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Abstract

Topologically associated domains (TADs) are highly compacted regions of DNA that

are suggested to be involved in proper gene regulation and cellular functioning. TADs

maintain long-range interactions between distal enhancers and target genes, as well as

restrict enhancers contacting genes that are not their target and, consequently, block

their inappropriate regulation by these enhancers. The widely used TAD calling tools

either restrict TAD borders to be allocated in a “head-to-tail” manner or allow hierarchi-

cal TAD folding to be detected. We propose a R-based TAD calling tool that detects

start and end TAD border positions separately, so the partial overlapping of TADs as

well as large gaps between TADs are also allowed. Using the ratio between the aver-

age upstream and downstream Hi-C interaction frequencies, our method detects where

the difference between inside-TAD and outside TAD area within the Hi-C matrix is most

significant. The novel TAD allocation combined with various genomics data reveals the

interplay between architectural proteins and active transcription in the establishment

of the TAD border insulation strength and insulation imbalances between neighbouring

TADs.
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Chapter 1 Introduction

Chapter 1. Introduction

1.1. General view on chromatin folding

A cell is a fundamental unit of biological organisation. There are two main forms:

prokaryotic cells that are found in bacteria and archaea and eukaryotic cells that are

found in all other living organisms. Eukaryotic cells differ by the presences of a nucleus

with DNA stored inside while in prokaryotic cells DNA is found free in the cytoplasm.

DNA encodes many small regions called genes that act as an instruction for coding

proteins. In the human genome, genes represent only 1% of the genome. The non-

coding genome contains regulatory regions that provide binding sites for transcription

factors which control gene activation and/or repression. The list of such regulatory re-

gions mostly includes promoters, enhancers, silencers and insulators. Promoters are

typically allocated ahead of genes and carries binding sites for transcription machin-

ery attachment. Enhancers participate in gene activation: proper physical contacts

between transcription factors binding enhancers and transcription machinery binding

promoters are essential for transcription initiation (Bjorkegen and Baranello 2018). In

contrast with enhancers, silencers are involved in transcription repression: contact with

a silencer can block the transcription machinery and stop the transcription of DNA se-

quencing into RNA. Enhancers and silencers can be distal and the main role of the DNA

conformation is to bring them into spatial proximity with their target genes (Cremer and

Cremer 2001; Lieberman-Aiden et al. 2009). At the same time, the contacts between

enhancers/silencers with non-target genes can result in undesired gene upregulation

or downregulation. To do so, insulator regions carries binding sites of proteins that can

create barriers to separate improper enhancer-promoter contacts (enhancer-blocking

activity), as well as separate repressive chromatin and maintain a sufficient level of ac-

cessibility for protein complexes involved in replication or transcription processes (Dali

and Blanchette 2017; Zabet and Adryan 2015).

While the diameter of a nucleus is scaled in micrometers, stretched DNA, for exam-

ple in human, is up to several meters long, which means that DNA is compactly packed

inside the nucleus. On the top level of spatial organisation, DNA wraps twice around
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proteins called histones and forms structural units called nucleosomes (Bentley et al.

1984; Luger et al. 1997). At the next level, the chromatin (complex of DNA and sur-

rounding proteins) is packed into 30-nm fiber, which is characterised by nucleosome

interactions.

1.2. Hi-C is a powerful tool to explore the chromatin architecture

1.2.1. First revelations on chromatin topology were microscopy-based

Historically, the first insights on three-dimensional chromatin organisation, chromo-

some positioning and DNA-DNA interactions were based on a variety of microscopy

techniques (Fraser et al. 2015). The most commonly used microscopy-based method

was fluorescent in situ hybridisation (FISH) (Langer-Safer et al. 1982). FISH allowed

the extraction of basic features of chromatin topography from a limited number of pre-

determined loci in individual cells. Based on FISH, some fundamental discoveries of

chromatin conformation such as the existence of chromosome territories have been

found, e.g. particular chromosomes tend to occupy individual territories within a nu-

cleus with minimal overlapping (Cremer and Cremer 2001).

A great advantage of microscopy-based methods is that they are very powerful:

the proximity of DNA segments could be studied with a high level of spatial resolution.

However, there are some limitations. For example, for FISH, the analysis is limited to

a few loci of interest and does not provide a clear understanding of a genome-wide

architecture (Fraser et al. 2015; Bonev and Cavalli 2016). Another recent microscopy-

based method called Hi-M overcame this limitation: it allowed to analyse 3D chromatin

organisation simultaneously with RNA expression at single nuclei level (Cardozo Gizzi

et al. 2019). In addition, high-resolution analysis of both spatial organisation and

transcription could become a power source for understanding the connection between

the chromatin topology and transcription.

An alternative way to detect chromatin interactions, and study three-dimensional

chromatin folding, is to appeal to chromosome conformation capture techniques. Ba-

sic 3C experiment quantifies the interactions happening between a single pair of DNA
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fragments within the population of cells, so, can be simply characterised as an experi-

ment aimed to detect “one-vs-one” interactions (Dekker et al. 2002). 4C allows to de-

tect the pairwise contacts of single DNA locus with all other loci, reflecting “one-vs-all”

manner of interactions (Simonis et al. 2006). 5C detects all pair-wise interactions hap-

pening within a given genomic regions, in other words, “many-vs-many” interactions

(Dostie et al. 2006). Hi-C (a high-throughput derivation of 3C) quantifies “all-vs-all”

pairwise interactions - any two fragments within the studied population of cells that are

allocated close to each other in space are detected and counted (Lieberman-Aiden

et al. 2009). All 3C-based experimental approaches rely on the same starting steps:

cells of interest are exposed to formaldehyde and then DNA fragments in close spatial

proximity are cross-linked. Apart from the downstream differences in protocols, the

basic idea is common - if the pair of loci cross-linked more often than by chance, it

can possibly sustain some particular chromatin architecture that participate in proper

cellular functioning.

So, in contrast with FISH, recently developed 3C-based techniques, including Hi-

C, allow collecting chromatin contact frequencies at regional, whole chromosome and

genome-wide levels. But at the same time, contact frequency in 3C is produced in a

bulk manner and, as a consequence, represents the overlap of individual chromatin

architecture profiles in a population of cells (Giorgetti and Heard 2016; Fudenberg

and Imakaev 2017). Chromatin architecture was found to undergo constant dynamic

changes though cell development, so the studied cell population is required to go

through similar phasing to display stable organisation with 3C and Hi-C. As an example,

in (Gibcus et al. 2017) transition from interphase to late prophase was accompanied

by recognisable loss of spatial patterns, as well as in (Nagano et al. 2018) during

replication DNA was found to be accompanied with loss of insulation between spatially

segregated chromatin domains. As DNA was found to be the highly dynamic structure,

3C and, in particular, Hi-C techniques are limited to represent chromatin organisation

of each single cell within the population (Nagano et al. 2013). In addition, despite being

powerful source of information of chromatin conformation, 3C-based techniques were

Page 3



Chapter 1 Introduction

not powerful enough to be conducted in rare cell types due to a lack of biological mate-

rial: downstream sequencing of interacting fragments required a large amount of DNA.

For example, while the zygotic genome activation in flies was using Hi-C, the oocyte-to-

zygotes transition in mice required the development of a single-cell Hi-C protocol (Hug

et al. 2017; Flyamer et al. 2017; Ing-Simmons et al. 2021).

As expected, a comparison of single-cell and population average-styled Hi-C, as

well as other bulk-style experiments capturing genome-wide chromatin architecture

like GAM (genome architecture mapping) (Beagrie et al 2017) and SPRITE (split-pool

recognition of interactions by tag extension) (Quinodoz et al 2018), demonstrated that

chromatin architectural patterns do not always coincide and some frequent single-cell

contacts occur across bulk TAD borders (Flyamer et al. 2017; Nagano et al. 2013).

Along with the DNA dynamic as a possible source for inconsistency, single cell ex-

periments are characterised by low coverage, which is also expected to lead to large

sparcity of contacts.

1.2.2. Understanding the sources of technical biases in Hi-C is important for

further processing steps

DNA and proteins are compactly packed inside the nucleus, thereby creating the con-

ditions for intensive DNA-DNA, DNA-protein and protein-protein interactions. Hi-C is a

powerful technology that is widely used to address currently challenging questions in

the field of chromatin organisation and gene regulation. However, as an experiment-

based method Hi-C is sensitive to technical biases that provide imprecise information

on chromatin interactions (Yaffe and Tanay 2011; Imakaev et al. 2012; Hu et al. 2012;

Servant et al. 2015). The initial Hi-C pipeline was modified in order to increase the con-

tact map resolution, to lessen the effect of biases or to make it simpler and cheaper.

Therefore, we focus on biases associated with the general stages of the experiment:

cross-linking, cutting with enzyme, ligation, purification and sequencing.

Most 3C-based techniques begin the same way: cells are cross-linked with formalde-

hyde that creates covalent bonds with macromolecules such as proteins and DNA,
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“freezing” the protein-DNA, protein-protein and DNA-DNA interactions. Cross-linking

is followed by a fragmentation stage when a restriction enzyme recognise a specific

sequence to bind and cut the whole chromatin into short fragments. Original protocols

involve HindIII and Ncol restriction enzymes that spot sequences of six nucleobases

AAGCTT and CCATGG, respectively (Lieberman-Aiden et al. 2009; Belton et al. 2012).

The recently used DpnII (Rao et al. 2014) searches for only four bases sequence

GATC, thereby slicing DNA into shorter pieces: the average fragment length for the

human genome decreases from 4 Kb to less than 500 bp by switching the HindIII to

DpnII enzyme (Belaghzal et al. 2017).

At the further stages, Hi-C is slightly different from other 3C methods. In Hi-C,

restriction fragment ends are labeled with biotinylated nucleotide and ligated, creat-

ing covalent bonds between proximal ends. Ligated biotin-containing fragments are

pulled down, isolating them from non-ligated fragments. At the last step, the generated

molecules are sequenced. As each DNA-DNA interaction event is expected to be fol-

lowed by the ligation event, the generated library of ligated fragments constitutes the

collection of pairwise DNA contacts.

Hi-C is a complex and multi-stage technique involving variety of components that

need to be understood as sources for technical errors that can reside at all stages

(Figure 1.1.A). The ability to distinguish the proper DNA interaction behavior from the

spurious one provides a basis for data trimming tools that allow the production of trust-

ful Hi-C contact maps (Yaffe and Tanay 2011; Hu et al. 2012).

Formaldehyde cross-linking. The chromatin architecture is regulated and/or ex-

ploited by different protein complexes. Examples include transcription factors that ini-

tiate and control transcription or histones and architectural proteins that mediate con-

densation or relaxation of chromatin fiber (Van Bortle et al. 2014; Stadler et al. 2017;

Nora et al. 2017; Nora et al. 2020). Therefore, proteins act as a mediator in DNA-DNA

interactions involved in cellular processes. During cross-linking, formaldehyde is re-

acted with all macromolecules inside the nucleus creating “bridges” between proximal

ones (Hoffman et al. 2015). In case of indirect DNA-DNA interaction, the chromatin is
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linked through the protein-mediator.

