
arms show reduced inter-sister interaction for loci separated by up to 35kb (dashed lines;
dashed vertical line indicates the 35 kb offset). (e) Proposed model of centromeric sister
chromatid conformation where closely spaced binding by cohesin and condensin molecules
mediate tight and aligned interactions of the sister chromatids at the centromere. Away from
the centromere a less dense array of interactions between cohesin sites result in an offset
of inter-sister interactions. Note that loops could be formed actively by extruding cohesin or
passively by loop expulsion (loops marked by asterisks). As centromeres function as a fixed
loop anchor, intra-sister loops can only be formed emerging from one direction (see insert),
as observed in a-c.
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Inter-sister and intra-sister interactions along arms are mediated by
independent cohesin complexes that act at different genomic distances

Cohesin mediated interactions along chromosome arms have been identified
by Hi-C before”?>%, however prior to SisterC it has not been possible to differentiate
between interactions between and along sister chromatids. When we aggregate
and plot all inter-sister interactions (figure 4a) and intra-sister interactions (figure
4b) at and around individual cohesin sites (far left panels), we see that cohesin
sites preferentially interact with sites located at least 5kb away on either side.
Interestingly, visual inspection of these aggregate interaction maps reveals that inter-
sister interactions at these cohesin sites occur at shorter distances than intra-sister
interactions. This becomes more evident when we calculate the difference between
the two aggregate interaction maps (figure 4c). We observe in this difference plot an
enrichment for inter-sister interactions over intra-sister interaction for cohesin sites
separated by less than 20kb. Figure 4d illustrates this difference in another way by
plotting the enrichment of inter and intra-sister signal over expected as a function
of genomic distance from cohesin binding sites (figure 4d). Inter-sister interactions
at cohesin sites preferentially occur at a distance up to 20kb, whereas intra-sister
interactions become more abundant at distances larger than 20kb. This can also be
seen at an individual cohesin site (supplemental figure 11).

To explore and quantify these differences between inter-sister and intra-sister
interactions in more detail, we analyzed pairwise cohesin-cohesin site interactions
at different genomic distances. Interactions of cohesin sites within 10kb from each
other are preferentially inter-sister interactions (figure 4a-c, second panel from left).
This difference is also observed when cohesin sites are separated by 10-
20kb (figure 4a-c, middle panel). Interestingly, this preference switches for pairwise
cohesin site interactions for sites separated by more than 20kb: for cohesin sites
separated by 20 to 35kb we observe a slight preference for intra-sister interactions
(figure 4a-c, second panel from right). This difference for intra-sister interactions
becomes much more prominent for pairwise cohesin interactions for sites separated
by 35 to 50kb (figure 4a-c, far right panel). Thus, cohesive cohesin enables
interactions between sites at sister chromatids that are separated by 5 to 25kb,
whereas extruding cohesin generates loops along sister chromatids that can be as
large as 50kb.

Above we described that findings in the SisterC data suggest that a given
cohesin binding site can be engaged in an inter-sister interaction in one cell and an
intra-sister interaction in another cell. To investigate this further, we leveraged the
fact that these two types of interactions occur at different length scales. Specifically,
we ranked SisterC signal of pairs of cohesin binding sites at different distances on
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Figure 4 — SisterC shows that cohesive cohesin mediates interactions between sister
chromatids at shorter genomic distances than loops formed within sister chromatids
by extruding cohesin. (a-b) Aggregate pile up plot of inter-sister interactions (a), intra-sister
interactions (b) and the difference between inter-sister and intra-sister interactions (c) of all
cohesin sites (left panel), of all pairwise cohesin interactions for pairs separated by less than
10kb (second to left panel), all pairwise interactions for sites separated by 10-20kb (middle
panel), all pairwise interactions between cohesin sites separated by 20-35kb (second to right
panel), and for cohesin sites separated by 35-50kb (far right panel). (d) Anchor plot of all
cohesin binding sites show that inter-sister interactions are preferentially formed at distances
shorter than 30kb, whereas intra-sister interactions at cohesin sites predominantly interact
with sites further than 25kb away. (e) Proposed model of intra-sister interactions formed by
extruding cohesin and inter-sister interactions formed by cohesive cohesin. Loops of different
sizes are made within sisters by extruding cohesin with loop sizes ranging from 10-50 kb.
Inter-sister interactions are mediated by cohesive cohesin, are spaced by ~35 kb apart, and
occur between sites that can be off-set by 5-25 kb.
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their intensity (supplemental figure 12). We identified 284 cohesin binding sites that
are engaged in the strongest inter-sister interactions (top 10 percent) with other
cohesin binding sites that are located 10 to 20kb away. When we explore intra-sister
interactions for this set of cohesin binding sites, we observed that these cohesin
binding site pairs also display enriched intra-sister interactions 10 to 20kb away,
albeit at lower frequency compared to their inter-sister cohesin-cohesin binding
site interactions (supplemental figure 12a-c). Similarly, we identified 284 cohesin
binding sites that mediate the strongest intra-sister interactions between cohesin
sites separated by 35 to 50kb. These cohesin-cohesin binding site pairs also show
enriched in inter-sister interactions, although at a lower frequency compared to
intra-sister interaction signal (supplemental figure 12d-f). This suggests that there
are cohesin sites that mediate both strong intra-sister interaction and strong inter-
sister interactions. Further, we find an overlap of 65 cohesin binding sites) between
cohesin binding sites that mediate strong inter-sister interactions with distal cohesin
binding sites located at 10 to 20kb distance as well as strong intra-sister interactions
with cohesin binding sites located at 35 to 50kb distance (supplemental figure 12g).
This provides further support that a given cohesin binding site can engage in either
inter-sister interactions or intra-sister interactions in different cells in the population.

Discussion

Here we describe SisterC, a chromosome conformation capture technique
that allows for detection of interactions between and along sister chromatids
separately. SisterC leverages BrdU incorporation and single strand breaks induced
by UV/Hoechst treatment, to assign Hi-C interactions as inter-sister or intra-sister
interactions based on read orientation after sequencing.

First, SisterC reveals the extent to which sister chromatids are aligned. At
centromeres the alignment is rather precise, possibly as a result of high density
of cohesin binding sites that are engaged in inter-sister interactions at centromeric
regions in every cell. The alignment is more loose along chromosome arms with inter-
sister interactions spaced every 35kb on average. Analysis of cohesin binding sites in
cell populations shows that cohesin binding sites occur every 10 to 15kb. Combined
with our data, this observation suggests that not every cohesin site will be bound in
every cell or not every cohesin site will be engaged in inter-sister interactions. The
alignment of sisters observed here resembles the pairing of homologues observed in
Drosophila’. In that study, a similar analysis and comparison of P__(s) and P_ (s)
was used to infer the extent of alignment of homologues and regional variation in
the precision of alignment of chromosomes was observed along the length of the
chromosomes. Although we see a clear difference in alignment between centromeric
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regions and chromosome arms in mitotic yeast sister chromatids, we do not observe
different degrees of alignment along chromosome arms.

Second, we observe that inter-sister interactions likely mediated by cohesive
cohesin occur mostly between cohesin binding sites separated by less than 25kb.
This distance is smaller than the distance between inter-sister interaction sites,
which we estimated to occur every 35kb on average (see above). One explanation
for this can be that inter-sister interactions get established during S-phase every 35
kb or so and relatively close to the replication fork that generates the sister chromatid
pair®-30. Possibly, inter-sister interactions are initially very precise, but can possibly
move to the closest cohesin binding site at convergent gene pairs on both sister
chromatids?*3'32, producing a spacing that can be up to 25kb. Along these lines, we
explored whether this offset of inter-sister chromatid interactions would differ from
genome-wide average at and around origins of replications. However, we find no
clear differences in sister chromatid interactions along or between sister chromatids
near origins of replication (supplemental figure 13). Interestingly, we do see a clear
boundary at origins of replication in our control G1 Hi-C libraries (supplemental figure
13d).

Third, we observe that intra-sister interactions, possibly mediated by
extruding cohesin, form larger loops ranging from 25 to 50kb. These cohesin-
mediated extruded loops are established during G2/M-phase’. Interestingly, previous
polymer simulation showed that yeast Hi-C data from mitotic cells is consistent with
the formation of dynamic loops of around 35kb in size, which cover about 35% of the
genome’. This is in agreement with our SisterC observations.

Cohesive cohesin and extruding cohesin are preferentially interacting at
different genomic distances, mediate interactions independent from each other and
are loaded and established in different phases in the cell cycle”. This leads us to
propose that these cohesin complexes are distinct, possibly having different subunit
compositions or modifications. For instance, cohesin can be bound by either Scc2/4
or Pds5%*2, leading to cohesin complexes with different properties. Further, the
acetylation status of a cohesin complex mediated by Eco1 is particularly important
for establishment of cohesion®%. Where in yeast both inter-sister interactions and
intra-sister interactions in mitosis are mediated by cohesin complexes, in vertebrates
these are formed by two different protein complexes: cohesin establishes sister
chromatid cohesion and condensin | and Il mediate intra-sister looping formation to
compact chromosomes”*°. Additionally, it is important to note that in yeast a given
cohesin binding site can be involved in both an inter-sister interaction and an intra-
sister interaction, although most likely not occurring in the same cell at a given time.
Due to a low cohesin binding density in yeast and absence of sequence specificity

127



Chapter 5

of cohesin complexes, there will be large cell-to-cell variation in which cohesin sites
will be bound by either cohesive or extruding cohesins.

In the current SisterC procedure, selective depletion of DNA strands
containing BrdU is not complete. Therefore, there is some level of cross contamination
of inter- and intra-sister interactions. This level of contamination can be estimated
by analyzing SisterC libraries of cells in G1-phase after one round of S-phase in the
presence of BrdU. The reason why selective depletion is not complete is most likely
related by the relatively low efficiency of DNA breakage after UV/Hoechst treatment.
More efficient strand depletion using alternative approaches, such as enzymatic
or chemical depletion of T-analogues, could result in more sensitive differentiation
of inter-sister and intra-sister interactions. Importantly we did not identify particular
types of molecules that are resistant to selective depletion. For instance, A-T
content of the genomic site (supplemental figure 14a-b), distance from a digestion
site (supplemental figure 14c-d) or regions near replication origins (supplemental
figure 14e-f) do not affect assignment of interactions as being inter-sister or intra-
sister. BrdU incorporation as measured by HPLC is near to complete in the newly
replicated strand. In order to achieve this in budding yeast, a mutant strain was used.
However, we note that in order to apply SisterC in mammalian cell, no special cell
lines are required as mammalian cell lines are able to take up and incorporate BrdU
without experimental manipulations'#°, which makes application of SisterC to any
mammalian cell type straightforward. Despite incomplete depletion of DNA strands
containing BrdU, SisterC is able to identify interactions that are enriched in the inter-
sister dataset compared to the intra-sister dataset and vice versa. This allowed
the detection of the two distinct roles of cohesin; cohesive cohesin and extruding
cohesin. This independent behavior of cohesin complexes was also observed in
mammalian cells by another novel Hi-C based technique that can distinguish
interactions between and along sister chromatids, scsHi-C #'.