Recent studies showed that formaldehyde cross-linking favors reactions with ly-

sine - the structural unit that makes up proteins (Lu et al. 2010). It results in the

covalent bonds that are formed between lysine side chain of a protein and proxi-

mal DNA fragment first, leading to the relatively lower cross-linking power in protein-

protein interactions (Zeng et al. 2006). Thus, the contacts between DNA fragments

via bridges made by the complex of proteins are either rare events or lost due to in-

efficient cross-linking (Gavrilov et al. 2015). On the other hand, the high density of

macromolecules in the presence of formaldehyde can result in the formation of the

complex networks between the nuclear elements that do not interact (Gavrilov et al.

2015). The indirect protein binding that brings DNA fragments into spatial proximity

may be either over-represented due to artificial formaldehyde cross-linking of proxi-

mal non-interacting complexes or under-represented due to low cross-linking power for

indirect protein binding.

Restriction enzyme. The Hi-C method detects only pairwise contacts between

DNA fragments in each cell from the population, it does not detect higher order struc-

tures with three and more loci to be involved simultaneously. Cutting sequences recog-

nised by the selected restriction enzyme affects the fragment size. Longer sequences

generate on average longer fragments that have a higher chance to be involved in

interactions of more than two fragments.

Biases arising because of inefficient detection of higher order chromatin structures

could not be eliminated using standard Hi-C data processing and require improve-

ments of the protocol. Switching to restriction enzymes with shorter binding sequence

improves the resolution and decreases the chance to catch complex interactions. An

alternative solution is to use methods to study the genome architecture that are not

limited by pairwise interactions like GAM (Beagrie et al. 2017), SPRITE (Quinodoz et

al. 2018) and Pore-C (Ulahannan et al. 2019).

Despite the fact that interaction of three and more fragments are not detected in

general Hi-C, using the methods of polymer physics and pairwise contacts collected
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from population of cells we can predict the position of fragments forming simultane-

ous multi-interaction complexes (Liu et al. 2021). We have to keep in mind that as

chromatin is a dynamic structure, we cannot distinguish between such interactions be-

ing credible for single cell or being spurious because of the overlap of a large number

of cells. However, based on the Hi-C contact map we can select several loci that

we suspect are in multi-fragment interactions and check them with microscopy-based

techniques.

Ligation. In theory, the number of ligated fragments appearing in a Hi-C library

corresponds to the number of interaction events between chromatin fragments in a

cell population. However, regions that are not previously cross-linked could also be

ligated. These ligation artefacts can include self-ligations when two ends of the same

fragment are ligated to each other, or random ligations when ligated fragments belong

to different cross-linked pairs (Mifsud et al. 2017). Only intra-molecular ligation when

two cross-linked fragments are ligated represents the real chromatin interaction. Also,

the length of the restricted fragments itself was found to have different ligation efficiency

(Yeffe and Tanay 2011). Several recently developed experiments are ligation-free, so

the data produced in accordance with protocols is unaffected by ligation biases. Such

tools include GAM (Beagrie et al 2017) and SPRITE (Quinodoz et al. 2018).

GC-content. The restricted fragments are defined as blunt-ended or sticky-ended

(Pray 2008). Sticky-ends are characterised by the DNA single-strand overhang while

blunt-ends have no unpaired nucleotides. The length and the nucleobase composition

of sticky-end overhang may vary depending on the choice of the restriction enzyme,

thereby affecting the ligation efficiency. It was previously shown that the sticky-ends

that are highly enriched with GC are associated more often, so have higher chance to

be ligated (Gao et al. 2015).

PCR amplification. The amount of DNA is required for high-throughput sequencing

exceeds the amount of DNA obtained from a cell population. The amplification by PCR

allows to produce duplicates of ligated fragments to complete the outstanding amount

of DNA required for efficient downstream sequencing. However, introduced duplicates
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may skew the interaction profiles, especially in the case of rare cell types (Yeffe and

Tanay 2011). Recently developed methods as SAFE Hi-C (Niu et al. 2019) avoid the

PCR amplification, so avoid the possibility of skewness arising from the duplicates.

Sequencing and alignment. Ligated fragments are sequenced and referred to

as reads - short linear strings of nucleotide bases. The unique sequence of base

pairs of a read correspond to its position within the DNA molecule in the reference

genome. Alongside the development of next-generation sequencing techniques, which

allow to process massive sequence input with low costs, it was shown that depending

on methods and platforms used we can face some sequencing errors (Fox et al. 2014).

Error rates were found to be relatively low, however, differences between reads and

reference genome can produce incorrect alignments. Moreover, even if the fragment is

correctly sequenced, it can be removed from the downstream analysis if it cannot be

uniquely mapped. Thus, short DNA loci combined from just several nucleotides can

be placed in several positions within the genome, so they have a higher chance to be

incorrectly aligned. We can avoid this situation by restricting the length of the mapping

reads.

Another source of incorrect alignment is transposable elements. Transposable ele-

ments (TEs) are the genome fragments that are able to change their position within the

genome (McClintock 1940). These regions either can be copied and then integrated

elsewhere in the genome in the case of retrotransposons (Boeke et al. 1985), or can

move from one location to another in the case of DNA transposons (Greenblatt et al.

1963). In mammals, transposable elements makes up half of the genome (Platt et al.

2018), so the sequenced reads coming from TEs face a danger to be non-uniquely

allocated and require specific parameters and/or algorithm to be considered. Interest-

ingly, several recent studies were focused on the functional role of TEs in chromatin

architecture (Schmidt et al. 2012; Zhang et al. 2019; Diehl et al. 2020). Thus, architec-

tural protein CTCF, which was suggested to participate in loop extrusion and maintain

specific DNA topology in mammalian systems (Racko et al. 2018), obtained many of

its binding sites and associated novel chromatin loops from transposons throughout
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evolution (Bourque et al. 2008; Schmidt et al., 2012).

1.2.3. Correction and normalisation algorithms reduce read-level biases and

possible interaction skewness

The presence of the technical biases makes the extraction of biologically meaningful

information from Hi-C data a challenging task. Ligation artefacts and PCR duplicates

increase the Hi-C library while they are not coming from the real interactions between

DNA fragments. In contrast, complex architectural structures or low mapping quality

of reads reduce the set of Hi-C interactions for downstream analysis. Following the

mapping to the genome, noise and expected imbalances in Hi-C data require read-level

filtering and matrix balancing to be considered. However, all tools and computational

methods have their own drawbacks and limitations such as bias trimming efficiency,

computational complexity, memory or time consumption. Also, we expect that we did

not cover all possible technical errors arising during the experiment as they could vary

depending on the protocol modifications or external conditions. However, the correction

step is able to correct the general data skewness arising from the combinations of

systematic errors.

Balancing algorithms can rely on explicit sources of technical biases: reads are

characterised by their length, GC-content and mappability to the genome, which are

known and quantified, so can be used as an explanatory factor in statistical model-

ing. The probabilistic approach proposed by (Yaffe and Tanay 2011) and HiCNorm (Hu

et al. 2012) considered three listed sources of systematic biases to model the con-

tact frequency through standard density functions as Bernoulli, Poisson or Negative

Binomial. Although the significant technical biases are considered, if we want to test

other biases, we face general problems of statistical modeling including the need of

quantitative measure for the aimed error source or multicollinearity problem.

In contrast, implicit approaches do not distinguish bias sources and assume that

each bin simply accumulates the effect of several biases coming from the experiment

conditions, sequencing and mapping. Most widely used methods here are SCN (se-
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Chromatin Loop Extrusion
cell 1

cut

crosslinking ligation sequencing

artefacts

cell 2 cell 3

Hi-C PipelineA B

Figure 1.1. Schematic representation of Hi-C pipeline and TAD formation from loop extrusion.

A. Main steps of basic Hi-C pipeline: pairwise interactions between DNA fragments in popula-

tion of cells are cross-linked, cut with restriction enzyme, ligated and sequenced. Ligation can

generate artefacts including self-ligation event and random ligations which do not represent

real loci contacts. The scheme is based on visualisation of Hi-C experiment in (Lieberman-

Aiden et al. 2009). B. Chromatin loop extrusion model: During transcription, RNA polymerase

(RNAP) generates torsional stress, which pushes the supercoiled chromatin through Cohesin

rings until Cohesin and CTCF meet. As divergently oriented CTCF does not allow further Co-

hesin sliding, the anchors of the loop are expected to be in close contact which is visualised

on Hi-C interaction map as TAD with peak point. Type 1 (Top 1) and Type 2 (Top 2) topoiso-

merases bind DNA to drain supercoiling. The scheme is based on visualisation of the model

in (Racko et al. 2018).
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quential component normalisation) (Cournac et al. 2012), ICE (iterative correction and

eigenvector decomposition) (Imakaev et al. 2012), KR (Knight-Ruiz) balancing (Knight

and Ruiz 2013) and chromoR (Shavit et al. 2014). Hi-C processing and visualisation

tools like Fit-Hi-C (Ay et al. 2014), HiCExplorer (Ramirez et al. 2018) or Fan-C (Kruze

et al. 2020) rely on most widely used ICE and KR balancing methods either as a cor-

rection step in Hi-C processing or as a source of bias estimation for Hi-C interaction

modelling. In particular, matrix-balancing approaches became favoured due to simplic-

ity and being parameter-free. So, they rely on the assumption that all DNA fragments

have equal chances to be detected, however the previously shown significance of GC-

content or restriction length did not support this assumption (Yeffe and Tanay 2011).

Despite this, algorithms that do not require the exact knowledge of the errors origin are

more robust against developments in Hi-C and against some variants, such as capture

Hi-C (Mifsud et al. 2015). In addition, some recent approaches like GOTHiC (Mifsut

et al. 2017) takes intermediate position between explicit and implicit approaches: sys-

tematic biased are split into two parts where one part is biases coming from known

sources and second part is biases of unknown origin.

1.3. Hi-C revealed the hierarchical folding of chromatin

1.3.1. Chromatin is spatially segregated into compartments depending on tran-

scriptional state

The development of the Hi-C methods allowed a closer look at the genome-wide DNA

organisation. The first implementations of Hi-C have been constructed at megabase

scale (Lieberman-Aiden et al. 2009) and, despite the resolution that can be consid-

ered relatively low today, Hi-C demonstrated results that were consistent with earlier

investigations of chromosome territories and other known patterns of inside nuclear po-

sitioning in mammals with 3C and FISH (Cremer and Cremer 2001). Thus, distal loci

belonging to the same chromosome tended to be near to each other in space as well

as specific chromosome pairs showed certain preferences to be close to each other.

Further in-depth analysis provided insights on the next level of hierarchy in chro-
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matin folding. Each chromosome inside the nucleus was found to be spatially divided

into two minimally intermingling parts with rare cases of DNA contacts between them

(Lieberman-Aiden et al. 2009; Rao et al. 2014). These parts named as A and B

compartments showed different packing behaviour: A compartment was packed less

densely, which marked more accessible DNA for binding of functional elements and, as

a consequence, was associated with the active part of chromatin; B compartment was

less accessible and marked as an inactive part of the chromatin. High resolution maps

recently achieved in lymphoblastoid cells showed the enrichment of active enhancers

and promoters: distal enhancers formed the islands of A compartment chromatin sur-

rounded by inactive B compartment chromatin; A compartment was also enriched with

gene TSSs (transcription start sites) while the gene body including TTSs (transcription

termination sites) belonged mostly to B compartment (Gu et al. 2021). A/B compart-

ments were also found not only in mammalian systems but in other organisms, for

example, Drosophila melanogaster fly (Rowley et al. 2017) or even in prokaryotic cells

in Sulfolobus archaea (Takemata and Bell 2020).

The transcriptional status of chromatin, and as a consequence, the affiliation to A or

B compartments could differ between cell types as well as during developmental stages

(Lieberman-Aiden et al. 2009; Dixon et al. 2015). Despite being tissue-specific and

dynamic, A/B compartments showed notable robustness to experimental interference

aimed to affect the chromatin architecture, like the depletion of architectural proteins

(Kaushal et al. 2021). Besides, A/B compartments were found to be mostly consistent

between tumor and normal cells (Johnstone et al. 2020; Adeel et al. 2021). Still, a

closer look at the compartmentalisation strength in (Johnstone et al. 2020) revealed

the noncanonical regions characterised by intense self-interactions and contacts with

both compartments. These regions proposed to reflect the intermediate compartment

state and show distinct features between tumor and normal cells.
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1.3.2. Topologically associated domains are the next level of chromatin organi-

sation

Later improvements of the Hi-C methods allowed higher levels of resolution and have

shed light on the next unit of organisation called topologically associated domains or

TADs (Dixon et al. 2012; Nora et al. 2012; Sexton et al. 2012). TADs are characterised

by the intense interactions between DNA fragments belonging to the same TAD and

less probable contacts between fragments allocated in different TADs. Visually, on Hi-C

maps TADs are represented in a form of squares which are continuously spread along

the diagonal. TADs were found to be widely conserved across species (Vietri Rudam

et al. 2015) as well as during different developmental stages (Ghavi-Helm et al. 2014;

Dixon et al 2015), suggesting that they maintain proper cellular functioning and gene

regulation. At the same time, some reports showed that TADs can demonstrate cell

line-specific allocation within the same organism. For example, in (Chathoth and Za-

bet 2019) only some of the TAD borders were conserved between embryonic (Kc167)

and neuronal (BG3) cell types in Drosophila melanogaster. Note, that conserved TAD

borders reflected similar binding patterns of architectural proteins. Summing up, topo-

logically associated domains can be defined as a fundamental unit of spatial chromatin

organisation.

1.3.3. TAD reorganisation has an ambiguous effect on gene expression

TAD borders have been shown to be enriched in housekeeping genes (Li et al. 2015),

developmental enhancers (Cubenas-Potts et al. 2017) and boundaries of highly con-

served genomic regulatory blocks (Harmston et al. 2017), which suggested strong

association between 3D organisation of DNA and gene regulation. A strong connec-

tion between TADs and elements of transcription machinery including enhancer, pro-

moters and various transcription factors suggested that the functional role of TADs

is to bring distal regulatory elements closer in space to maintain a physical contact

(Rocha et al. 2015). At the same time, a high level of insulation between neighbouring

TADs could separate DNA elements from undesired contact and prevent non-target
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genes from uncontrolled over-expression. A previously reported presence of architec-

tural proteins and insulators at TAD borders (Van Bortle et at. 2014; Stadler et al.

2017) also supported the insulating function of TADs. Thus, the stability of TAD bound-

aries is proposed to be essential for establishment of proper cellular development and

functioning, hence defective chromatin architecture can bring a possibility of diseases,

developmental defects, disorders and/or cancer (Lupianez et al. 2015; Taberlay et al.

2016; Kragesteen et al. 2018). Structural variations in chromatin such as deletions,

duplications, inversions and translocations can affect the chromatin topology including

the number and sizes of existing domains. For example, in (Lupianez et al. 2015)

re-engineered structural variations in mouse near Epha4 gene, which were consid-

ered as a major cause for human limb malformation, led to domain disruptions, Epha4

misexpression and subsequent developmental defects in limbs.

Any particular domain could unite with neighbouring ones (TAD aggregation), be

divided into several small domains (TAD disruption), as well as exhibit complex re-

compositions. When TADs are aggregated, loci that were outside the domain have a

higher chance to interact with loci that were inside the domain. In that way, the loss

of insulation drives an enhancer and a non-target promoter to interact, which results

in the activation of genes that should be silenced in normal cells. Such defected gene

expression during embryonic development could cause irreversible developmental dis-

orders. In (Helmbacher et al. 2000) and (Kragesteen et al. 2018), re-engineered

domain disruptions in mice resulted in rare limb malformation followed by the contact

between previously insulated DNA fragments and subsequent gene misregulation. In

(Nora et al. 2017), TAD border loss due to depletion of protein-insulator CTCF led

to clear upregulation of genes which also demonstrated a tendency of colocalisation

within the same aggregated TAD. Furthermore, the evidence of aberant gene activa-

tion correlated with topology reorganisation was found in cancer cells, for example, in

glioma (Flavahan et al. 2015; Flavahan et al. 2016).

Illustrative results were obtained by (Owens et al. 2021) studying the transcription

factor RUNX1 which downregulation can cause leukemia. A megabase scale TAD,
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where Runx1 producing gene resided, was formed prior to transcription, supporting

the idea of topology-driven gene regulation. However, during differentiation it was

found to be separated into two smaller sub-structures which were induced by active

transcription of two promoters controlling the gene production. Interestingly, the sep-

aration between sub-structures were consistent with enrichment of protein-insulator

CTCF, which induced depletion affected the chromatin conformation and declined the

production of RUNX1, while the enhancer-promoter contacts were mainly unaffected.

In contrast, induction if gene misregulation upon hypoxic treatment in (Nakayama et al.

2021) was accompanied by radial position alterations as well as relative reallocation to

each other, however neither strength nor direction of the gene activity violation had a

clear relationship with spatial reposition.

However, in some recent reports it was shown that changes in TADs did not always

correlate with the changes in gene expression. Thus, in (Ghavi-Helm et al. 2019)

rearrangements introduced in Drosophila balancer chromosomes were not coupled

with the transcriptional changes. Still, only a few TADs were affected possibly due to

the small number of rearrangements induced, so it is the high chance that when more

TAD borders are lost, shifted or gained would allow the observation the changes in

gene expression. The analysis conducted in (Ing-Simmons et al. 2021) on Drosophila

embryos entirely consisting of ectoderm, neuroectoderm and mesoderm, which were

obtained in the result of maternal mutations, also did not show significant differences in

TAD organisation in the presence of transcription alterations. However, required sorting

of the embryos which resulted in low input Hi-C in addition to strict selection procedure

allowing most trustful TAD borders for downstream analysis made viable only strong

and massive reorganisations to be detected.

Although we have enough evidence that the 3D organisation of the DNA and gene

regulation are related, we still have no clear vision about what exactly drives in this rela-

tionship: the chromatin architecture defines the proper gene expression or, conversely,

the contacts between regulatory elements establishes the 3D chromatin folding.
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1.3.4. TAD formation and maintenance are proposed to be loop extrusion medi-

ated

The way in which domains are formed is still unclear. The correlation between TAD

boundaries and anchors of chromatin loops was proposed to shed light on the TAD

establishment and maintenance (Rao et al. 2014). DNA loops have been suggested

to either mediate contacts between enhancers enriched with transcription factors and

target genes to regulate transcription (Pennacchio et al. 2013), or to maintain contacts

between insulator elements and isolate chromatin domains to avoid undesired contacts

(Phillips and Corces 2009). Recent studies suggested that transcription-based super-

coiling could be used as a driving force in a TAD formation mechanism (Bjorkegren

and Baranello 2018; Racko et al. 2018; Ruskova and Racko 2021). In general words,

the process could be described as follows (Figure 1.1.B). It starts when transcription

factors bind enhancer or promoter region and recruit RNA polymerase to transcription

start site. At the initiation step, RNA polymerase relaxes double helix strands and ini-

tiates synthesis of RNA. Moving along DNA, it continues to unwind DNA strands and

elongate RNA chain, then, after polymerase passing, DNA is rewinded into a double

helix again. Polymerase does not rotate itself, so when it relaxes DNA helix, it increases

torsional stress in chromatin at both sides of the molecule which is drained by Type 1

(Top 1) and Type 2 (Top 2) topoisomerases to allow transcriptional elongation (Pommier

et al. 2016). Thus, blocking of topoisomerase activity led to transcription inhibition and

chromatin compaction (Neguenbor et al. 2021). At the same time, prolonged stabili-

sation of Top 1-DNA complexes could generate DNA strand breaks causing cell cycle

arrest and cell death - this mechanism was proposed as a treatment of cancer (Gilber

et al. 2012).

Torsional stress draining could be incomplete, which facilitates and maintains chro-

matin supercoiling (Bjorkegren and Baranello 2018). Recent works of (Camela et al.

2019; Gothe et al. 2019) supperted the hypothesis, as loop anchors and TAD bound-

aries are found to be enriched with topoisomerase. The formation and stabilisation of

domains from stressed chromatin is supported by architectural proteins Cohesin and
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CTCF. Cohesin is presented in a form of two joint rings that could attach to chromatin

- Cohesin binds to part of the DNA that is under torsional stress, supercoiling pushes

chromatin through Cohesin rings and forms a loop. Interestingly, transcription inhibition

followed by RNA polymerase depletion resulted in DNA compaction with a decrease in

colocolisation of Cohesin supporting the idea that Cohesin binding and TAD segrega-

tion can be transcription-driven (Neguembor et al. 2021).

The loop growth continues until when Cohesin reaches CTCF that do not allow

Cohesin rings to pass through them. In (Nora et al. 2021), depletion of N-tirminus

of CTCF affected the TAD boundaries insulation and diminished Cohesin accumula-

tion: chromatin insulated with modified CTCF was proposed to be either completely

released of a loop or less insulated due to the incapacity of CTCF to stop loop ex-

trusion. In (Flavahan et al. 2016), hypermethylation found in human glioma blocked

the binding of methylation-sensitive CTCF and Cohesin which, as a consequences,

reduced the domain insulation and facilitated undesired activation of the glioma onco-

gene. A similar model was suggested in C. elegance with Condensin-mediated loop

extrusion (Rowley et al. 2020; Jaminez et al. 2021).

TADs that are formed in accordance with the the loop extrusion models are ex-

pected to demonstrate the intense contact between anchor fragments (Racko et al.

2018). However, in the human genome, less than 39% of TADs were accompanied by

loop anchor contacts (Rao et al. 2014). Moreover, the depletion of CTCF has as an

unpredicted effect in different organisms, cell types or developmental stages. Looking

particularly on Drosophila associated studies, the absence of CTCF following knockout

of CTCF-producing gene at zygotic state can be compensated by protein and mRNA

coming from the maternal germline that ensures survival (Gambetta et al. 2021). How-

ever, the depletion of maternal material led to death at pupal stage (Kaushal et al.

2021). The same study showed that rescued CTCF transcription avoided lethality and

allowed further developmental transition but only in neuronal cells and not in muscle

cells. Similar knockout-based research in mammalian systems to study the interplay

between TAD reorganisations and gene regulation were difficult to perform due to mas-
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sive perturbations and low chances of cells to survive. In general, long-term loss of

CTCF led to massive cell death (Yao et al. 2017; Hyle et al 2019; Xu et al. 2021)

limiting the time when cells could be treated and studied.

Intriguingly, zebrafish (Franke et al. 2021) was able to survive and progress devel-

opmentally through knockout due to fast development similar to flies and it was shown

that both transcription and chromatin segregation were enormously affected. Also,

recently published the whole transcriptome analysis revealed significant amount of dif-

ferentially expressed genes in CTCF-deplted cells (Hyle et al 2019). Drosophila CTCF

knockout also resulted in massive gene trancription changes in neuronal cells (Kaushal

el al. 2021). In contrast, partial knockdown of CTCF protein did not reveal a clear effect

on transcription in (Bartkuhn et al 2009; Bortle et al. 2012; Schwartz et al. 2012). The

low sensitivity of chromatin topology in flies can be explained by lack of CTCF binding

at TAD borders - no more than 10% of borders were found to colocolise with CTCF

peak (Kaushal et al. 2021). So, some TADs are expected to be associated with forma-

tion factors which are different from the transcriptional supercoiling and CTCF binding.