SisterC allows the study of the significant topological challenge each cell
faces during the cell cycle: the concordant chromosome compaction and sister
chromatid separation during mitosis, particularly prophase. This process has been
difficult to study by conventional Hi-C, because of its inability to distinguish between
inter- and intra-sister interactions. We believe SisterC will have a broad applicability
in different model organisms and during different phases of the cell cycle from late
S-phase to mitosis.
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Extended data figures
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Extended Data Fig. 1 - Outline of SisterC yeast culture conditions and flow cytometry
analysis. (a) Asynchronous yeast cultures are cultured and synchronized in late G1 using
alpha factor. Cells are released in media containing BrdU or Thymidine, followed by an arrest
in mitosis using nocodazole or G1 using a second alpha factor arrest. Cells are harvested and
prepared for Hi-C or SisterC library production or processed for BrdU detection using HPLC.
(b) Flow cytometry analysis of cell cycle profile and BrdU incorporation of harvested yeast
cultures for preparation of SisterC libraries.
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Extended Data Fig. 2 - Depletion of BrdU containing DNA molecules by PCR. DNA
fragments were amplified in presence of 0%, 10%, 50%, 90% and 100% BrdU to allow for
incorporation in both strands (first 5 lanes). This was followed by treatment of UV only (second
5 lanes), Hoechst only (third 5 lanes) or treatment with both UV and Hoechst (last 5 lanes).
Fragments containing more than 10% BrdU did not get amplified after UV/Hoechst treatment.
This experiment was repeated twice with highly similar results.
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Extended Data Fig. 3 - Distance decay plots of all SisterC replicates. Distance decay
plots of all SisterC mitotic libraries: Dpnll replicate 1 (a), Dpnll replicate 2 (b), Dpnll replicate
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Extended Data Fig. 4 - Distance decay plots of all SisterC control experiments. Distance
decay plots of all SisterC control libraries: (a-b) G1 (a) and mitotic (b) arrested cells grown in
BrdU and treated with UV/Hoechst. (e-d) G1 (c) and mitotic (d) arrested cells grown in BrdU,
not treated with UV/Hoechst. (e-f) G1 (e) and mitotic (f) arrested cells grown in Thymidine,
treated with UV/Hoechst. (g-h) G1 (g) and mitotic (h) arrested cells grown in Thymidine, not
treated with UV/Hoechst.
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ExtendedDataFig.5-Observed/expectedinteractionheatmap of chrXill:450,000-550,000.
Log2 observed over expected interaction frequency on region ChrXIll:450,000-550,000
(as shown in main Fig. 2) for all interactions (a) inter-sister interactions (b) and intra-sister
interactions (c).
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Extended Data Fig. 6 - Centromeric region of chrXIl. (a-c) Interaction heatmaps of 50kb
window around the centromeric region of chrXIl, for all interactions (a), inter-sister interactions
(b) and intra-sister interactions (c). (d-f) Log2 observed over expected interaction heatmaps
of all interactions (d), inter-sister interactions (e) and intra-sister interactions (f) on the
centromeric region on chrXIl.
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Extended Data Fig. 7 - Anchor plot on ChrXIll:469000. Interaction frequency of inter-sister
and intra-sister interactions anchored on chrXIll:469,000 shows higher frequency of inter-
sister interactions at 25kb distance from the anchor (highlighted in green). Annotated below
the plot are the positions of Scc1 peaks. Source data
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Pairwise cohesin interactions 10-20kb separated
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Extended Data Fig. 8 - Ranking of SisterC signal on pairs of cohesin binding sites at
different genomic distances. (a, b) Inter-sister interaction (a) and intra-sister interaction (b)
frequency of pairs of cohesin binding sites separated by 10 to 20kb were ranked by inter-
sister interaction intensity for 10 kb window around the cohesin binding site. (¢) Interaction pile
up plots of inter-sister and intra-sister interactions of the top 10 percent sites that were ranked
in (a). (d-e) Inter-sister interaction (d) and intra-sister interaction (e) frequency of pairs of
cohesin binding sites separated by 35 to 50kb were ranked by intra-sister interaction intensity
for 10kb window around the cohesin binding site. (f) Interaction pile up plots of inter-sister
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and intra-sister interactions of the top 10 percent sites that were ranked in (). (g) 284 cohesin
sites that anchor the top 10% inter-sister interacting cohesin pairs at 10 to 20kb distance were
identified as well as again 284 cohesin sites that anchor the top 10% intra-sister interacting
cohesin pairs at 35 to 50 kb distance. 65 cohesin sites are found to mediate both top 10% inter-
sister cohesin-cohesin interactions and top 10% intra-sister cohesin-cohesin interactions.
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Extended Data Fig. 9 - SisterC pile up plots of origins of replication. (a, b) Mitotic SisterC
inter-sister interactions (a) and intra-sister interactions (b) plotted on replication origins. (c)
Pile up plot of Hi-C data of G1 alpha arrested cells on replication origins.
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Extended Data Fig. 10 - Efficiency of SisterC inter- and intra-sister interaction
assignment. (a, b) Normalized frequency SisterC G1 (a) and mitotic (b) inter-sister and intra-
sister interactions as a function of AT percentage. (¢, d) Normalized frequency SisterC G1
(c) and mitotic (d) inter-sister and intra-sister interactions as a function of distance to Dpnll
digestion site. (e, f) Normalized frequency SisterC G1 (e) and mitotic (f) inter-sister and intra-
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Supplemental figures and tables
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Supplemental Figure S1 - FACS data of all SisterC experiments. Flow cytometry data
detecting cell cycle profile and BrdU content of cultures grown for SisterC Dpnll replicate 1 (a),
SisterC Dpnll replicate 2 (b), SisterC Dpnll replicate 3 (¢) and Hindlll R1 (d).
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Hindlll R1 with BrdU
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Supplemental Figure S2 - HPLC Nucleoside digestion data of all replicates. Stacked
HPLC traces from 3 repeats of each SisterC library Hindlll R1 (a), Dpnll R2 (b) and Dpnll R3

(c).
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Supplemental Figure S3 - Definitive assignment of nucleoside peaks. (a) HPLC trace
showing peaks from a digested, BrdU containing sample of DNA; provided for reference of
the peaks assigned in the following sections. (b-i) Mass spectrometry analysis of individual
peaks shown in panel a. No diagnostic m/z peaks were found for the 14.4 minute peak,
however RNA U doping (brown trace, panel j) was used to unambiguously assign this peak
as RNA U. RNA A has the same chemical formula and mass as dG (218.1040 g/mol). Both
the fragmentation pattern of the DNA G peak (panel e) and the RNA A doping experiment
(magenta trace panel j) were used to confirm the assignment of the 23.2 minute peak as RNA
A (panel g). (j) Stacked HPLC runs of digested, non-BrdU-treated control DNA doped with
eachribonucleoside individually (2 uL of 5 mM solution of rU, rC, rA or rG was added to the
digested DNA immediately before HPLC analysis).
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Supplemental Figure S4 - HPLC Nucleoside Digestion data at 260nm and 279nm.
Overlaid HPLC traces at two different UV detector wavelengths from a single injection of a
digested, BrdU-treated DNA sample. Blue trace shows absorption at 260nm and red trace at
279nm. The max of BrdU is 279nm.
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Methods

Yeast synchronization and culture conditions

The YLV11 strain® was used for all experiments in this study. For normal growth,
cells were cultured in YP media with 2% galactose and 100uM thymidine at 30°C.
Prior to synchronization, cultures were diluted to OD ~0.15 and allowed to double.
To synchronize cells in late G1, 5 uM alpha factor mating pheromone (zymoresearch
#Y1001) was added for 2.5-3 hours until cells started schmoo formation. SisterC
Dpnll R2 and R3 received a boost of 500uM thymidine or BrdU after 2 hours of
alpha factor synchronization. G1 arrested cells were washed 3 times and released in
prewarmed media containing TmM BrdU or Thymidine. For mitotic arrested cells, 1%
DMSO was added 15 minutes after release and 10ug/mLnocodazole was added 30
minutes later. Mitotic cells were harvested approximately 4.5 hours after alpha factor
release. For G1 arrested cells, the culture was released for 2 hours, followed by a
second alpha factor arrest for 3 hours. Cells were washed and pelleted for genomic
DNA extraction for HPLC detection and stored at -80°C until further processing.
For Hi-C and SisterC, cells were fixed with 3% formaldehyde for 20 minutes at
30°C while in shaker incubator. Fixing was quenched by adding 2.5M glycine for an
additional 5 minutes at 30°C. Cells were washed twice in MilliQ and pelleted cells
were stored at -80°C till further processing. Throughout synchronization protocol,
cells were washed and fixed in 95% ethanol for flow cytometry analysis.

Flow cytometry

Ethanol fixed cells were resuspended and washed with 50mM NaCitrate. After mild
sonication, cell walls were degraded with 10 units of zymolyase in PBS for 30 min at
30°C, followed by a lysis using 2M HCI and 0.5% Triton Tx-100 for 30 min at room
temperature, followed by 30 min incubation at room temperature in 0.1M NaB,O..
Cells were then washed and resuspended in PBS, 1% milk, 0.2% Tween and 1:20
anti-BrdU-FITC (ThermoFisher #11-5071-42) and incubated for 30 min at RT. Cells
were again washed and resuspended in PBS, 1% milk, 0.2% Tween, 0.25mg/mL
RNase A and 10mg/mL propidium iodide and incubated at 37°C for 30 min. Cells
were washed and resonicated before flow cytometry detection using a MACSquant
flow cytometer. Data was analyzed using FlowJo software.

Amplification of DNA fragments containing after UV/Hoechst treatment
DNA fragments (686 bp length) were amplified for 15 cycles using DreamTaq

(ThermoFisher # EP1701) in presence of 100%, 90%, 50%, 10% or 0% BrdUTP,
supplemented with dTTP. Amplified DNA fragments were incubated in TLE with
100ng/uL Hoechst 33342 (ThermoFisher #H3570) for 15 min at room temperature
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while protecting from light, followed by UV radiation at 2.7kd/m2. Samples were
washed 3 times in 30KDa amicon columns (MilliPore # UFC5030BK) and amplified
with 10 PCR cycles.