Thus, TAD boundaries in Drosophila melanogaster genome were found to be enriched

with other insulator proteins including BEAF-32, Cp190 and Chro (Van Bortle et al.

2014; Ramirez et al. 2018; Wang et al. 2018; Chathoth and Zabet 2019) reflecting the

possible existence of other maintenance mechanisms.

1.4. TAD calling is sensitive to assumptions and model selections

1.4.1. TAD border finders are sensitive to predefined assumptions

Several TAD calling algorithms have been developed allowing extraction of TAD border

positions from Hi-C generated data. However, it is still possible that re-constructed

domains do not reflect a real chromatin interaction profile. Border allocation, which

represents the chromatin packing that does not reflect visually clear TAD geometry on

Hi-C interaction matrix or does not have strong connection with any expected epige-

netic marks, could result in systematic biases affecting Hi-C data as well as several

technical reasons. They include the unrealistic and over-simplified assumptions, sta-
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tistical model choice that poorly reflects the observed data or parameter adjustment.

1.4.2. Insulation-based algorithms produce TADs in consecutive manner

The area between two neighbouring TADs is characterised by significant depletion of

interactions in comparison with the highly contact enriched areas inside the neighbor-

ing TADs. So, under this assumption we technically deal with the goal of detecting

the genomic region that demonstrates the insulation of neighbouring downstream and

upstream regions from each other.

In (Dixon et al. 2012), a term “topological domain” was initially introduced: topolog-

ical domains were detected based on a directionality index (DI) approach. According

to it, for the particular Hi-C bin we measure the number of downstream and upstream

pairwise contacts with several adjacent fragments. When the bin demonstrates biases

towards upstream interactions (negative DI), this bin is most probably allocated at the

end of the TAD. And vice versa, when the bin is biased towards upstream interactions

(positive DI), it probably belongs to the start of the TAD. (Dixon et al. 2012) used a Hid-

den Markov Model (HMM) to infer the statistically significance of short genomic region

to demonstrate the DI local minimum right before and the DI local maximum immedi-

ately after it. When the region is short it was classified as domain boundary region and

represented the region between end of one domain and start of the next one. When the

region is relatively long, it was classified as unorganised chromatin. The DI approach

was used then in (Pope et al. 2014; Dileep et al. 2015) to study the TAD organisation

in mouse and human cells.

Another set of approaches that rely on computation of insulation score overcomes

the required parameter tuning and computational complexity of DI as well as other sta-

tistical based methods. Insulation score (IS) at the particular Hi-C bin quantifies the

average interaction intensity between pairs allocated in the proximity to this bin (Crane

et al. 2015). When a bin is between two neighbouring TADs, this bin is expected to

show the IS drop as the interaction frequency should be significantly lower compar-

ing to inside the TAD region. The TAD finding procedure then counts on the IS local
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minimum detection. The IS calling method was adapted and implemented as a part of

TopDom (Shin et al. 2015), HiCExplorer (Ramirez et al. 2015; Ramirez et al. 2018),

Fan-C (Kruze et al. 2020) tools.

1.4.3. Recent investigations on hierarchical TAD folding require alternative tech-

niques to be considered

Hierarchical packing of chromatin into compartments and then into megabase scale

TADs suggested the subsequent partitioning of substructures at sub-megabase scale

which plays a critical role in the establishment of cellular functioning (Yu et al. 2017;

Norton et al. 2018). Based on the higher resolution 5C data, (Phillips-Cremins et al.

2013) demonstrated the presence of sub-topologies within TADs which were previously

annotated in Hi-C. Sub-TADs were hypothesised to facilitate cell and tissue specific

enhancer-promoter contacts while large-scale TADs establish distal contacts which

are more developmentally conserved. Also, low resolution Hi-C in mouse and human

found TADs tended to organise TAD-TAD interactions forming large-scale metaTADs

that were characterised by enhanced enrichment of epigenetic features as CTCF, RNA

polymerase 2, promoter marks, TFs previously found to be important in TAD border

insulation and maintainance (Faser et al. 2015).

Visual inspection of TADs called in Hi-C using consecutive square blocks represen-

tation also suggested the possibility of alternative domain allocations (Filippova et al.

2014). It shows the need for calling algorithms to capture not only the visual differ-

ences, but the hierarchical folding of TADs as well. Arrowhead algorithm (Rao et al.

2014) that was further implemented as a part of Juicer tool (Durand et al. 2016) is

one of the first algorithms that produced the nested TAD organisation based on the

detection of corner point of domain and sub-domain squares. TADtree (Weinreb and

Raphael 2016) is another well-known tool which allocates TAD forest : the collection of

TADs with further segmentation on multilevel nested sub-TADs depending on a unique

functional relationship of contact enrichment versus the distance between interacting

pairs. Despite being able to catch nested TAD organisation, Arrowhead and TADtree
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demonstrated dramatic difference in number of TADs called with the same datasets:

TADtree produced significantly more TADs for any number of reads retained by the

filtering (Forcato et al. 2017). TADtree also was found to be more robust to sequenc-

ing depth and resolution, however its computational complexity makes the processing

extremely slow and memory heavy (Dali and Blanchette 2017).

1.5. Open research questions in TAD calling provided the basis for the thesis

The high usability made the insulation score based approaches the most popular in the

field of TAD research. However, the common part of the various IS-based methods is

the consecutive manner of produced TADs. Local minima of the insulation score indi-

cate the genomic positions where the insulation between upstream and downstream

interactions is significant and it is the most probable position of a TAD border. Accord-

ing to this definition, the end position of one TAD coincides with the start position of the

next one. Some SI-based approaches allow the detection of TAD boundaries instead of

a single genomic position, so the neighboring TADs can be separated by short genomic

region of several bins. Although, first insights on chromatin segregation into topological

domains in mouse ESCs published by (Dixon et al. 2012) based on the DI calling algo-

rithm revealed that approximately 90% of DNA were occupied by TADs, so remaining

10% were split between TAD boundaries and unorganised chromatin. Even the share

of outside TAD chromatin is relatively low, the “head-to-tail” TAD allocation assumed in

IS-based methods makes the detection of unorganised chromatin questionable.

Recent studies focused on the relationship between spatial chromatin organisation

and gene regulation did not provide clear vision on TAD formation mechanics. Ob-

served TAD reorganisations between different experimental conditions, cell types and

organisms can be caused by systematic errors like spurious DNA-DNA contact subject

to ligation artefacts or loss of significant interactions in case of low mappability of inter-

acting fragments. However, the latest improvements in protocols and developments of

alternative genome-wide studies allowed to trace TAD reestablishments with high level

of confidence, as well as to look on inner TAD hierarchy. The presence of nested sub-
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TADs can be a key factor in understanding and predicting the effect of the short-range

perturbations on gene expression and vise versa.

A high level of inconsistency and scarcity of TAD finders recognising nested folding

and unorganised territories between TADs makes the validation of complex multilevel

chromatin topology a nontrivial task. Moreover, many existing tools are computationally

complicated and time/memory consuming to be widely spread to conduct research on

various organisms, cells types and experimental conditions. Desired algorithms should

ideally be user friendly with simple and intuitive parameter selection, also fast and do

not take a lot of memory.

Nested TAD organisation and presence of TAD-free chromatin can be treated as

part of the assumptions allowing any kind of domain square positioning within the Hi-C

map: squares enclosed one inside another (nested TADs), breaks between squares

(TAD-free regions), as well as partial overlap between neighbouring squares. Partially

overlapping TADs are geometrically feasible, however we did not face any confirmation

about their presence or functional role - they can appear as an artefacts of bulk manner

of the Hi-C experiment and as chromatin being dynamic structure, but also can detect

the complex architecture representing partial interference between neighbouring chro-

matin domains.

In this thesis, we aimed to gain deeper understanding on TAD architecture and the

validity of its hierarchical folding to regulate and sustain proper cellular functioning.

In Chapter 2, we explore the changes in chromatin architecture on the basis of

Drosophila melanogaster BG3 neuronal cell associated with the depletion of proteins

BEAF-32, Cp190, Chro and Dref, which were previously reported as functionally rel-

evant in flies. We explore changes on TAD level using widely used tools in the field

of Hi-C analysis, in particular, we use insulation score-based TAD finder HiCExplorer

(Ramirez et al. 2015). We analysed the differences in TAD allocation called in canon-

ical consecutive manner and revealed the connection between chromatin state and

ability of domain boundaries to maintain insulation in absence of studied proteins.

A closer look at various genomic regions showing DNA architectural reorganisations
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revealed the limited power of HiCExplorer to detect single-sided or imbalanced insula-

tion scenarios. Visual inspection demonstrated the presence of TADs that are allocated

in a non-consecutive manner including a sequence of start borders placed one after

another without end borders between them (possibly nested or partially overlapping

TADs) or interacting fragments that cannot be faithfully placed in a single TAD (possi-

bly partial overlap of break between neighbouring TADs). Some of the TAD boundaries

also demonstrated different insulation strength where interactions within the upstream

TAD are significantly different from interactions within the downstream TAD. To address

the functional diversity of observed insulation patterns, in Chapter 3, a COrTADo ap-

proach is introduced. COrTADo (Complex Organisation of Topologically Associated

Domains) is a non-parametric TAD calling algorithm, which allow detection of start and

end chromatin domain positions separately as a basis for complex TAD reorganisation

reconstruction. As starts and ends are separated, based on COrTADo we can asses

the downstream and upstream insulation strength of candidate genomic positions to

analyse the functional difference between balanced and imbalanced TAD boundary in-

sulation. In Chapter 4, we analysed the epigenetic differences of TADs in BG3 wild-type

cells observed with HiCExplorer and COrTADo.
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Chapter 2. 3D chromatin organisation of flies

2.1. Background and motivation

Accumulation of insulator proteins and other epigenetic signatures at topologically as-

sociated domain (TAD) borders are proposed to be related to TAD formation and main-

tenance mechanism. In mammalian systems, the interplay between CTCF and Co-

hesin is suggested to promote loop extrusion following TAD formation (Bjorkegren and

Baranello 2018; Racko et al. 2018; Mirny et al. 2019). So, CTCF and Cohesin have

been reported to accumulate at borders and their depletion affects chromatin architec-

ture and TAD disruption (Nora et al. 2017; Nora et al. 2021). However, in Drosophila

melanogaster the majority of TADs did not show strong contacts between border re-

gions, suggesting the prevalence of compartment domains rather than domains formed

by loop extrusion (Matthews and White 2019; Rowley et al. 2019). In addition, Cohesin

did not tend to colocolise with CTCF (Bartkuhn et al. 2009).

In flies, other architectural proteins including BEAF-32, Cp190 and Chro demon-

strated strong enrichment at TAD borders (Van Bortle and Corces 2012; Van Bortle

et al. 2014; Ramirez et al. 2018; Wang et al. 2018; Chathoth and Zabet 2019).

Interestingly, CTCF, Cp190 and, to a greater extent, BEAF-32 were found near the

gene transcription start sites suggesting their role in regulation of specific proximal

genes (Bushey et al. 2009). In the same study, only a few binding sites of another

Drosophila-specific insulator protein Su(Hw) (Maeda and Karch 2007) did not show

any specific preference towards gene locations which signaled of distinct role of this

protein in chromatin organisation.

Despite the reported strong colocalisation of BEAF-32 at TAD borders, surprisingly,

the knockdown of BEAF-32 in embryonic Kc167 cells did not dramatically affect 3D

chromatin architecture (Ramirez et al. 2018). The maintenance of TAD borders during

BEAF-32 depletion can possible be explained by the fact that BEAF-32 and another

architectural protein called Dref (Mathelier et al. 2014) display the same binding motif

and Dref can potentially replace BEAF-32 at TAD borders when BEAF-32 is lost.

The other two proteins, Cp190 and Chro, cannot bind DNA directly but they can
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be recruited by BEAF-32 and can be involved in insulation of some chromatin regions

(Cubenas-Potts et al. 2017; Wang et al. 2018). In previous research, up to 90% of

TAD borders analyzed in another embryonic cell line S2 demonstrated the presence of

BEAF-32 with either Cp190 or Chro (Wang et al. 2018). Cp190 and Chro were shown

to be recruited by other proteins as well. Thus, the complex formed by the interaction

of Chro and JIL-1 was found during interphase to colocolise at polytene chromosome

interband regions, and were suggested to be involved in the maintaining of polytine

chromosome structures (Rath et al. 2006). Cp190, Su(Hw) and mod(mdg4) are three

components of gypsy insulator - a fragment of gypsy retrotransposon which is known to

regulate gene expression through blocking the activity of nearby enhancers or repres-

sors (Wei et al. 2001; Capelson and Corces 2004; She et al. 2010). During interphase

all three proteins separate into bands (inactive condensed chromatin) and interbands

(active open chromatin), which can possibly define chromatin domains (Labrador and

Corces 2002). However, Cp190 was present together with Su(Hw) and mod(mdg4) in

just a few cases (Pai et al. 2004), otherwise Cp190 was found to be recruited by CTCF

(Gerasimova et al. 2007; Kaushal et al. 2021).

In this Chapter, we aim to look closer at chromatin topology based on Drosophila

melanogaster Hi-C data generated on BG3 (neuronal) cells. Also, to take us closer to

understanding the connection between spatial chromatin organisation, insulator pro-

teins binding and gene regulation, we analysed the architectural changes resulted in

the depletion of BEAF-32, Cp190, Chro and Dref. Note that we based our hypoth-

esis and conclusions by comparing the distribution of genome-wide interactions, A/B

compartmentalisation and, especially, TADs which we called in a canonical head-to-tail

manner using the insulation score-based tool HiCExplorer (Ramirez et al. 2018).

2.2. Hi-C data validation and processing

2.2.1. Protein knockdowns and their efficiency

We analyzed the effect of BEAF-32 single knockdown and Cp190 and Chro double

knockdown in BG3 cells followed by in situ Hi-C. As Dref can potentially replace the
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BEAF-32 due to a similar binding motif, we also investigated the effect of combinatorial

knockdown of BEAF-32 and Dref. We used the Hi-C datasets generated by (Chathoth

and Zabet 2019; Chathoth et al. 2022).

During the effective RNAi knockdown, the expression of selected proteins signifi-

cantly reduce. As a consequence, when the knockdown is efficient we expect to ob-

serve the reduced level of messenger RNA (mRNA) - mRNA is a molecule that carries

the “instruction” for protein synthesis, so when less mRNA is present the less protein

can be produced. All three generated mutants demonstrated the reduction of at least

60% of mRNA of depleted proteins (BEAF-32, Cp190, Chro and Dref) in comparison

with wild-type (Chathoth et al. 2022). The efficiency of knockdown achieved here is

similar to the ones reported by other studies in Drosophila cells (Schwartz et al. 2012;

Ramirez et al. 2018; Zenk et al. 2021).

Also note, that the DNA topology is expected to undergo dramatic structural meta-

morphoses every cell cycle. Whether the knockdown demonstrated the cell cycle ar-

rest, we faced the danger of observing differences that are not explained by the protein

depletion directly. The distribution of cells in each phase of the cycle in (Chathoth et al.

2022) revealed no effect of knockdowns on cell growth or cell cycle arrest.

2.2.2. Creation and correction of Hi-C matrices using HiCExplorer

We used HiCExplorer to build and correct the contact matrices. HiCExplorer is a widely

used tool in the field of 3D chromatin organisation as it addresses the wide range

of tasks associated with Hi-C data analysis including the processing, normalisation,

data format transformation, TAD calling and visualisation (Ramirez et al. 2018). We

performed the following steps before starting the analysis: first, we map the reads to

the reference genome; second, we create a contact matrix and then we perform the

correction to remove biases and filter bins with poor read coverage.

Reads were aligned to the Drosophila melanogaster (dm6) genome (Adams et al.

2000; dos Santos et al. 2015) using BWA-mem (Li and Durbin 2010) with options -t20

-A1 -B4 -E50 -L0. The parameters were selected as recommended in the example
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Library size Total reads Mappable reads Pair used

BG3 wild-type (GSE122603)

Replicate 1 100% 151,493,083 101,206,098 42,160,814

Replicate 1 80% 121,195,638 81,045,523 34,528,646

Replicate 2 100% 147,730,225 95,703,042 42,999,219

Replicate 2 80% 118,173,473 76,656,728 35,462,491

BG3 BEAF-32 KD (GSE147057)

Replicate 1 100% 172,597,536 69,859,110 32,240,219

Replicate 1 80% 138,073,566 55,898,357 26,805,854

Replicate 2 100% 156,655,569 81,740,811 41,458,552

Replicate 2 80% 125,326,239 65,443,211 33,860,610

BG3 Cp190 Chro KD (GSE147057)

Replicate 1 100% 214,736,070 146,124,131 65,278,295

Replicate 1 80% 171,799,624 117,064,857 53,376,413

Replicate 2 100% 167,983,753 104,046,976 45,830,412

Replicate 2 80% 134,385,744 83,338,488 37,245,423

BG3 BEAF-32 Dref KD (GSE147057)

Replicate 1 100% 197,221,569 107,472,262 37,738,037

Replicate 1 80% 157,771,608 86,029,067 31,775,241

Replicate 2 100% 190,654,840 53,234,566 18,645,676

Replicate 2 80% 152,530,267 42,612,149 15,651,046

Table 2.1. Metrics from analysis of Hi-C library sequencing.

usage in HiCExplorer documentation (Ramirez et al. 2018).

Next, we build matrices using DpnII restriction sites with minimum allowed distance

between sites of 150 bp and maximum distance of 1000 bp. So, we obtained matrices

with 217638 bins with median width of 529 bp. We worked with two biological repli-

cates in wild-type and in all three mutants. The biological replicates were corrected

separately and then merged. Biological replicates can be processed, normalised, and

then passed to TAD calling algorithm independently. Then, TADs which are present

only in both replicates can be selected for downstream analysis as the most confident

ones. However, the TAD calling algorithms and, in particular, HiCExplorer are sensi-
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tive to library sizes – when the library size is low, the difference between intra-TAD

and inter-TAD contact frequencies is less pronounced, so the algorithm requires less

strict thresholds for TAD detection. In addition, TAD border is not punctuated posi-

tion, it is allocated within the short window – TAD boundary. When the differences

between inter-TAD and intra-TAD interactions are not significant, the TAD boundary

can be wider as there is no strict separation between neighbouring TADs. In this case,

we face a danger that less TAD borders would have exact coincidence. In the cur-

rent analysis, both replicates and merged matrices after correction step displayed high

similarities for contacts-vs-genomic distance relationships, so we can continue for the

downstream analysis with merged matrices which are larger in library size then both

replicates (Figure 2.1.A). For merged matrices, we filtered the bins which demonstrated

unexpectedly low/high counts (Figure 2.1.B and Table 2.2). Note that HiCExplorer per-

forms the correction based on the ICE method (Imakaev et al. 2012) which requires

pre-filtering. Bins with extremely low coverage tend to contain repetitive regions, as

well as bins with extremely high coverage tend to contain copy number variations, so

they should be removed before the matrix is proceeded to correction. The latest ver-

sions of HiCExplorer allow KR balancing (Knight and Ruiz 2013) as well - this method

does not require filtering.

Note that the number of reads obtained in the result of the processing were consis-

tent with data sets used in previous research in Drosophila (Cubenas-Potts et al. 2017;

Ramirez et al. 2018; Chathoth and Zabet 2019).

2.3. TAD reorganisation analysis

2.3.1. TAD calling with HiCExplorer

We aim to investigate whether the protein knockdowns lead to the changes in TADs.

We used the corrected contact matrices to detect TADs using HiCExplorer (Ramirez

et al. 2018). We selected the parameters to ensure that we recover a similar num-

ber of TADs as previously reported (Cubenas-Potts et al. 2017; Ramirez et al. 2018;

Chathoth and Zabet 2019): minimum TAD width at 5 Kb, P-value threshold at 0.01 with
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Dpn II 10 Kb

100% 80% 100% 80%

BG3 wild-type

Replicate 1 [-1.4; 5] [-1.4; 5]

Replicate 2 [-1.4; 5] [-1.4; 5]

Merged [-1.4; 5] [-1.4; 5] [-1.4; 5]

BG3 BEAF-32

Replicate 1 [-1.0; 5] [-0.8; 5]

Replicate 2 [-1.2; 5] [-1.4; 5]

Merged [-1.2; 5] [-1.2; 5] [-1.4; 5]

BG3 Cp190 Chro KD

Replicate 1 [-1.2; 5] [-1.4; 5]

Replicate 2 [-1.2; 5] [-1.4; 5]

Merged [-1.2; 5] [-1.2; 5] [-1.4; 5]

BG3 BEAF-32 Dref KD

Replicate 1 [-1.2; 5] [-1.4; 5]

Replicate 2 [-1.2; 5] [-1.4; 5]

Merged [-1.2; 5] [-1.4; 5] [-1.4; 5]

Table 2.2. Filtering parameters of Hi-C matrices correction with HiCExplorer.

FDR correction for multiple testing and a minimum threshold of the difference between

the TAD separation score of 0.04. TAD separation score, in simple, represents the av-

erage interaction frequency between each locus and its nearby DNA fragments. Within

the TAD, the contact frequency is average higher than the frequency at the TAD bor-

der (between two neighbouring TAD). The difference between TAD separation score

at the locus and neighbouring regions should be more than pre-selected threshold to

be selected as a candidate position for TAD border. The Mann-Whitney U test then

performed to estimate the significance of this difference and as multiple tests are per-

formed, the multiple-testing correction Is required. FDR correction is not as strict as,

for example, Bonferroni correction, but it is helpful when we require more exploratory

analysis rather than extremely strict results. Under selected thresholds, we identified
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between 1417 and 2260 TADs (Figure 2.2.A).

HiCExplorer as any computational method is sensitive to parameter selection. This

raises the difficulties for downstream analysis. When the weak set of parameters are

selected we face a danger of detecting TADs that are real and can be further analysed,

as well as spurious TADs that are detected due to experimental and processing biases.

So, selection of stricter parameters helps us to retrieve more reliable TADs and remove

TADs that are probably spurious ones. Given this motivation, we also called strong

borders using a stringent value of the threshold of the difference between the TAD

separation score of 0.08. This value ensures that we retrieved the strongest borders -

we identified between 1136 and 441 strong TADs (Figure 2.2.B).