HPLC separation and LCMS analysis

Cells were harvested, pelleted and frozen at -80°C for HPLC analysis from 300mL
yeast cultures at OD ~0.3 (approximately 600 million cells). Frozen cells were
washed in 1mL spheroplasting buffer and lysed for 10 minutes at 35°C using 0.5%

beta-mercaptoethanol and 10ug/mL zymolyase (Zymoresearch # E1005). Cells

were washed in 1x NEBuffer 3.1 (NEB #B7203S) and incubated with proteinase
K twice for 12 hours and an additional 2 hours at 65°C. DNA was extracted with
phenol:chloroform, followed by ethanol precipitation and RNA digestion using RNase
A. DNA samples were first washed with milliQ water using a 3 kDa cut-off Amicon
filter. Digestion into nucleosides was carried out on 3 g aliquots using ‘nucleoside
digestion enzyme mix’ from New England Biolabs (NEB#MO0649) and incubated
overnight at 37°C. Once digested, aliquots from the same sample were pooled,
filtered, and rinsed through a 3 kDa Amicon filter with milliQ water. The flow through
was concentrated and quantified by A260 for subsequent HPLC injection. Digested
deoxynucleosides were resolved using an Agilent 1260 Infinity HPLC with a Synergi
C18 4-uym Fusion-RP 80A 250 x 4.6 mm LC column. Nucleosides were resolved
over 35 minutes using an isocratic gradient of 2-22% [95% acetonitrile, 5% 20 mM
ammonium acetate pH 4.5] in [20 mM ammonium acetate] at 25°C, using a flow rate
of 0.5 mL/min. This was followed by wash steps at higher eluent strengths between
runs. Absorbance was recorded at 260 nm and 279 nm. Normal deoxynucleosides
were quantitated using HPLC peak areas over three repeats, and published values for
molar extinction coefficients at 260 nm [€260 (M-1 cm-1) adenosine = 15400, cytidine
= 7300, guanosine = 11700, thymidine = 8800*2. The molar extinction coefficients for
bromodeoxyuridine at 260 and 279 nm were empirically measured and found to be
9229 and 5003, respectively. For mass spectrometry analysis, deoxynucleosides
were first resolved using the HPLC method above, and UV peaks were manually
collected in separate vials. These were evaporated to dryness, resuspended in 50
pL milliQ water, and desalted on the same HPLC column using an isocratic gradient
of 0-40% [98% acetonitrile, 2% water] in [90% water, 10% acetonitrile] over 15 min
at 25°C, using a flow rate of 1 mL/min. The desalted peak was collected, evaporated
to dryness, then resuspended in 20 pL milliQ water and analysed by high resolution
liquid chromatography mass spectrometry. Mass spectrometry was carried out in
positive ESI mode on an Agilent 6530 Accurate-Mass Q-TOF LC/MS linked to a pre-
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injection Agilent 1260 infinity HPLC. Samples were run in milliQ water containing 0.1
% formic acid. Mass spectrometry settings to detect nucleosides were as follows;
gas temperature 350°C, nebulizer gas rate 45 psig, drying gas 10 L/min, VCap 4000
V, fragmentor voltage 120 V, skimmer voltage 65 V. 5 mM stock solutions of RNA
nucleosides A, U, C, and G (ChemGenes) were made up in milliQ water. HPLC
injections of digested deoxynucleosides were doped with the addition of 2 L of each
of the RNA nucleosides. Nucleosides were resolved using the standard separation
method above.

SisterC and Hi-C library preparation

For each mitotic SisterC or Hi-C library approximately 300 million cells or 100mL
culture at OD ~0.3 was used. For each G1 SisterC or Hi-C library this was double,
approximately 600 million cells or 100mL culture at OD ~0.6. There were 3 biological
replicates produced using Dpnll as restriction enzyme and one replicate using Hindlll.
SisterC and Hi-C were performed according to previously published Hi-C protocol for
yeast®, with several major modifications. Samples were split for Hi-C and SisterC
library production before treatment with Hoechst/UV. Briefly, cells were fixed and
stored as described above. Crosslinked cells were thawed, washed and resuspended
in spheroplasting buffer (1M Sorbitol, 50mM Tris pH 7.5). Cells were lysed by addition

of 0.5% beta-mercaptoethanol and 10ug/mL zymolyase (Zymoresearch # E1005)

and incubated for 10 min at 35°C. Cells were washed twice with 1x NEBuffer 3.1
(for Dpnll libraries) or NEBuffer 2.1 (for Hindlll libraries). Chromatin was solubilized
with 0.1% SDS for 10 minutes at 65°C, followed by quenching with 1% Triton
X-100. Chromatin was digested with 400U Hindlll or Dpnll overnight at 37°C. After
inactivation of restriction enzyme for 20 min at 65°C, DNA ends were filled in with
nucleotides and supplemented with biotin-14-dCTP (LifeTech #19518018) for Hindlll
libraries and biotin-14-dATP (LifeTech #19524016) for Dpnll libraries for 4 hours at
23°C. DNA fragments were ligated with T4 DNA ligase (LifeTech #15224090) for
4 hours at 16°C in reactions of 75 pL each. All ligation reactions were combined
and samples were treated with proteinase K overnight at 65°C. DNA was purified
using 1:1 phenol:chloroform and ethanol precipitation. Samples treated with RNAse
A and biotin from unligated ends were removed using T4 DNA polymerase. DNA was
sonicated and size-selected using AMpure XP beads (Bedman coulter #A63881) to
obtain fragments sized 600-800bp. We performed end repair and a-tailing prior to
illumina TruSeq adapter ligation. Each sample was split in two to obtain one SisterC
library treated with UV and Hoechst and one Hi-C library without treatment from the
same biological sample. SisterC libraries were treated in two reaction volumes of
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50uL each with 100ng/uL Hoechst 33342 (ThermoFisher #H3570) for 15 min at room
temperature while protecting from light, followed by UV radiation at 2.7kJ/m2. Samples

were washed with TLE 3 times in 30KDa amicon columns (MilliPore # UFC5030BK).

Both SisterC and Hi-C libraries were then enriched for biotin-containing fragments
by pull down with MyOne Streptavidin C1 beads (Life Tech #65-001). Libraries were
amplified, cleaned from pcr primers and sequenced using paired end 50bp reads on
an lllumina HiSeq4000 platform. All libraries within a set of replicates were amplified
with the same number of PCR cycles.

SisterC and Hi-C analysis

Hi-C and SisterC FASTQ sequencing files were mapped to saccer3 yeast reference
genome using publicly available distiller-nf mapping pipeline (https:/github.com/
mirnylab/distiller-nf) and downstream analysis tools pairtools (https:/github.com/
mirnylab/pairtools) and cooltools (https://github.com/mirnylab/cooltools). Briefly,
reads were mapped with bwa-mem, deduplicated and filtered for mapping quality,
resulting in only “valid reads”. Reads were classified as inter-sister reads when one
read end was mapped as + orientation and the other end as — read orientation.
Reads were classified as intra-sister reads when both read ends mapped as + or —
read orientation. For downstream analysis, interactions at a shorter distance than
1500bp were removed. Interactions were binned at 1kb, 2kb and 10kb resolution
using cooler®. lterative balancing was applied to all matrices, individually for inter-
sister and intra-sister interactions, while ignoring two bins from the diagonal*. Hi-C
and SisterC statistics for all samples are provided in supplemental table 1.

Distance decays were plotted from valid pairs separated by read orientation
were used to calculate contact frequency (P) as a function of genomic distance
(s) using cooltools code. Pile up plots on genomic loci were produced using valid
interactions binned at 1kb resolution separated for inter- or intra-sister interactions
and contained only interactions at distances larger than 1500bp. Observed over
expected values were calculated using expected files of matching conditions (e.g.
expected file of inter-sister interactions of SisterC library for matching observed
interactions of inter-sister interactions of SisterC library). Heatmaps were plotted
using modified cooltools code. For centromere pile up plot, the directionality of the
centromere DNA elements was taken into account. Anchor plots were plotted from
valid interactions binned at 2kb resolution, which were separated for inter or intra-
sister interactions and contained only interactions at distances larger than 1500bp.
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Publicly available datasets used in this manuscript

Scc1 calibrated ChlP-seq tracks from Hu et al*® were used for cohesin pile up
SisterC heatmaps and ChlP-seq tracks in figure 1. This dataset is available on GEO
under accession number GSM1712309. Peaks were called on this dataset using
MACS2. Pairwise cohesin interactions were compiled by listing all possible pairwise
combinations of cohesin peak sites in cis, followed by separation on distance
between cohesin pairs (smaller than 10kb, 10 to 20kb, 20 to 35kb and 35 to 50kb).
Cohesin sites in a 50kb window around centromeres and on all of chrXIl and chrlV
were removed from the dataset. Additionally Hi-C samples from cdc45 mutant cells
were used from Schalbetter et al 7 to investigate distance decay. This dataset is
available on GEO under accession number GSM2327664. This data was processed
identical to Hi-C libraries produced for this study. Sites of origin of replication were
downloaded from OriDB (http://www.oridb.org/)*.

Code availability
Hi-C mapping pipeline distiller-nf is available on https://github.com/mirnylab/distiller-
nf. Downstream analysis tools pairtools and cooltools are available through https:/

github.com/mirnylab/pairtools and https://github.com/mirnylab/cooltools.

Data availability

All genomic data generated for this study are publicly available on the NCBI Gene
Expression Omnibus (GEO; https://www.ncbi.nlm.nih.gov/geo/) under accession
number GSE145695.
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Abstract

We recently developed SisterC, a Hi-C technique which is able to differentiate
3D interactions between and along sister chromatids by incorporating BrdU and
inducing single strand nicks by UV/Hoechst treatment. Although this technique was
developed in budding yeast, it is by definition applicable to any model system that
can be synchronized and that can efficiently integrate BrdU during DNA replication.
Here, we describe approaches to optimize SisterC efficiency to enable the study
of sister chromatid organization in human cell lines. In vitro experiments suggest
that both increased UV radiation and the use of Pfu polymerase for amplification
improves the depletion of BrdU containing strands. However, when performing
SisterC in budding yeast using these conditions, depletion efficiency is not improved.
Additionally, we propose a synchronization protocol for the human cell line Hap1
cdk1as that allows for the incorporation of BrdU during S-phase, the subsequent
synchronization in G2 and mitosis, and release into G1 for control experiments.
Using this protocol, we observe over 80% BrdU incorporation in the newly replicated
strand measured by HPLC. This promises the successful application of the SisterC
protocol to Hap1 cdk1as cells, and will allow the study the complex interplay of sister
chromatid condensation and disentanglement as cells progress from S-phase to
anaphase.
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Introduction

During DNA replication in S-phase, sister chromatids are formed and interactions
are established between the sisters and along the same sister chromatid. As the
cell progresses through the cell cycle into mitosis, chromosomes face a complicated
topological problem; sister chromatids need to be disentangled and condensed,
while side-to-side alignment is maintained to enable processes such as DNA
damage repair'-3. As sister chromatids have identical DNA sequences, inter-sister
and intra-sister interactions cannot be distinguished in conventional genomics
techniques such as Hi-C. Therefore, we developed SisterC as described in chapter
5 of this thesis and published in Oomen et al*. Briefly, SisterC enables differentiation
of interactions between and along sister chromatids based on strand orientation
after mapping of the SisterC reads (in this thesis; chapter 5 - figure 1a-c). In order to
perform SisterC, cells are first synchronized in G1 and then released into S phase in
presence of BrdU, which will be incorporated in the newly replicated strands. Cells
are then harvested in the cell cycle state of interest. This is followed by standard
processing of cells for Hi-C, with the addition of UV/Hoechst treatment of the libraries
before biotin pull-down. SisterC was established in budding yeast, using the mutant
strain YLV-11 that can take up BrdU efficiently®. The small yeast genome allowed
for optimization of the technique without requiring many sequence reads. We
assessed the efficiency of BrdU depletion by quantifying inter-sister signals in G1-
synchronized cells, a phase in the cell cycle when there are no sister chromatids and
therefore no inter-sister signal is expected. On average 20.7% of interactions within
the same chromosome are misassigned as inter-sister interactions in G1 between
the replicates in the original set of SisterC libraries. This suggests that ~70-80% of
BrdU containing strands are successfully depleted in a SisterC experiment. Despite
suboptimal depletion of BrdU containing strands, we were able to use SisterC to gain
better understanding of the spatial organization of pairs of sister chromatids®.