Differences in library sizes can also introduce uncertainty in comparative analysis of

TAD organisation between wild-type and mutants. Thus, lower number of reads would

make the differences between interaction frequencies within inter- and intra-TAD areas

to be less pronounced and, as a result, the insulation strength between chromatin

domains would be less significant. In the current study, to investigate the robustness

of detected TAD borders to difference in the size of Hi-C libraries, we downsampled all

Hi-C libraries by 20% and repeated the analysis (Table 2.1)

TAD borders identified with downsampled Hi-C libraries exhibited reassuring over-

lap with TAD borders detected in the full data set for both weak and strong calling pa-

rameters (Figure 2.2). After downsampling, we recovered not less than 69% of weak

and 66% of strong borders - these borders we defined as robust meaning they are

recovered in both full and downsampled datasets.

2.3.2. Differential gene expression and TAD reorganisation

TADs were found to correlate with gene expression and proposed to establish con-

tacts between distal enhancers/silencers and target genes, as well as insulate the

undesired connection which can lead to gene misregulation. Previous studies either

induced the structural variations altering chromatin topology or depleted architectural

proteins enriched at TAD boundaries to decrease the insulation between chromatin do-
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Figure 2.1. Hi-C processing and visualisation. A. Hi-C contacts versus distance plots for two

replicates and merged datasets on BG3 wild-type, BEAF-32 single knockdown, Cp190 Chro

double knockdown and BEAF-32 Dref double knockdown. B. Diagnostic histograms for Hi-C

corrections in BEAF-32 single knockdown, Cp190 Chro double knockdown and BEAF-32 Dref

double knockdown. The vertical black line represents the lower threshold for removing low

read bins.
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Figure 2.2. Robustness of TAD borders. We defined as robust the borders which were de-

tected on both the full dataset and a downsampled dataset where we randomly removed 20%

of the reads. We consider the case of all (B) and strong (A) borders separately for Hi-C

datasets in wild-type and BEAF-32 single knockdown, Chro and Cp190 double knockdown

and BEAF-32 and Dref double knockdown.

mains (Lupianez et al. 2015; Kragesteen et al. 2018; Owens et al. 2021). Here, we

perturbed a large number of TADs by knocking down architectural proteins and inves-

tigated whether that leads to changes in gene expression. We grouped possible rear-

rangements depending on relative position of genes at wild-type and mutant TADs: TAD

border loss, gain or shift can, theoretically, happen within a gene body (Figure 2.3.A),

or gene can fully reside within both wild-type and knockdown TADs (Figure 2.3.B). Ac-

cording to the second scenario, TAD borders can stay absolutely conserved or fuzzy

conserved (less than 2 Kb shifts of both borders) which possibly reflects the pertur-

bation of inside-TAD contacts (possibly indicating the existence of sub-structures), as

well as distal within-TAD contacts while the TAD still stays insulated from neighbouring

chromatin (possibly indicating the existence of higher-order TAD network). The second

scenario also include massive rearrangements that possibly disrupt old or organise

new contacts with the gene.

Genes guide the protein production: they store the information that is transcribed

into RNA and then translated into proteins (Crick 1958; Crick 1970). The alterations

Page 32



Chapter 2 3D chromatin organisation of flies

inside TAD (596)

BG3BEAF-32 −

over border (0)

BG3Cp190−Chro−

inside TAD (687)

over border (0)
BG3BEAF-32 −Dref−

inside TAD (810)

over border (0)

F BG3BEAF-32 −

0
100
200
300
400
500
600

downregulated upregulated

BG3Cp190−Chro−

100
200
300
400
500
600

conserved 2 borders (60)
conserved 1 border (321)
knockdown specific borders (250)
fuzzy borders (56)

conserved 2 borders (65)
conserved 1 border (316)
knockdown specific borders (175)
fuzzy borders (40)

TAD aggregation TAD disruption Boundary conservation

W
ild

ty
pe

K
no

ck
do

w
n

W
ild

ty
pe

K
no

ck
do

w
n

Conserved 2 borders Fuzzy borders

DEGs

non-DEGs
BG3BEAF-32 − BG3Cp190−Chro− BG3BEAF-32 −Dref−

<2Kb <2Kb

Conserved 1 border

>2Kb

Knockdown specific borders

>2Kb >2Kb

A

B C

D BG3BEAF-32 −

1 3 5 7 9 110

50

100

150

DEGs per TAD

co
un

t

co
un

t

co
un

t

DEGs per TAD DEGs per TAD

200 BG3Cp190−Chro−

1 3 5 7 9 110

50

100

150

200 BG3BEAF-32 −Dref−

1 3 5 7 9 11 130

50

100

150

200

E BG3BEAF-32 −

−10 −5 0 5 10

0
10

20
30

40
50

log2(FC)

-lo
g 1

0(p
-v
al
ue

)

BG3Cp190−Chro−

−10 −5 0 5 10

0
10

20
30

40
50

log2(FC)

-lo
g 1

0(p
-v
al
ue

)

BG3BEAF-32 −Dref−

−10 −5 0 5 10

0
10

20
30

40
50

log2(FC)

-lo
g 1

0(p
-v
al
ue

)

0 downregulated upregulated

BG3BEAF-32 −Dref−

300
400
500
600

conserved 2 borders (1)
conserved 1 border (189)
knockdown specific borders (618)
fuzzy borders (2)

0
100
200

downregulated upregulated

co
un

t

co
un

t

co
un

t

inside TAD (13159) inside TAD (12966)

over border (20)

inside TAD (13252)

over border (31) over border (28)

Figure 2.3. The effects of TAD reorganisation on transcription. A. Scenarios for relative po-

sition of genes, wild-type and mutant TADs when gene spans over TAD borders. B. Same as

A, but gene is within the both wilt-type and mutant TADs. C. Distribution of differentially ex-

pressed genes (DEGs, top panel) and non-differentially expressed genes (non-DEGs, bottom

panel) between (A) and (B) scenarios. D. Histogram represents the number of TADs contain-

ing specified number of DEGs (x-axis). E. Volcano plots for the RNA-seq analysis (orange

represents downregulated genes, blue upregulated and grey non-DEG) in BEAF-32 knock-

down, Cp190 Chro double knockdown and BEAF-32 Dref double knockdown. F. Distribution

of downregulated and upregulated genes between scenarios in (A): orange – both TAD bor-

ders are conserved, blue – only one of the TAD border is conserved, green – none of the TAD

border is conserved and yellow – TAD borders are shifted within 2 Kb.
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in gene expression result in overproduction or underproduction of RNA molecules in

comparison with the normal state (control). RNA sequencing (RNA-seq) is a high-

throughput sequencing method which, in simple words, quantifies the amount of RNA

present in a population of cells. It allows to spot any relative changes in the RNA

expression level when comparing data generated in two conditions, for example, in

wild-type cells and in protein knockdown. We used the RNA-seq data produced by

(Chathoth et al. 2022) (GSE147059) to identify transcriptional changes upon BEAF-

32, Cp190, Chro and Dref knockdown. There were three replicates for each condition:

wild-type, BEAF-32 KD, Cp190 Chro KD and BEAF-32 Dref KD. We processed RNA-

seq as in (Chathoth et al. 2022). We trimmed reads using Trimmomatic v0.39 (Bolger

et al. 2014), then aligned to the Drosophila melanogaster (dm6) genome (Adams et

al. 2000; dos Santos et al. 2015) using TopHat v2.1.2 (Kim et al. 2013) with Bowtie2

v2.3.4.1 (Langmead and Salzberg 2012) and finally removed duplicated reads with

the Picard tool (http://broadinstitute.github.io/picard/). We counted reads using HTseq

(Andres et al. 2015) and calculated the significance of the difference in expression

between wild-type and knockdowns using the DESeq2 algorithm (Love et al. 2014) for

genes with at least 10 reads aligned. A gene was defined as differentially expressed

when the adjusted p-value generated in DESeq2 was less than the threshold of 0.05

and the absolute value of normalised log2 fold change between reads of knockdown

over wild-type exceed the threshold at 2.0 (at least 4 times increase/decrease in reads

during knockdown comparatively to the wild-type).

We found significant changes in gene expression with 598, 688 and 814 differen-

tially expressed genes (DEG) in BEAF-32 KD, Cp190 Chro KD and BEAF-32 Dref KD,

respectively. None of the DEGs spanned the robust TAD borders in either wild-type or

knockdowns (Figure 2.3.C) and several TADs contained more than one DEG (Figure

2.3.D). A larger number of genes were upregulated in knockdowns compared to WT

with most of them associated with significant architectural changes as single border

shift or knockdown specific reorganisations (Figure 2.3.F). Very few DEGs belonged

to TADs that had both borders conserved or fuzzy conserved in the knockdowns. In-
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Figure 2.4. Association between architectural rearrangement and ratio between differentially

and non-differentially expressed genes. A. Count and proportion of DEG and non-DEG in

the three knockdowns BEAF-32 knockdown, Cp190 Chro double knockdown and BEAF-32

Dref double knockdown within reorganised TADs which are fully conserved, lose one or both

borders or have slightly shifted borders in the knockdowns. B. We applied permutation test

to investigate whether DEGs overlap with any of the class of architectural changes more than

expected by chance. Different combinations of TAD rearrangements were checked: blue and

yellow colors identify the subgroups compared. Scatter plot represents corresponding -log10

p-values at each combination.

terestingly, some of non-differentially expressed genes can span robust TAD border

(Figure 2.3.C). If TAD border is allocated within gene body, it can potentially prevent,

for example, the contact between the promoter which belong to upstream TAD from

enhancer which belong to the downstream TAD. Note that the amount of such genes

is not significant in comparison to the genes which were found within TADs.

Despite the fact that we observed the gene alterations mostly associated with dra-

matic domain reorganisations, we also detected many genes that were not affected by

the same architectural changes (Figure 2.4.A). The proportion of genes which altered

their expression patterns in result of knockdowns were about 10% in each reorgani-

sation scenario. Given these findings, we suggest that TADs do not follow a simple

scenario where the boundary disruption or reduction of insulation between domains

lead to dramatic gene activation.
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We also decided to perform a permutation test to check whether the ratio of differ-

entially and non-differentially expressed genes was significantly different in some spe-

cific group of architectural rearrangements than anywhere within the genome (Figure

2.4.B). For the permutation test, we applied regionR package with 1000 permutations

(Gel et al. 2016). The whole genome in wild type was split on short genomic regions

where each region was classified as one of four proposed architectural rearrange-

ments. Then, we tested whether there any significant association between differentially

expressed genes and regions belonging to pre-selected architectural changes (Figure

2.4.B, classes defined with blue colour versus classes defined with yellow colour). We

found that the proportion of DEG was higher than expected in comparison with the

genome-wide distribution in two cases: either when a single TAD border was con-

served or when the TAD borders were dramatically reallocated (“knockdown specific

border” group). This tendency, however, was BEAF-32 KD and BEAF-32 Dref KD

specific - double knockdown of Cp190 and Chro did not show noticeable changes in

differential expression associated with specific topological changes.