An alternative C-based technique to study sister chromatid organization,
called scs-HiC, was developed by the Gerlich laboratory®. Scs-HiC uses the thymidine
analogue 4sT to create T-to-C conversion after chemical treatment of the Hi-C library.
Hi-C interactions between sister chromatids can then be assigned as inter-sister or
intra-sister interactions after amplification and high-throughput sequencing based on
the chemically induced SNPs. Scs-HiC was established in Hela cells, showing that
sister chromatid interactions can indeed be distinguished in mammalian cell lines.
However, scs-HiC depends on a complicated toxic chemical reaction and requires
many sequence reads to obtain proper signal, as 4sT incorporation efficiency is
very low. Because of the need for a specialized chemical safety set up and the high
experimental costs, it will be challenging for other laboratories to implement scs-HiC.
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We set out to optimize the SisterC technique to obtain better depletion of
BrdU-containing strands by UV/Hoechst treatment, which will enable the application
of SisterC to mammalian cells. We explored the role of several factors in the original
SisterC protocol: UV radiation intensity, the polymerase that is used for final library
amplification, and denaturing of the SisterC library to single strands by heat before
biotin pull down. Additionally, we show preliminary data on BrdU incorporation
efficiency in the human cell line Hap1 cdk1as’. Sufficient BrdU incorporation will be
essential to adapt SisterC to mammalian cells. We propose a protocol tailored to
Hap1 cdk1as, which enables both efficient BrdU incorporation and allows for easy
synchronization throughout the cell cycle.

Results

SisterC protocol optimization

We aimed to optimize the original SisterC technique at three specific steps in the
protocol. First, we tested different UV radiation strengths. For the development of
SisterC, we were inspired by the technique Strand-seq®. We therefore used 2.7kJ/
m?2 UV for the initial SisterC protocol, as is standard for Strand-seq®'. UV treatment
combined with Hoechst incubation is essential to create single-strand nicks at BrdU
sites, which will deplete BrdU-containing strands upon PCR amplification. However,
high levels UV radiation will destroy any DNA molecule and will result in amplification
errors. UV radiation strength should be titrated to only prevent amplification of BrdU-
containing strands. We tested a range of UV radiation strengths (No UV, 2.7kJ/m?,
10kd/m2, 20kJ/m? and 40kJ/m?) on a DNA template which was amplified in presence
of 0%, 10%, 50%, 90% and 100% BrdUTP. This creates DNA molecules with BrdU in
both strands. We then treated the DNA with Hoechst and radiated with UV, followed
by DNA clean up and amplification using 10 PCR cycles. As BrdU is present in both
strands, UV/Hoechst treatment should not be able to amplify DNA fragments with
high levels of BrdU. We found that 10kd/m? UV radiation improved BrdU-containing
strand depletion efficiency compared to 2.7kd/m?, (figure 1a). When higher levels of
UV radiation were used, we found that strands withouth BrdU were also depleted,
suggesting that DNA was too damaged to be amplified (data not shown).

Second, we tested whether the choice of polymerase enzyme used to amplify
the SisterC library effects BrdU depletion efficiency. We hypothesized different
polymerases will be more or less successful in amplifying nicked DNA strands and
will therefore have more or less misassigned sister chromatid interactions. In the
original SisterC experiments, we used the lllumina TruSeq DNA nano kit for library
preparation, which uses Q5 polymerase for final library amplification. In addition to
Q5 polymerase we tested Pfu polymerase using the same in vitro DNA fragment
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assay as described above. Figure 1b shows that Pfu polymerase is more successful
in discriminating against amplification of BrdU-containing strands, especially when
radiated with 10kJ/m? UV.
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Figure 1 — Approaches to optimize the SisterC protocol for more efficient BrdU depletion
by UV/Hoechst treatment. (a-b) DNA gel image of fragments amplified in presence of 0%,
10%, 50%, 90% and 100% BrdUTP (supplemented with dTTP). Samples were then treated
with Hoechst and no radiation (first 5 lanes) or UV radiation at 2.7kd/m? (middle 5 lanes) or
10kJ/m? (last 5 lanes), followed by 10 PCR cycles amplification using Q5 polymerase (a) or
Pfu polymerase (b). (c) Percentage inter-sister interactions in G1 and mitosis on chrXIll for
original SisterC 1.0 replicates and the modified SisterC protocols using Pfu polymerase after
UV radiation with 2.7kJ and 10kJ/m?, or denatured DNA (d) Distance decay of combined G1
replicates of original published SisterC 1.0 protocol. (e) Distance decay of G1 SisterC libraries
that were radiated with 2.7 kJ/m? and amplified with Pfu polymerase. (f) Distance decay of G1
SisterC libraries that were denatured by heat prior to biotin pull down.
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As these in vitro experiments using PCR-amplified DNA fragments suggested
that the use of increased UV radiation and Pfu polymerase for library amplification
could be promising to improve the SisterC protocol, we continued to perform SisterC
in budding yeast using these optimized parameters. Unfortunately, SisterC libraries
amplified using Pfu polymerase after radiation with 2.7kd/m? UV did not show
improved depletion of BrdU containing strands (figure 1c and 1e and supplemental
table 1). Additionally, increased UV radiation to 10kJ/m? did not improve BrdU
depletion either (figure 1c and supplemental table 1). Moreover, mapping statistics
showed that SisterC libraries radiated with 10kd/m? UV contained less valid Hi-C
interactions, suggesting that higher UV radiation damages the ligation products
beyond creating BrdU single strand nicks (Supplemental table 1).

In order to enrich a Hi-C or SisterC library for 3D interactions, we pull down
on biotinylated nucleotides that label a ligation junction using streptavidin beads.
As DNA molecules are double stranded when libraries are pulled down, strands
will be in close proximity to their compliment strand on the streptavidin bead during
amplification. This could potentially give rise to chimeric amplification products, which
could occur when polymerase enzymes face nicks, as is the case for our SisterC
libraries. When the polymerase is halted due to a Hoechst/UV-induced nick, while
also in close proximity to the non-BrdU containing complementary strand, the nicked
strand could be extended using the intact strand as complement. These chimeric
amplification products will then become misassigned as inter-sister or intra-sister
interactions. We hypothesized that G1 inter-sister interactions in the original SisterC
dataset were due to chimeric amplification products. In order to prevent compliment
strands being in close proximity to each other during amplification, we denatured
SisterC and Hi-C budding yeast libraries prior to biotin pull-down by heating up
the libraries for 15 minutes at 95°C. However, contrary to what we expected, this
resulted in much less efficient BrdU depletion as G1 inter-sister signal increases to
35.7% compared to 20.7% average across replicates in the initial SisterC dataset
(figure 1c and compare figure 1d to 1f and supplemental table 1).

SisterC in mammalian cells

Although SisterC was originally developed and tested in budding yeast*,
SisterC is in principle applicable to all systems that can be synchronized and
incorporate BrdU. One system of particular interest to many researchers is cultured
human cell lines. We set out to adapt the SisterC protocol for use in the cell line Hap1.
In budding yeast, we were able to use alpha-factor arrest to synchronize cells in late
G1-phase prior to BrdU incorporation. Unfortunately, this is not applicable to most
mammalian cells. Traditional synchronization protocols often rely on synchronization
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in S-phase by creating a nucleotide imbalance using thymidine'2. However, adding
thymidine prior BrdU incorporation — a thymidine analogue — would result in low
incorporation efficiency. To enable easy synchronization, a mutant Hap1 cell line was
created, in which endogenous Cdk1 has been replaced by an analogue-sensitive
mutant cdk1as. When the ATP analogue 1-NM-PP1 is added to the media, Cdk1as
will temporarily be disabled and cells become arrested in G2. When 1-NM-PP1 is
washed out, cells are released from the G2-arrest and will synchronously enter
prophase and progress through mitosis. This cell line design has previously been
used in the chicken cell line DT40” and was successfully used to study chromosome
conformation in chicken cells during the progression from G2-phase to prometaphase
by Hi-C*.

To synchronize a population of cells to study using SisterC, we first arrest
Hap1 cdk1as cells in late G2 using 1-NM-PP1 (figure 2a). After a brief release to
allow the cells to enter the subsequent cell cycle, BrdU is added to the media to
enable strand specific labelling of the sister chromatids during S-phase. This is then
followed by a second 1-NM-PP1 arrest in G2, from which cells can be synchronously
released. Depending on which phase of the cell cycle the researcher wants to study
using SisterC, cells can be harvested in G2, at different timepoints as the population
progresses from G2 to mitosis, or in prometaphase using a nocodazole arrest (figure
2a). Similarly to SisterC experiments in budding yeast*, it is advisable to collect a
population of G1 cells after the S-phase during which BrdU was incorporated to
measure misassigned ‘inter-sister’ interactions. This can be done by letting cells
release from the 1-NM-PP1 arrest and progress though mitosis into the subsequent
G1, possibly added by a block in G1 by cell cycle inhibitors such as palbociclib™. By
performing both HPLC and SisterC on this G1 population, incorporation efficiency
and the level of depletion of BrdU-containing strands after UV/Hoechst treatment
can be assessed (figure 2a).

Hap1 cells are very sensitive to addition of thymidine or thymidine analogues
such as BrdU. When high concentrations of BrdU are added to the culture after
release from the 1t 1-NM-PP1 arrest, Hap1 cdk1as cells will not progress through
S-phase and many cells in the population will die (figure 2b). Cells most likely arrest
due to a nucleotide imbalance'. However, this imbalance can be resolved by the
addition of cytidine in equimolar concentration's, which both keeps cells healthier
and allows for better incorporation of BrdU by Hap1 cdk1as cells, as shown by flow
cytometry in figure 2c.

We then continued to quantify the level of BrdU incorporation in Hap1
cdk1as cells by HPLC (figure 2d-e). When we feed budding yeast strain YLV-11 1
mM BrdU according to the published SisterC protocol*'”, we typically observe that
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Figure 2 — Optimization of synchronization and BrdU incorporation by Hap1 Cdklas
cells. (a) Schematic overview of Hap1 Cdk1as synchronization protocol that enables BrdU
incorporation during S-phase, followed by harvesting of SisterC/Hi-C and HPLC samples in
G2, mitosis and subsequent G1-phase. (b-c) Flow cytometry data of cells synchronized in
media supplemented with 0.25mM BrdU (b) and 0.25mM BrdU and 0.25mM Cytidine (c).
(d) Nucleoside percentage in budding yeast genome SacCer3 and human genome hg38
compared to nucleoside content measured by HPLC in budding yeast and Hap1 Cdk1as
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cells when synchronized in media supplemented with BrdU at different concentrations. The
percentages of each nucleoside are calculated using the corresponding extinction coefficient.
(e) HPLC spectra measured at 260nm of digested gDNA isolated from Hap1 Cdk1as cells
synchronized in media without nucleoside (top), 0.1 mM BrdU and Cytidine (second), 0.25
mM BrdU and Cytidine (third) and 0.5 mM BrdU and Cytidine (bottom).

90-95% of thymidine has been replaced by BrdU in the newly replicated strand.
We tested BrdU incorporation by Hap1 cdk1as using above-described protocol at 3
different concentrations of BrdU - 0.1 mM, 0.25 mM and 0.5 mM - supplemented with
cytidine at equimolar concentrations. We observed that when adding 0.1 mM BrdU
to Hap1 cdk1as cells, cells incorporate approximately 73.6% BrdU, whereas cells
synchronized in presence of 0.25mM and 0.5mM BrdU incorporate 81.3 and 82.5%
respectively. However, even with the addition of equimolar concentrations cytidine
during synchronization, Hap1 cdk1as cells show an increased fraction of dead cells
after addition of all concentrations of BrdU ranging from 20% up to 27%, as observed
by trypan blue staining (supplemental table 2). As the incorporation efficiency does
not improve dramatically between 0.25 mM and 0.5 mM, but the fraction dead cells is
does increase at higher concentrations, we suggest using 0.25 mM BrdU to prepare
Hap1 cdk1as cells for future SisterC experiments.

Discussion

Here we describe strategies to adapt the SisterC protocol for use in
mammalian cells, such as the human cell line Hap1 cdk1as. In the published SisterC
protocol, we observed 20-22% inter-sister interactions in G14, a cell cycle phase
when these interactions are not expected as sister chromatids are segregated into
the two new daughter cells during the preceding mitosis. This suggests that in mitosis
similar levels of inter-sister interactions are misassigned as intra-sister interactions
and vice versa. We therefore set out to decrease the levels of wrongly assigned
interactions in SisterC. Although in vitro tests using a DNA template containing BrdU
suggested that using higher level of UV radiation and using Pfu polymerase could
improve SisterC specificity, when these conditions were used to perform SisterC
in budding yeast no improvement was observed. Similarly, we tested whether
denaturing double stranded DNA into single stranded molecules prior to biotin pull-
down of SisterC interactions. Not only did this not decrease inter-sister interactions
in G1, but it also resulted in low-quality SisterC libraries (figure 1 and supplemental
table 1). Additionally, we set the first steps towards the application of SisterC in
mammalian cells. We propose a synchronization protocol for Hap1 cdk1as cells, a
human cell line that allows for easy synchronization in G2 and synchronous release
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as the cells progress through mitosis. Supplementing BrdU and cytidine to the media
during the synchronization protocol allows for optimal BrdU incorporation efficiency.
HPLC measurements on DNA isolated from cells synchronized using this protocol
estimate over 80% BrdU incorporation in the newly replicated strand (figure 2). This
suggests that SisterC will be feasible in Hap1 cdk1as cells without much further
optimization being necessary.

Although we did not find conditions that improve SisterC specificity, there are
still several aspects of the protocol that could be worth pursuing to optimize depletion
of BrdU containing strands. In the current SisterC protocol, fragments are sonicated
to obtain 600-800bp size. This is larger than typically done for Hi-C libraries, for which
the recommended fragment size is 150-300bp. The reasoning to maintain fragments
at larger size, is to increase the chance of UV/Hoechst induced single strand nicks
on both sides of the ligation junction, and therefore successful depletion of BrdU
containing strands upon PCR amplification. However, using a longer fragment size
comes with the risk that a small fraction of sequenced reads contains 3 or more 3D
interactions instead of 2. As we use strand orientation of each end of the paired-
end sequence run to assign interactions as inter- or intra-sister interactions, this
could lead to misassignment. However, if SisterC fragments contain more than 2
interactions, it is also more likely that the sequenced ends of the reads are close to a
Dpnll restriction site. When we explored for the published SisterC data whether inter-
sister interactions in G1 libraries are more prone to map closer to Dpnll restriction
sites, we did not observe this (chapter 5 — extended data figure 10)*. Nonetheless,
if further optimization of the current SisterC protocol is essential for adaptation in
mammalian cell lines, exploring different fragment lengths of interactions could
be an avenue worth pursuing. Along these lines, a recent publication showed that
different digestion enzymes and crosslinkers can improve Hi-C library quality'®. This
could also be an improvement to the SisterC protocol. Although this experiment
was not repeated, when SisterC was performed using the restriction enzyme Hindlll
instead of Dpnll for initial digestion, the level of background inter-sister interactions
in G1 was substantially higher (25%) than when using Dpnll (20-22%)*. However,
coincidentally the level of BrdU incorporation in these Hindlll as measured by HPLC
was lower for Dpnll replicates (83% compared to 90-95%), which could also have
caused an increased level of misassigned inter-sister interactions in G14.

We were motivated to optimize the SisterC protocol as we hypothesized
that mammalian cells would be much less successful at taking up and incorporating
BrdU compared to the budding yeast strain YLV-11. However, HPLC data of Hap1
cdk1as cells synchronized in presence of 0.25mM BrdU suggest that over 80% of
the thymidine residues have been replaced by BrdU in the newly replicated strand.
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This is much higher than we anticipated and relies on the addition of equimolar
concentration of cytidine which allows Hap1 cells to tolerate high levels of BrdU.
Moreover, the Hap1 cdk1as cell line allows for relatively easy synchronization in G2,
which can be followed by a synchronous release as cells progress into mitosis. This
will allow to gain a better understanding in the interplay of cohesins and condensins
that mediate sister chromatid cohesion and loop formation in mammalian cells.
SisterC opens doors to study the complicated topological problem cells face, when
sister chromatids need to orchestrate both compaction and segregation to enable
proper cell division.
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not radiated with UV for both Pfu amplified SisterC sets are identical.
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# cells harvested |% dead cells by
for HPLC Trypan blue
No Nucleotide 4.23E+07 10
0.1mM BrdU 3.29E+07 20.5
0.25mM BrdU 3.28E+07 23
0.5mM BrdU 2.72E+07 27

Supplemental table 2 — Trypan blue staining to quantify % dead cells during Hap1 cdk1as
synchronization for HPLC experiments.
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Methods

Amplification of DNA fragments to test UV and polymerase conditions

DNA fragments (686bp) were amplified for 15 cycles using DreamTaq in presence
of 0%, 10%, 50%, 90% or 100% BrdUTP supplemented with dTTP. Amplified
fragments were incubated with 100ng/uL Hoechst 33342 in TLE for 15 minutes at
room temperature while shielding from light. Samples were either not radiated or UV
radiated at 2.7kJ/m?2 or 10kd/m?, followed by amicon clean up 3 times using 30kDa

cutoff columns. Samples were amplified using Q5 polymerase (NEB # M0515S) or
Pfu polymerase (Agilent #600674) for 10 cycles and run on 1.25% agarose ethidium
bromide gels.

Yeast culture conditions and synchronization

The yeast strain YLV11% was used for all budding yeast experiments in this study.
Yeast was cultured in yeast peptone (YP) media supplemented with 2% galactose
and 100pM thymidine at 30°C. Synchronization and harvesting for SisterC and Hi-C
was performed as described in Oomen et al*. Briefly, cells were synchronized in late
G1 using alpha-factor, followed by a boost of either 500uM Thymidine or 500uM
BrdU and release in respectively 1mM Thymidine or 1mM BrdU. Cells were arrested
in mitosis using nocodazole or in the subsequent G1 using alpha-factor. Cells were
fixed for Hi-C and SisterC using 3% formaldehyde and stored at -80°C until further
processing.

SisterC yeast

SisterC were performed as previously published*'”'° with modifications to test
SisterC parameters as described above. Briefly, crosslinked cells were washed in
spheroplasting buffer and lysed using 0.5% beta-mercaptoethanol and zymolyase
for 10 minutes at 35°C. Cells were washed with 1x NEBuffer 3.1 and chromatin was
solubilized using 0.1% SDS at 65°C for 10 minutes, followed by quenching with
1% Triton-X100. Chromatin was then digested overnight with 400U Dpnll at 37°C,
followed by inactivation of the enzyme at 65°C for 20 minutes. Digested restriction
sites were filled in with nucleotides supplemented with Biotin-14-dATP for 4 hours
at 23°C. Samples were aliquoted in reactions of 75uL each in a 96-well pcr plate
and ligated with T4 DNA ligase for 4 hours at 16°C. After ligation, reactions of each
sample were combined and treated with proteinase K at 65°C for 2 hours, followed
by another proteinase K dose with incubation overnight. DNA was purified using
phenol:chloroform and ethanol precipitation. Samples were treated with RNase A
and biotin from unligated ends were removed. DNA was sonicated and selected
using AMpure beads to obtain average fragment size of 600-800bp. Samples were
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split in two for the SisterC on denatured DNA and in 3 to test different UV radiation
strengths. After DNA end repair and a-tailing, DNA was ligated to barcoded lllumina
TruSeq adapters. SisterC samples were treated with 100ng/uL Hoechst 33324 and
incubated for 15 minutes at room temperature while shielding from light. Samples
where then radiated with 2.7kd or 10kd/m2 UV and washed 3 times in amicon
columns. For the libraries that were denatured prior to pull down, samples were
incubated at 95 °C for 15 minutes, followed by 5 minutes on ice. All SisterC and Hi-C
samples were then enriched for biotin-containing fragments by pull-down on MyOne
streptavidin C1 beads. Libraries were amplified using the lllumina TruSeq master
mix or Pfu polymerase (Agilent #600674) and TruSeq primer cocktail. All samples
of the same set of SisterC libraries were amplified with the same number of PCR
cycles, typically between 7-10 cycles. PCR primers were removed using AMpure
beads and libraries were sequenced using 50bp paired-end reads on an HiSeq 4000
system (lllumina).

SisterC mapping and downstream analysis

SisterC data was mapped and processed as previously published*. FASTQ
sequencing files were mapped to the budding yeast reference genome SacCer3
using the publicly available mapping pipeline distiller-nf (https://github.com/mirnylab/
distiller-nf) and downstream analysis tools pairtools (https://github.com/mirnylab/
pairtools) and cooltools (https://github.com/mirnylab/cooltools). Interactions shorter
than 1500bp were removed from downstream analysis. Reads with read orientation +
—and - + were classified as intra-sister interactions, while reads with read orientation
+ + and - - were classified as inter-sister interactions.