In (Nora et al. 2017) domain reorganisations caused by the depletion of the archi-

tectural protein CTCF also resulted in misregulation of genes which promoters were

found to be allocated too close to disrupted borders. We also wanted to look at the

allocation of DEGs to spot any preference of altered genes (Figure 2.5). As we know

that genes fully lie within TADs, we introduce the start and end ratios: the start ratio is

computed as distance between TAD start to gene start (if gene is on positive strand;

when gene is on negative strand, it is the gene end) over the half TAD distance; sim-

ilarly we compute the end ratio but at the end half of the TAD. When the start ratio is

larger than 1, it means that the gene is allocated closer to the end of the TAD, when

the end ratio is larger than 1, the gene is allocated closer to the start of the TAD. When

both start and end ratios are less than 1, the gene spans the centre of the TAD (Fig-

ure 2.5, top panel). Note, that ratios are computed with respect to the gene allocation

within wild-type TADs. Just a few DEGs were found to cross the TAD centre, with the

majority of genes randomly distributed inside TADs with no specific localisation near or
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away from TAD border for all reorganisation scenarios in all three mutants.

Depletion of architectural proteins caused the large perturbations in genome-wide

chromatin conformation along with changes in gene expression. Genes which changed

their expression demonstrated upregulation possibly indicating the roles of TADs in

maintaining of repressing state of that genes. We suggest that massive rearrange-

ments happened mostly within heterochromatin while the borders within euchromatin

were less sensitive to the protein depletion. In case of BEAF-32 single knockdown and

BEAF-32 and Dref double knockdown, significantly more genes altered their expres-

sion pattern when were allocated within either TADs that lost one border or both borders

demonstrated dramatic shift - more than 2 Kb away from their WT position. However,

depletion of Cp190 and Chro did not significant statistical association between DEGs

and any TAD reorganisation pattern. The difference can possibly be explained by the

direct (BEAF-32 and Dref) and indirect (Cp190 and Chro) binding of the depleted pro-

teins to the DNA. Cp190 and Chro can be recruited by other proteins which were not

significantly involved in TAD organisation, so we did not observe significant association

between gene expressional patterns and chromatin architecture.

2.3.3. Comparative analysis of wild-type versus mutants

We detected more robust TAD borders, both weak and strong, with BEAF-32 KD (Fig-

ure 2.6.A). Cp190 and Chro double knockdown did not bring a significant difference in

the number of TADs. So, the depletion of BEAF-32, Cp190 and Chro was suggested

to affect not only the number of TAD borders but their allocation as well. We com-

pared robust TAD border positions between WT and mutants and defined 10 classed

of changes:

1. strong → strong: border in WT had exactly the same position in mutant and

annotated as strong in both WT and mutant.

2. weak → weak: border in WT had exactly the same position in mutant and annotated

as weak in both WT and mutant.

3. strong → weak: strong border in WT had exactly the same position in mutant but
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Chapter 2 3D chromatin organisation of flies

Figure 2.5. The allocation of differentially expressed genes within robust TADs in BEAF-32

knockdown, Cp190 and Chro double knockdown, BEAF-32 Dref double knockdown. The start

ratio is defined as a distance from the left border of the TAD to the start position of the gene

divided by the half of TAD size, where a start ratio bigger than 1 means that the gene is

allocated on the right side of the TAD (green square). The end ratio is defined as a distance

from the right border of the TAD to the end position of the gene divided by the half of TAD size,

where an end ratio bigger than 1 indicates the gene allocated on the left side of the TAD (red

square). Genes having both start and end ratio less than 1 are allocated within TAD centre

(yellow square). The majority of differentially expressed genes occupy less than half of the

TAD. Only couple of genes are allocated within TAD centre – they are very close to point (1,1)

indicating relatively short genes. Majority of genes are allocated either on the left or the right

half of the TAD with no strong bias towards TAD borders.

became weak.

4. weak → strong: weak border in WT had exactly the same position in mutant but

became strong.

5. strong → fuzzy: strong border in WT was found within 2 Kb window in mutant.

6. weak → fuzzy: weak border in WT was found within 2 Kb window in mutant.

7. strong → no: strong border in WT was not found within 2 Kb window in mutant.

8. weak → no: weak border in WT was not found within 2 Kb window in mutant.

9. no → strong: strong border in mutant was not found within 2 Kb window in WT.

10. no → weak: weak border in mutant was not found within 2 Kb window in WT.

Note that for weak borders we considered only unique weak borders that were the

ones that did not belong to the set of strong borders. Also, the 2 Kb window to define

fuzzy borders was selected based on minimum width parameter: we treated the shift

in TAD borders between WT and mutant being less than half of minimum TAD width

as a product of negligible matrix differences rather than a consequence of the proteins

depletion.

In Figure 2.6.B, we represented the distribution of TAD border changes based on

the classification above. The largest number of rearrangements in wild-type could

be described as loosing or gaining of weak borders. It was not surprising, as small

Page 39



Chapter 2 3D chromatin organisation of flies

BG
3 W

T

BG
3 B

EA
F-
32

−

BG
3 C

p1
90

−
C
hr
o−

BG
3 B

EA
F-
32

−
D
re
f−

8.95 Mb

Robust TAD borders

0

500

1000

1500

2000

2500 strong
weak

A B C

D

Changes in TAD borders

0
20
0

40
0

60
0

80
0

10
00

st
ro
ng
−>
no

st
ro
ng
−>
we
ak

st
ro
ng
− >
fu
zz
y

st
ro
ng
− >
st
ro
ng

we
ak
−>
no

we
ak
− >
we
ak

we
ak
−>
fu
zz
y

we
ak
− >
st
ro
ng

no
−>
we
ak

no
− >
st
ro
ng

BG3WT strong borders BG3WT weak borders new borders

BG3BEAF-32 −
BG3Cp190− Chrom−
BG3BEAF-32− Dref −

BG3BEAF-32 −
BG3Cp190− Chrom−
BG3BEAF-32− Dref −

Lost
Maintained New

BG3WT

BG3BEAF-32
_

all TAD borders

robust TAD borders

robust TAD borders

insulation score

insulation score

all TAD borders

robust TAD borders

all TAD borders

−1 0 1

maintained lost

BG3WT vs BG3BEAF-32
_

0 2.3 4.7 7

strongweak
−1
0
1

−1
0
1

chr2R: 8.68 8.77 8.88 E chr3L: 6.79 6.88 6.97 7.06 Mb

BG3WT

BG3BEAF-32
_
Dref

_

all TAD borders
robust TAD borders

robust TAD borders

insulation score

insulation score

all TAD borders

−1
0
1

−1
0
1

0 2.3 4.7 7

strongweak

BG3WT vs BG3BEAF-32
_
Dref

_

robust TAD borders

all TAD borders

−1 0 1

maintained lost

Strong new borders

moved gained

0
20
0

40
0

60
0

0
20
0

40
0

60
0

gained

co
un
tco

un
t

co
un
t

co
un
t

Weak new borders

moved

Page 40



Chapter 2 3D chromatin organisation of flies

Figure 2.6. TAD border reorganisations in the knockdowns. A. Number of robust TAD borders

in wild-type cells, BEAF-32 knockdown, Cp190 Chro double knockdown and BEAF-32 Dref

double knockdown. We split each class of TAD border into strong borders and weak borders,

depending on whether the TAD borders can still be detected when increasing the stringency

of the TAD calling algorithm. B. Classification of TAD border based on classes and positions

as described in the main text. We focus our attention on lost, maintained and new borders. C.

Distribution of new TAD borders in the knockdowns between gained, which appear inside the

wild-type TAD, and moved, which correspond to relocation dramatic reallocation of wild-type

TAD border. D-E. Examples of a borders classified as lost and maintained in BEAF-32 knock-

down (C) and Cp190 Chro double knockdown (D). From top to bottom we plot the insulation

score, TAD borders in full dataset (grey are strong and yellow are weak), TAD borders recov-

ered both in full and downsampled dataset (black are strong and yellow are weak) and contact

map in wild-type cell and then mirror plots in the knockdowns. Darker colours on heat maps

indicate more contacts retrieved by Hi-C. Green arrows indicate maintained borders and red

arrows lost borders. We also plot log2fold change between wild-type and knockdowns in 5 Kb

bins build with diffHiC (Lun and Smyth 2015) and edgeR (Robinson et al. 2010) packages.

shifts in TAD separation score could affect whether the border could not be detected or

detected as weak. The changes associated with strong borders were of the greatest

interest to us as they have a high chance to reflect real and pronounced changes in

chromatin architecture. We detected significant amount of borders that we classified

as lost (“strong → no” class), maintained (“strong → strong” class) and new (“no →

strong” class) borders.

While the maintenance and loss of TAD borders in absence of proteins-insulators

are expected, the noticeable amount of new strong borders was quite interesting. We

found new borders formation ranging from 200 to 300 strong borders (Figure 2.6.C). To

be classified as a new, a mutant TAD border should be allocated more than 2 Kb away

from the nearest TAD border in WT. So, this definition covers both actual new borders

which were organised by splitting the original TAD in several separate sub-structures

or borders which appeared due to a move from WT border by more than 2 Kb. We

detected new borders which were organised by both splitting and movement with the

Page 41



Chapter 2 3D chromatin organisation of flies

slightly larger preference towards new borders organised by movement (Figure 2.6.C).

Both gained new borders and new borders resulted in shift of the wild-type ones can

probably be explained by the reallocation of remaining proteins after the knockdown.

Also, other insulation proteins can replace the role of BEAF-32, Dref, Cp190 and Chro

and maintain the insulation at the position of new borders in knockdowns. However, as

there is no publicly available ChIP data on various architectural proteins in knockdowns,

we don’t have enough evidence to support this hypothesis. The alternative explanation

could be related to the differences in Hi-C libraries between wild-type and knockdowns:

if the border does not pass the downsampling in wild-type but passes in knockdown,

it will be defined as new. Also, TAD border is not a strict punctuated position, it is

allocated within the window (TAD boundary), so the fluctuations in the position of TAD

border are possible. When two neighboring TADs are not strictly segregated from each

other, the TAD boundary can be large enough to show differences in the same TAD

border position between wild-type and mutant. However, in absence of ChIP data we

cannot properly access whether these differences are the downstream results of Hi-C

and robustness analysis or related to protein binding.

The difference between maintained and lost borders can shed light on the interplay

between BEAF-32, Cp190, Chro and Dref with other epigenetic machineries in the es-

tablishment of specific chromatin architecture. Technically, a strong TAD border could

be lost due to two reasons. First, the border could be completely lost in mutant due

to aggregation of neighbouring TADs or due to dramatic shift at more than 2 Kb which

signaled a weakening of insulation between neighbouring genomic regions as well.

Second, the strong TAD border in mutant lost or shifted during downsampling, while

the same TAD border in wild-type survived the downsampling. So, again we faced a

significant difference in insulation strength between wild-type and mutant occurring due

to proteins knockdown.

The second scenario was represented in Figure 2.6.D and E. The red arrow indi-

cated the lost border that was in wild-type classified as strong both before and after

the downsampling (panels above the heat map), while in mutant the same genomic
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position was detected as a weak border before downsampling only (panels below the

heat map). Here, this genomic position represented the case where we observe dra-

matic weakening of insulation between neighbouring TADs and TAD border disruption.

To confirm the difference in Hi-C interactions brought by the proteins depletion at the

selected region, we computed log2 fold change between wild-type and knockdown Hi-

C map following the steps and parameters recommended in diffHiC package (Lun and

Smyth 2015). Briefly, we considered individual replicates and used edgeR package

(Robinson et al. 2010) to compute the log2 fold change between maps using 5 Kb

bins. The difference heat map (Figure 2.6.D and E, bottom panel) confirmed the loss

of interactions in wild-type within the region of lost TAD border indicating the loss of

insulation.