Hap1 Cdk1as culture conditions and synchronization

Hap1 Cdk1as cells were grown in IMDM supplemented with 10% FBS and1x pen/
strep (Gibco #P4333). To start synchronization, ~0.75 million cells were plated per
10cm dish. After 24 hours, 1-NM-PP1 (1M final concentration) was added to media
for 16 hours to arrest cells in late G2-phase. Cells were realized from arrest by
washing 2x with warm PBS and 1x media, followed by adding warm media for 2.5
hours. BrdU or Thymidine with equimolar concentration Cytindine were added to
the medium for another 2.5 hours. 1-NM-PP1 (1uM final concentration) was added
to media for an additional 15 hours to block cells in the 2nd G2 arrest. Cells can
then be released again by washing with warm PBS (2x) and media (1x). For mitotic
arrest, cells were released from the 2™ 1-nm-pp1 arrest for ~30 minutes, followed
by a nocodazole arrest (50ng/mL) for ~2 hours. Obtain cells arrested in G1, cells
were released from 2" 1-NM-PP1 arrest for ~2 hours, followed by at least 3 hours
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incubation with Palbociclib.

Flow cytometry

Hap1 cells were fixed with 95% ethanol and stored at -20°C until processed for
flow cytometry. Cells were pelleted for 5 min at 500xg and washed three times in
incubation buffer (PBS + 0.5% BSA). Cells were lysed by incubation with PBS +
1.5M HCL for 30 minutes at room temperature, followed by 2 washes in incubation
buffer. Samples were immunostained for BrdU in 95uL incubation buffer with 5ulL
anti-BrdU-FITC and incubated for 45min at room temperature while shielded from
light. Cells were washed once with incubation buffer, followed by cell cyle staining in
185uL PBS + 5uL RNase A + 10uL propidium iodide. Samples were incubated for at
least 30min at room temperature (while shielding from light). Samples were diluted
with PBS if necessary. BrdU and cell cycle data was collected using a MACSQuant
flow cytometer and analyzed using FlowJo software.

HPLC Hap1 cdk1as cells

3x15cm plates with Hap1 cdk1as cells were harvested by accutase after their second
1-nm-pp1 arrest in G2, pelleted and washed with PBS. Cells were then resuspended
in 1mL Hi-C lysis buffer for 5 minutes at RT. Cells were split in two tubes and washed
in 1mL PBS each. 50uL proteinase K was added and incubated for 2 hours at 65°C,
followed by a second dose of 50uL proteinase K for overnight incubation at 65°C.
Each tube was split in 2x 2mL phase lock tubes and samples were cleaned up
using double phenol chloroform, followed by ethanol precipitation. DNA pellets were
resuspended in TLE and RNA was removed by RNase A treatment at 37°C for 30
minutes. Samples were cleaned up and washed using 3kDa amicon filter columns.
DNA was prepared for HPLC as described in Oomen et al*. HPLC spectra were
measured at 260 and 279nm. Nucleosides were quantified over three repeats and
corrected using published values for molar extinction coefficients at 260nm (A, T, C,
G) and 279nm (BrdU).

Code availability

Hi-C mapping pipeline distiller-nf used to map SisterC data is publicly available
at https://github.com/mirnylab/distiller-nf. Downstream analysis tool pairtools and
cooltools are available at https://github.com/mirnylab/pairtools and https://github.
com/mirnylab/cooltools.
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Overview of our findings

The scope of this thesis has been to study the characteristics of mitotic
chromosomes. Although perhaps often perceived as condensed and transcriptionally
static rod-shaped structures, further exploration unveiled a much more intricate and
dynamic organization of mitotic chromosomes. In chapter 2 and 3, we describe
that mitotic chromosomes maintain certain site-specific characteristics, although
many interphase chromatin proteins lose binding during mitosis'. For example,
many genomic sites such as promoters maintain chromatin accessibility, even when
transcription is halted during mitosis22. Similarly, although CTCF binding itself is lost
in mitosis in human differentiated cell lines, CTCF binding sites continue to be marked
by histone modifications such as H3K4Me1 and H3K4Me3, and histone variant H2A.
z*. Along these lines, in chapter 4 we describe that chromatin characteristics in
mitosis can be cell type specific as well as species specific. In contrast to somatic
cell lines where CTCF binding is lost entirely, we find that 30-50% of CTCF remains
bound in mitosis in mouse embryonic stem cells (MESCs). Additionally, when we
investigated mitotic Hi-C data of mouse, chicken and human cell lines, we found
that the size of mitotic loops can be highly variable between species. Furthermore,
we found that the size of mitotic loops is correlated with the average arm length
of the chromosomes. This suggests that dimensions of mitotic chromosomes can
be adjusted as a result of loop length regulation. Lastly, in chapter 5 and 6, we
investigated the interactions between and along sister chromatids with the novel Hi-C
technique SisterC. This technique allows us to observe the interplay of dynamic loop
extrusion along sister chromatids and the cohesive bonds between sister chromatids
formed in mitotic budding yeast®. This process requires complex orchestration of
extruding cohesin and cohesive cohesin to enable the proper formation of mitotic
chromosomes, while simultaneously disentangling the sister chromatids. This
process suggests that these mitotic interactions are not static structures but are
constantly disassembled and assembled as the cell progresses through the phases
of mitosis until the sister chromatids are finally separated in anaphase.

Combining techniques to find new insights

Most observations described in this thesis were made using genomics
techniques, such as Hi-C, Cut&Run and ATAC-seq. Although the rise of sequencing
and genomics techniques in the past decades opened many doors to new approaches
in chromosome biology, it is important to note that they should not be stand-alone
techniques. It can be very informative to confirm observations made by genomics
techniques using other techniques, for example by microscopy or biochemical
approaches. Additionally, the genomics techniques that were used in this thesis
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have several shortcomings. First, many genomics techniques such as ChlP-seq
and Hi-C require cells to be fixed using formaldehyde®®. As has been published
for ChlP-seq and immunofluorescence microscopy, different fixation conditions
can change observations that are made using these techniques®®. It is therefore
important to confirm findings with techniques that do not require fixed cells, as we
did for our study to CTCF binding dynamics in mitosis as described in chapter 3
and 4 using genomics techniques ATAC-seq'' and Cut&Run'?, and live-cell imaging
using super resolution microscopy*. Second and possibly more importantly, all
genomics techniques used in this thesis research make observations of populations
of thousands and even millions of cells. Therefore, cell-to-cell variability cannot be
observed directly using these techniques. A less intense ATAC-seq peak or a weaker
TAD boundary observed by Hi-C at a given CTCF site suggests that the CTCF site is
occupied in only a fraction of cells within the population and remains unbound other
cells, however this cannot be concluded with absolute certainty from population-
based genomics techniques. Furthermore, any genomics technique is by definition
a single snapshot in time and does not allow to track the same cell over a longer
period.

In chapter 3, we use live-cell imaging to confirm our finding that CTCF binding
is lost in mitosis in human somatic cell lines. Live-cell imaging, such as FRAP and
single particle tracking, allowed us to follow cells over time and to directly observe
the binding dynamics of CTCF in the cell*'3. This would not have been possible
without the great improvement of microscopy resolution' and the increased ease of
making mutant cell lines with fluorescently labelled proteins after the development of
CRISPR-Cas9 and other genome engineering tools' 6. Using fluorescently labelled
CTCF, we were able to confirm our hypothesis that somatic cells lose CTCF binding
to CTCF motifs specifically and the entire chromosome in general during mitosis.
The finding that CTCF loses binding over the entire chromosome in mitosis could not
have been made without the microscopy observations.

In addition to imaging, observations made by Hi-C techniques can greatly
benefit from modelling studies'”. Approaching questions in DNA folding biology with
the principles of polymer physics creates new ways to interpret large genome-wide
Hi-C datasets. The work described in this thesis was heavily inspired by collaborative
work between the Dekker and Mirny laboratories'®'°. Combining polymer simulations
and Hi-C data, these studies proposed that mitotic chromosomes are organized as
helical loop arrays'®. Similarly, polymer modelling following Hi-C data of mitotic yeast
chromosomes had suggested that sister chromatids form loops with an average size
of ~35kb?. However, as conventional Hi-C cannot differentiate interactions between
and along sister chromatids, it was not possible to confirm this finding at the time. As
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we describe in chapter 5 of this thesis, SisterC and its application to mitotic budding
yeast allows to differentiate cohesive cohesin and loop forming extruding cohesin. Our
SisterC observations confirm the predictions that were done by polymer simulations
years prior to the development of SisterC®. Finally, in chapter 4 we describe the
scenario where CTCF remains bound on mitotic chromosomes in mouse stem cells,
although no TADs and CTCF-CTCF dependent loops are observed by Hi-C. This
strongly suggests that vertebrate mitotic loop extruders condensin | and Il are not
blocked by CTCF, unlike their interphase counterpart cohesin. Although this is a
new observation by Hi-C, polymer modeling studies had already suggested that it
is unlikely that mitotic loop extruders are blocked site-specifically by a boundary
element such as CTCF?'22, These examples illustrate the importance of collaboration
and that by combining techniques new scientific insights can be acquired, which
might not be accessible when limited by a certain technology alone.

Function of mitotic bookmarks

In chapter 3, we describe the maintenance of histone modifications
H3K4Me1/3 and histone variant H2A.z at sites that lose CTCF binding sites during
mitosis*. We hypothesize that these mitotic bookmarks help CTCF to regain binding
upon mitotic exit and forming of interphase structures such as TADs and CTCF
dependent loops. Similarly, mitotic maintenance of histone modification H3K9Me3
has been proposed to aid in the re-binding of heterochromatin protein HP1 in the next
G128, Although correlations of histone modifications and mitotically lost chromatin
binding proteins have been observed, it is challenging to systematically prove that
these histone modifications are indeed essential to restore binding of proteins such
as CTCF or HP1 to the chromatin as cells enter G1. First, in order to study the
functionality of mitotic bookmarks upon G1 entry by genomics techniques, highly
synchronous release from prometaphase arrest is essential. Although recent reports
make use of chemical inhibitors or sorting of cells by flow cytometry to obtain a time
course of cells exiting mitosis?*2, it remains a big challenge to study cells as they
transition from mitosis to G1. Second, studying the role of histone modifications
and variants can be very complex, as these marks are known to be present at
different regulatory regions throughout the genome. For example, H3K4Me1 not only
marks CTCF sites, but has also been described to be present at enhancer sites®®.
Disrupting marks such as H3K4Me1 genome-wide, will not only remove the mitotic
bookmarks at CTCF sites, but will also have a more dramatic effect on general
chromatin characteristics, making it difficult to interpret the results. However, the
fast development of CRISPR-cas9 technology also led to tools that can be used to
locally modify epigenetic marks. By fusing dCas9 to either gene activating domains
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(CRISPRa) or gene interference domains (CRISPRI), transcriptional activity of
specific genomic regions can be modulated™. Although these are still a very
challenging techniques and not yet possible at the timescale needed to study mitotic
exit, the use of dCas9 guided histone modifying proteins might aid the study to the
functionality of mitotic bookmarks at specific genomic locations in the near future®.

Along these lines, we describe in chapter 4 that mouse embryonic stem cells
maintain CTCF binding at 30-50% of CTCF sites during mitosis. Similar observations
were made in mouse pluripotent cells®® and mouse progenitor cells?®. However, we
show using Hi-C that there are no remaining CTCF mediated loops or TAD boundaries
in mitosis. As extruding cohesin is mostly dissociated from chromosomes by late
prometaphase’®?, this results suggests that bound CTCF cannot block loop extrusion
by condensin | or Il. It is still unclear why partial binding of CTCF is maintained during
mitosis and what the function of mitotically bound CTCF could be. We and others
hypothesize that bookmarked CTCF sites can mediate transcription of genes in early
G12528_ This could be studied by temporarily removing CTCF from the cell entirely,
for example by using the auxin-based inducible degron (AID) system? during mitotic
exit followed by RNA-seq experiments to observe any changes in gene expression.
However, as CTCF is an essential architectural protein®', it will be very difficult to
separate the specific function of bookmarked CTCF on gene expression of early
transcribing genes from the genome wide effects due to lack of TADs and loop
formation as the cells progress into G1.

Studying sister chromatid conformation

In chapter 5 we introduce our novel Hi-C technique, SisterC®. In addition to
our technique, the Gerlich laboratory also released a new sister chromatid sensitive
Hi-C technique called scs-HiC?2. Scs-HiC is based on 4sT incorporation, followed by
the chemical conversion of 4sT into C during regular Hi-C library preparation. Both
SisterC and scs-HiC will open up the possibility to study sister chromatid organization
from G2 cells up to sister separation in anaphase. However, in order to adapt and
apply these techniques, several optimizations will be necessary. First, in the case
of SisterC the depletion of BrdU-containing strands after UV/Hoechst in the SisterC
protocol is not complete. We address this in chapter 6, although no improvement to
the protocol was made as of now. In contrast to the SisterC protocol, scs-HiC does
not require depletion of strands, but instead benefits from the chemical conversion
of 4sT in the newly replicated strands. Although the differentiation of inter- and
intra-sister interaction is more accurate as it relies on a positive read-out, it is very
inefficient and therefore costly as it requires many sequencing reads. This highlights
the importance of the second step that requires optimization for both SisterC and scs-
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HiC. In order for both SisterC and scs-HiC to work efficiently, cells need to efficiently
incorporate thymidine analogues BrdU or 4sT. As we show in chapter 5 and 6,
both yeast and mammalian cell line Hap1 incorporate BrdU at high efficiency when
cultured in the right conditions. Contrary, 4sT is much less efficiently incorporated in
mammalian cells®. This is most likely due to suboptimal uptake and phosphorylation
of 4sT nucleoside prior to the incorporation during S-phase. It has been shown that
4sTTP is readily incorporated by polymerases in vitro, suggesting that in vivo cells
can indeed successfully incorporate 4sTTP as a thymidine analogue®. An approach
to optimize 4sT incorporation is by the design of prodrugs, which can improve the
uptake by the cell and circumvent the initial phosphorylation reaction by the cell that
converts 4sT to 4sTMP®. Furthermore, increased efficiency of 4sT incorporation
will allow for the exploration of sister specific chromosome organization during
S-phase, when sister chromatids are newly formed. As SisterC relies on efficient
BrdU incorporation, followed by the depletion of the BrdU containing strands, this
cannot be used to study S-phase, when only replicated regions will contain BrdU. In
contrast, scs-HiC would be able to study sister chromatid interacions in replicated
regions during S-phase, however the need to obtaining sufficient sequence depth
makes this approach too costly due to low efficiency.

Future applications of SisterC

It will be very interesting to apply SisterC to mammalian cells. In chapter
6 we suggest a protocol for synchronization and BrdU incorporation in the human
cell line Hap1 which has modified cdk7as to allow for easy synchronization in G2.
This will allow to study the orchestration of chromosome condensation and sister
chromatid separation as cells progress from G2 to prometaphase. Additionally, it will
be possible to study the role of proteins that are known to be essential in mitosis,
in the context of sister chromatid organization. An example of such an essential
mitotic protein is topoisomerase. Topoisomerase |l is known to play an important
role in sister chromatid separation®3%. For example, when topoisomerase Il is
chemically inhibited, an increased rate of sister chromatid exchanges (SCEs) and
chromosomal aberrations can be observed, suggesting unresolved entanglement
of sister chromatids during mitosis®3". Although this function of topoisomerase Il
has been known for several years, SisterC will allow to detect the sister chromatid
interactions and entanglements that eventually lead to increased SCEs in a more
direct fashion. Similarly, it has been described that condensin aids the decatenation
of sister chromatids by topoisomerase®. Studying these phenomena using SisterC
after genetic manipulation or chemical disruption of proteins will help understand the
complex interplay of condensation and segregation of sister chromatids in mitosis.
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Along these lines, as both described in chapter 5° and in the study by Mitter
et al®?, distinct cohesin complexes form both the cohesive bonds between sister
chromatids and extruding loops along sister chromatids in mitotic yeast and G2
mammalian cells. It has been proposed that these cohesin subunits can differ in
subunit composition and posttranslational modifications. It is however still unknown
how loop formation by extruding cohesin in G2 eventually is handed over to mitotic
extruding factors condensin | and Il in vertebrates'®, while simultaneously maintaining
the function of cohesive cohesin until anaphase. Adapting the SisterC protocol to
vertebrate cell lines will be essential to study these phenomena and gain a better
understanding of the distinct behavior of cohesins and condensins.

Finally, in addition to mitosis, regulation of sister chromatid interactions
and alignment are of great importance during meiosis as well. Similarly to mitosis,
it has been proposed that there are distinct cohesin complexes that mediate the
extruding loops and the bonds between sister chromatids in meiosis®*“°. Although
it can be challenging to study meiosis in mammalian systems, in particular using
genomic approaches, this is much more feasible in budding yeast*'. An additional
challenge of studying chromosome folding in meiosis is that interactions not only
occur between sister chromatids, but also between chromosome homologues®+'. In
previous studies, it was shown that chromosome homologues can be distinguished
in Hi-C data by crossing genetic distinct strains, which allows to separate Hi-C reads
from maternal or paternal alleles based on their unique SNPs*243, Although this data
will be highly complex to interpret, it will be very informative to observe chromosome
organization in meiotic cells using sister chromatid sensitive Hi-C techniques such
as scs-HiC and sisterC.

Concluding remarks

Although chromosomes seem to have very unique characteristics and organization
in mitosis, we can use this phase of the cell cycle to gain knowledge about the
role of chromatin marks in cell type identity. As chromosomes undergo dramatic
conformational and epigenetic changes in mitosis, bookmarks remain on the
chromatin, which aids quick reestablishment of a functional interphase nucleus. In
the coming years, it will be interesting to learn which mitotic bookmarks are essential
for the cell and how exactly these bookmarks mediate rebinding of chromatin
proteins and refolding of interphase chromosome organization upon mitotic exit.
Additionally, the challenges chromosomes face as they disentangle in preparation of
sister chromatid separation in anaphase will help us understand similar topological
stresses chromosomes are exposes to throughout the cell cycle, for example during
transcription or DNA repair. Combined, this will bring better understanding on the
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importance of epigenetic marks and chromatin regulating proteins, and how they
influence cell characteristics, not just throughout the cell cycle, but also between
different cell types and cell states in general.
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Summary

Chromosomes are the structural units that contain the information of our genome.
Therefore, chromosome folding is tightly modulated in order to enable transcriptional
regulation, protection from DNA damage and maintenance of epigenetic
characteristics. Seemingly counterintuitive, chromosomes undergo dramatic
conformational changes as cells progress through the cell cycle. After DNAreplication,
sister chromatids need to detangle and ultimately condense in order to enable proper
separation into the two new daughter cells in mitosis. Even more striking, iconic
interphase structures such as TADs and compartments are dissolved in mitosis
and mitotic chromosomes are organized in a helical loop array mediated by loop
extruding machineries. However, mitotic bookmarks such as histone modifications,
histone variants and even certain chromatin binding factors are maintained, which
could enable the fast reestablishment of the interphase chromosome organization
upon mitotic exit.

The scope of this thesis has been to explore the characteristics of mitotic
chromosomes. On a small scale, we have studied the binding dynamics of CTCF,
a key architectural protein in interphase chromosomes, and the mitotic bookmarks
around CTCF binding sites in differentiated cells and stem cells. On a larger genomic
scale, we observed interactions between and along sister chromatids in budding
yeast, for which we developed a novel Hi-C technique, SisterC.

Chapter 1 presents a general introduction to this thesis and the scientific context
in which this research has been conducted. Additionally, it sets out the scope of the
thesis and its individual chapters.

Chapter 2 gives a literature overview of relevant work at the start of this PhD
research. We describe the epigenetic characteristics of mitotic chromosomes. As
cells progress into mitosis, transcription stalls, many chromatin factors lose binding
and chromosome conformation rearranges into a randomly positioned array of loops.
However, chromosomes can reestablish their interphase identity upon mitotic exit
very rapidly. In this chapter we explore different ways cells maintain their epigenetic
memory during mitosis by bookmarks such as histone modifications and variants,
chromatin binding factors, histone remodelers and non-coding RNA.

In chapter 3 we describe our study to the binding dynamics of CTCF in differentiated
cell lines during mitosis using 4 different experimental approaches. First, using 5C
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we observe that TADs and CTCF mediated loops are absent in mitotic cells. Next,
we show loss of chromatin accessibility and binding footprint at CTCF motifs using
ATAC-seq. We confirm loss of CTCF binding in a more direct fashion by performing
Cut&Run. Although CTCF binding is lost in mitosis, we find that histone modifications
such as H3K4me1/3 and histone variant H2A.z are maintained. Lastly, we confirm
our genomics observations using live-cell imaging. FRAP and single-particle tracking
show that CTCF chromatin binding is lost in prometaphase.

Chapter 4 dives deeper into the characteristics of mitotic chromosomes and the
differences between stem cells and differentated cells and between species. By
reanalyzing previously published ATAC-seq data, we find that mouse stem cells can
maintain partial CTCF binding in mitosis. However, no TADs and CTCF meditated
loops canbe observed by Hi-C, both atindividualgenomiclocations and by aggregating
Hi-C signal of many loci as pile ups plots. This suggests that eventhough a fraction
of the CTCF sites maintain binding, mitotic loop extrusion by condensin | and Il
cannot be blocked by CTCF. Additionally, when investigating mitotic chromosomes in
mouse, human and chicken Hi-C data, we find that the average size of mitotic loops
can differ between species. This is correlated with the average length of the g-arm of
the chromosomes in these species. We interpret this result such that when a species
has longer chromosome arms, the level of condensation is greater, which could aid
the proper seperation of sister chromatids in mitosis.

In chapter 5 we introduce a novel Hi-C method called SisterC. By conventional Hi-
C, it is impossible to differentiate whether interactions between the same genomic
locations occur within the same sister chromatid or between sister chromatids.
SisterC uses BrdU incorporation followed by UV/Hoechst treatment to introduce
single strand nicks, which allows to separate inter-sister and intra-sister interactions
based on read orientation after sequencing and mapping of reads. We apply this
technique to budding yeast synchronized in mitosis. Both inter-sister connections
and intra-sister loops are mediated by cohesin in yeast. We find that sister chromatids
are not perfectly alligned in mitotic yeast chromosomes. SisterC observes that along
the chromosome arms, cohesin mediates a bond between the two sister chromatids
every 35kb on average. Additionally extruding cohesin forms loops along sister
chromatids up to 50kb size. We find that these loops are not necessarily positioned
at the same genomic location on both sister chromatids. This creates an offset of
5-25kb at the positions where cohesive cohesin mediates the interactions between
the two sister chromatids.
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In the current SisterC protocol, the depletion of strands containing BrdU is sufficient,
but not complete. Chapter 6 describes different ways our SisterC protocol can
be improved. Futhermore, we adapt the SisterC protocol to allow for usuage in
mammalian cell line Hap1 cdk1as. We test a synchronization protocol for Hap1
cdk1as cells, which enables efficient BrdU incorporation during S-phase, as well as
synchronization in G2-phase, mitosis and the subsequent G1. Using this protocol,
we find over 80% BrdU incorporation by HPLC, which promises the succesful
adaptations of SisterC in mammalian cells.

Finally, Chapter 7 places our results in context of the latest developments in the field
of epigenetic characteristics of mitotic chromosomes. Future directions and novel
research paths are discussed that can contribute to a better understanding of mitotic
bookmarking and the conformational changes which mitotic chromosomes undergo.
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Samenvatting

Chromosomen zijn de structurele eenheden die onze genomen bevatten. Het proces
van chromosoomvouwing wordt derhalve nauwlettend gemoduleerd om de regulatie
van transcriptie, bescherming tegen DNA-schade en het behoud van epigenetische
kenmerken mogelijk te maken. Ogenschijnlijk tegenstrijdig hieraan ondergaan
chromosomen dramatische conformatieveranderingen tijdens de celcyclus. Nadat
het DNA gerepliceerd is moeten de twee kopieén (de zusterchromatiden) ontward
worden en uiteindelijk condenseren om een goede splitsing naar de twee nieuwe
dochtercellen tijdens de mitose mogelijk te maken. Opvallend is dat typische
interfasestructuren zoals TADs en compartimenten verdwijnen tijdens mitose, en
dat chromosomen worden gereorganiseerd in een spiraalvormige reeks van lussen
die wordt gemedieerd door lusvormende machines. Mitotische markeringen zoals
histonmodificaties, histonvarianten en zelfs bepaalde chromatinebindende factoren
blijven echter behouden, wat mogelijk een rol speelt in het snelle herstel van de
organisatie van interfasechromosomen na mitose.

Hetdoelvanditproefschriftwasomdekenmerkenvanmitotischechromosomen
te onderzoeken. Op een gedetailleerd niveau hebben wij de bindingsdynamiek van
CTCF, een belangrijk architecturaal eiwit in interfasechromosomen, bestudeerd.
Daarnaast onderzochten we de mitotische markeringen rond CTCF-bindingsplaatsen
in zowel gedifferentieerde cellen als stamcellen. Op hoger genomisch niveau hebben
we interacties waargenomen tussen en binnen zusterchromatiden in gistcellen.
Hiervoor ontwikkelden we een nieuwe Hi-C-techniek: SisterC.

Hoofdstuk 1 geeft een korte inleiding tot dit proefschrift en de context waarbinnen
dit onderzoek is uitgevoerd. Daarnaast worden de strekking van het proefschrift en
de afzonderlijke hoofdstukken ervan beschreven.

Hoofdstuk 2 geeft een literatuuroverzicht van relevant werk aan het begin
van dit promotieonderzoek. We beschrijven de epigenetische kenmerken van
mitotische chromosomen. Wanneer cellen de eerste fases van mitose doorlopen
stagneert de gentranscriptie, ontbinden veel chromatinefactoren en herschikt de
chromosoomorganisatie zich van een celtype-specifieke conformatie naar een
willekeurig gepositioneerde reeks lussen. Chromosomen kunnen hun interfase-
identiteit echter zeer snel herstellen na de mitose. In dit hoofdstuk beschrijven we
verschillende manieren waarop cellen hun epigenetisch geheugen behouden tijdens
mitose door middel van epigenetische markeringen, zoals histonmodificaties en
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-varianten, chromatinebindende factoren, histon remodelers en niet-coderend RNA.

In hoofdstuk 3 beschrijven we onze studie van de bindingsdynamiek van CTCF in
gedifferentieerde cellijnen tijdens mitose. We doen dit met behulp van 4 verschillende
experimentele benaderingen. Als eerste observeren we met behulp van 5C dat
TADs en CTCF-gemedieerde lussen afwezig zijn in mitotische cellen. Vervolgens
laten we met behulp van ATAC-seq het verlies van de chromatinetoegankelijkheid
en bindingssignatuur van gebonden CTCF-motieven zien. Daarnaast bevestigen
we het verlies van CTCF-binding op een directe manier door middel van Cut&Run.
Hoewel CTCF-binding verloren gaat in mitose, vinden we dat histonmodificaties
zoals H3K4me1/3 en histonvariant H2A.z behouden blijven. Tenslotte bevestigen
we onze genomics observaties met behulp van live-cell imaging. FRAP en single-
particle tracking bevestigen in levende cellen dat de binding van CTCF-chromatine
verloren gaat tijdens mitosis.

Hoofdstuk 4 gaat dieper in op de kenmerken van mitotische chromosomen en de
verschillen tussen stamcellen en gedifferentieerde cellen, en de verschillen tussen
gewervelde diersoorten. Met behulp van een nieuwe analyse van gepubliceerde
ATAC-seq data observeren we dat muizenstamcellen deels CTCF-binding behouden
tijdens mitose. Ondanks dit gedeeltelijk behoud worden er geen TADs en CTCF-
gemediteerde lussen waargenomen in Hi-C-data, zowel op individuele genomische
locaties als in Hi-C-aggregaties. Dit suggereert dat mitotische lusvorming door
condensin | en Il niet kan worden verhinderd door CTCF. Bovendien vinden we
door het vergelijken van mitotische chromosomen in Hi-C-data van muizen, mensen
en kippen dat de gemiddelde grootte van de lussen verschilt tussen soorten. Dit
correleert met de gemiddelde lengte van de g-arm van de chromosomen van deze
soorten. We interpreteren dit resultaat zo dat naarmate een organisme langere
chromosoomarmen heeft, het niveau van condensatie groter is. Dit zou mogelijk
kunnen helpen bij de correcte splitsing van zusterchromatiden bij mitose.

In hoofdstuk 5 introduceren we een nieuwe Hi-C-methode, genaamd SisterC. Bij
het gebruik van de conventionele Hi-C techniek is het niet mogelijk om onderscheid
te maken tussen genomische interacties binnen dezelfde zusterchromatide
(intrazuster) of tussen de twee verschillende zusterchromatiden (interzuster). SisterC
gebruikt BrdU-incorporatie, gevolgd door UV/Hoechst-behandeling om enkelstrengs
breuken te introduceren, waardoor inter- en intrazusterinteracties kunnen worden
gescheiden op basis van strengoriéntatie na high-throughput DNA sequencing.
We passen deze techniek toe op mitotisch gesynchroniseerd brouwersgist. In gist
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worden zowel interzuster connecties als intrazuster chromosoomlussen gemedieerd
door het eiwit cohesin. Met behulp van SisterC observeren wij dat cohesin gemiddeld
elke 35 kb langs de chromosoomarmen een band tussen de twee zusterchromatiden
vormt langs de chromosoom armen. Daarnaast vormt cohesin lussen langs de
zusterchromatiden, tot een grootte van ten hoogste 50 kb. We merken op dat deze
lussen zich niet per se op dezelfde genomische locatie op beide zusterchromatiden
bevinden. Hierdoor zijn de zusterchromatiden niet perfect uitgelijnd, hetgeen
resulteert in een gemiddelde afstand van 5-25 kb tussen de plaatsen waar interacties
tussen de twee zusterchromatiden gemedieerd worden door bindend cohesin.

In het huidige SisterC-protocol is de verwijdering van strengen die BrdU bevatten
voldoende, maar niet volledig. Hoofdstuk 6 beschrijft verschillende manieren
waarop ons SisterC-protocol kan worden verbeterd. Daarnaast passen we het
SisterC-protocol voor gebruik in de menselijk cellijn Hap1 cdk1as. We testen een
synchronisatieprotocol voor Hap1 cdk1as-cellen, dat efficiénte BrdU-opname
tijdens de S-fase mogelijk maakt, naast synchronisatie in de G2-fase, mitose en de
daaropvolgende G1. Met behulp van dit protocol vinden we ruim 80% BrdU-opname
met HPLC, wat succesvolle toepassing van SisterC in zoogdiercellen voorspelt.

Hoofdstuk 7, tenslotte, plaatst onze resultaten in de context van de laatste
ontwikkelingen op het gebied van epigenetische kenmerken van mitotische
chromosomen. Toekomstige onderzoeksrichtingen en -vragen worden besproken,
die mogelijk kunnen bijdragen tot een beter begrip van mitotische markeringen en de
conformatieveranderingen die mitotische chromosomen ondergaan.
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3C

5C

A
ATAC-seq

Bp

BRD4
BrdU

C
CENP-A
ChIP-seq
CPC
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CUT&RUN
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DNA
EMANIC
FISH
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G

Gb
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H3K27ac
H3K36me3
H3K4me1
H3K4me3
H3K9me3
H3S10ph
H3T3ph
HAT
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Chromosome conformation capture
Chromosome conformation capture carbon copy

Adenosine
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Base pair

transposase-accessible

Bromodomain 4 protein
Bromodeoxyuridine

Cytidine

Centromere protein A
Chromatin Immunoprecipitation sequencing
Chromosomal passenger complex
CCCTC-binding factor)

Cleavage under targets and release using nuclease

chromatin

DNA adenine methyltransferase identification
DNase | hypersensistive site
Deoxyribonucleic acid

EM-assisted nucleosome interaction capture
Fluorescence in situ hybridization
Fluorescence recovery after photobleaching

Guanosine

Gigabase (1,000,000,000 basepairs)

genomic DNA

Histone 3 lysine 27 acetylation
Histone 3 Lysine 36 trimethylation
Histone 3 Lysine 4 monomethylation
Histone 3 Lysine 4 trimethylation
Histone 3 Lysine 9 trimethylation
Histone 3 Serine 10 phosphorylation

Histone 3 Threonine 3 phosphorylation

Histone acetyl transferase
Henrietta Lacks cell line

Human foreskin fibroblast
Heterochromatin protein 1
Immuno fluorescence
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Lamina interacting domains
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mouse embryonic stem cells
mouse pluripotent cells
non-coding RNA

polymerase chain reaction
Ribonucleic acid

Sister chromatids exchanges
Sister chromatid sensitive Hi-C
Structural maintenance of chromosomes protein
Single particle tracking

Thymidine
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Transcription factor
Transcription start site
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