Note that we did not use the statistical testing for detecting differential TADs. As

an insulation score-based approach, HiCExplorer defines the genomic region to be,

most probably, a TAD border when it demonstrates significantly different interaction

frequency in comparison with neighbouring upstream and downstream regions. The

threshold of the difference between the TAD separation score of 0.04 and 0.08 (see

Section 2.3.1) sets how significant this difference should be for the TAD border to pro-

ceed further in the analysis. However, depending on experimental set up and library

sizes, the TAD separation score as well as the differences in it can vary between dif-

ferent data sets. The statistical tests which compare the TAD separation scores and

how dramatic it changes at TAD border, can give us a clear understanding how signif-

icant are the differences in insulation strength of TAD borders between wild-type and

knockdowns. Also, tests can provide more information about the borders that were lost

during the downsampling. For example, when the changes in TAD separation scores

were not dramatic initially, then the TAD borders would be more sensitive to the re-

duction of the library size during the downsampling and the borders which should be

considered in the analysis would be lost, which, in turn, generates spurious lost and

new borders. So, skipping the statistical testing for differential TAD borders affect the

number of maintained, lost and new borders which we considered for further analysis
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of protein occupancy and biological functioning.

2.3.4. Separation of direct and indirect effect

Depletion of proteins induced a significant rearrangement of TAD organisation. How-

ever, some of the topological changes could resulted from downstream effects, so TAD

border rearrangements, especially gain and loss of insulation between domains, could

be indirect targets of protein depletion which made the observed effects unclear. To

distinguish between the direct and indirect targets, we are interested in borders that in

wild-type cells were colocolised with BEAF-32, Cp190, Chro and Dref, so were directly

affected by protein depletion.

The protein binding that happens more often than by chance potentially plays a

functional role in the maintenance of chromatin architecture and cellular functioning.

The chromatin immunoprecipitation (ChIP) technology enables the quantification of

protein-DNA interactions of a specific protein or associated factor. We used ChIP-chip

datasets, in particular, ChIP peaks called by modENCODE Consortium. To dissect

the direct effect of protein knockdowns, we were interested in occupancy of BEAF-32

(GSE32775, GSE20811), Chro (GSE20761) and Cp190 (GSE32776, GSE20814) in

Drosophila BG3 cells. Unfortunately, there was no Dref data generated in the required

cell type, so the mechanics of changes in TADs in BEAF-32 Dref KD was not as clear as

in other two mutants. Based on this, we made a decision to continue the downstream

analysis based on BEAF-32 KD and Cp190 Chro KD only.

Compared to wild-type cells, out of all 706 strong borders, 188 borders were main-

tained and 149 were lost in both BEAF-32 KD and Cp190 Chro KD (Figure 2.7.A),

the rest of strong borders either maintained/lost uniquely in specified mutants, defined

as fuzzy or moderately weakening. Note that new borders, in contrast, were mostly

knockdown-unique. The majority of common maintained borders (94%) are direct tar-

gets of at least one of three proteins depleted during knockdown (Figure 2.7.B and

C). We also observed that at maintained borders Chro and Cp190 almost everywhere

colocolises with BEAF-32. However, at borders where BEAF-32 was not found, we
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detect some of Cp190 together with CTCF. Note that CTCF ChIP-chip peaks were also

generated and processed by modENCODE Consortium (GSE20767 and GSE32783).

In contrast, only 47% of lost borders were direct targets of protein loss suggesting that

the other half of lost borders were affected by downstream perturbations. Interestingly,

borders that were organised after protein depletion in both mutants were also enriched

with BEAF-32, Cp190 and Chro in wild-type. However, a particular border can be

defined as new in the case when it was completely undetected in wild-type after the

downsampling and it was detected as strong in mutant. So, it was still possible that the

border was detected in the full set.

Here, we called TADs on Hi-C data generated in (Chathoth and Zabet 2019; Chathoth

et al. 2022) while comparing it with ChIP protein enrichment data generated by mod-

ENCODE Consortium, so we can face some inconsistencies due to different experi-

mental conditions. Also, we know that the proteins were significantly depleted, but not

in full and in absence of ChIP data generated on knockdown cells we are restricted in

how we can properly check it. However, BEAF-32 and Cp190 single RNAi (GSE32773,

GSE32774, GSE32816) knockdowns were generated in BG3 cells in (Schwartz et al.

2012), so analysing these data we found that the majority of maintained TAD borders

(70%) retain BEAF-32 or Cp190 upon knockdown while most of the lost borders (70%)

lose binding of these architectural proteins after knockdown (Figure 2.7.D-E). Despite

the fact that the Hi-C and ChIP data were generated on different samples and in dif-

ferent experimental conditions, we still obtained the strong difference, which supports,

that the borders that are lost are true direct targets of the architectural proteins.

Interestingly, we observed 79 (53%) of lost borders which were lost without direct

binding of architectural proteins (Figure 2.7.C). From the technical point of view, the

indirect lost borders can result in the robust analysis, when in the knockout the border

did not pass the downsampling when in the wild-type it did. However, the lost borders

were defined as common lost borders in two mutants (BEAF-32 knockdown and Cp190

and Chro double knockdown) which can happen if the insulation score of TAD borders

in both mutants was generally lower than in wild-type. From the biological point of
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view, the indirect lost borders were possibly in contact with direct lost borders forming

the complex architectural structures. In that case, the direct lost border can cause

further perturbations in nearby chromatin topology.

The detection of TAD borders and further comparative analysis of TAD border allo-

cation was based on insulation score-based approach implemented as a part of HiC-

Explorer tool. A comparison of insulation scores between different conditions, from

a technical point of view, can give an unclear picture on the seriousness of architec-

tural changes. The insulation score measures the average Hi-C interactions around a

selected genomic position. While the relative contact intensity between neighbouring

regions under the same Hi-C map can shed a light on differences between inside-TAD

and outside-TAD interactions, the absolute insulation score reflects such characteris-

tics as library size, so the comparison of insulation strength between wild-type and

mutant can be questionable. So, the detection of the maintained and lost TAD borders

was performed following a robust analysis using five filtering steps. First, we used two

threshold values to distinguish between strong and weak TAD border insulation. Sec-

ond, to account the differences in Hi-C libraries, we performed the downsampling of

the libraries by 20% and repeated the TAD calling procedure. We select the borders

that were retained upon the downsampling as robust borders. Third, we defined as

maintained and lost only such borders that demonstrated the most pronounced switch

in insulation strength while their position stays the same. Fourth, for the downstream

analysis we left only borders that were common between BEAF-32 single and Cp190

and Chro double knockdowns. Fifth, the only direct targets of protein depletion were

retained. Overall, after so many trimming steps we still observed strong difference

between maintained and lost epigenetic signatures. Altogether, this analysis supports

that the observed result are robust.

2.3.5. Adjusting the ChIP profiles for further comparative analysis

ChIP data generated and processed by modENCODE Consortium include a variety of

epigenetic factors like architectural proteins, transcription, replication and accessibility
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Figure 2.7. Direct and indirect TAD borders. A. Overlap of lost, maintained and new robust

borders which are common in BEAF-32 KD and Cp190 Chro KD. B. Heatmaps represent the

distance of the closest ChIP peak from a maintained, lost and new border which are common

in both mutants. ChIP peaks obtained for BEAF-32 (wild-type and BEAF-32 knockdown),

Chro (wild-type), Cp190 (wild-type and Cp190 knockdown), CTCF (wild-type). Green bar on

the side of each heatmap marks the direct borders (borders that show binding of BEAF-32,

Chro or Cp190 in wild-type cells), while purple indirect borders (all other borders). C. Number

and percentage of maintained, lost and new borders that have direct binding of BEAF-32,

Cp190 or Chro. D-E. Number and percentage of TAD borders that have BEAF-32 or Cp190

ChIP peak in wild-type cells and lose or maintain those peaks in BEAF-32 and Cp190 single

knockdowns. We performed a Fisher’s exact test and the corresponding p-value is displayed

inside the plots.
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related complexes. We obtained most of the available modENCODE Consortium and

(Pherson et al. 2019) data (M-values smoothed over 500 bp) on BG3 cells to deter-

mine the key differences in occupancy profiles between common maintained and lost

borders in BEAF-32 KD and Cp190 Chrom KD. The full list of datasets used is provided

in Appendix 2.1.

During ChIP, the fragments enriched of specific binging sites are isolated from DNA

using appropriate protein-specific antibody (IP samples). The number of fragments

obtained in IP samples are generally compared to the input control samples where the

DNA fragments are either (1) cross-linked and sonicated under the consistent condi-

tions as the IP samples, or (2) selected using IgG antibody that picks fragments without

specific preference. For IP samples, it is expected that the fragments enriched with

specific protein are detected more often than the non-enriched fragments. For input

control samples, the detection is expected to be approximately flat for both enriched

and non-enriched fragments. The log2 ratio values (M-values) computed between the

intensity of fragments obtained from IP and input control samples are generally used

to indicate the enrichment: the positive values indicate fragments detected more in

IP than in input control samples (factor enrichment) while the negative values indicate

fragments detected more in input control than in IP samples (factor depletion).

A comparative analysis of maintained and lost borders for each selected epigenetic

factor is relatively straightforward as we compare profiles within the same biological

sample. However, when comparing ChIP profiles within the same class of borders

but produced for different proteins enriched, additional pre-processing schemes are

required as signal-to-noise ratio varies between samples. We proposed the following

algorithm which includes the profile extraction, cleaning and normalisation in order to

further make trustful conclusions about protein enrichment differences.

1. We start with the extraction of M-values within 5 Kb window binned at 100 bp around

selected wild-type TAD borders. A TAD border is represented as a single position when

it is more like a boundary, so functionally relevant protein or factor can bind border

within the region.
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2. Negative values indicate non-enrichment independently on the exacted value. One

of the possibilities is to replace all negative signals with zero for further analysis simpli-

fication. However, we decided to include negative values into processing as we want

to use them for further clustering.

3. As M-values are computed based on log2 ratio, the large difference in IP signal in-

tensity and input control signal intensity may produce outliers. Some regions cannot be

uniquely mapped to the genome, for example, because of short length or association

with transposable elements. These regions may be considered to be less functional

and some researchers exclude them from the analysis. Instead of ignoring regions

that produce outliers, we prefer to winsorise them. We select the cut-off points for

positive and for negative signals separately: we define 5%-quantile of negative signals

as down cut-off point and 95%-quantile of positive signals as up cut-off point. There

is the possibility that enrichment signals are distributed around zero, so cut-off points

will be selected to be 0 or very close to zero (lies within the -1 to 1 interval). For such

ChIP profiles, we replace the up and down cut-off points with maximum and minimum,

respectively.

4. Positive signals are scaled by the reciprocal of the up cut-off point and negative

signals by the reciprocal of the down cut-off point. The signals of the resulting datasets

belong to the -1 to 1 interval. Thus, the distribution within the profiles can shed light on

occupancy strength: when a large amount of signals within the window are allocated

next to 1 it means that the factor is strongly enriched; when large amount of signals

within the window are allocated next to 0 and below it means that factor is strongly

depleted.

2.3.6. Clustering plots visualise comparisons between enrichment profiles

We obtained occupancy profiles for maintained and lost borders at 50 epigenetics fac-

tors (Figure 2.9, 2.13, 2.14 and 2.15). As the number of profiles is huge and com-

plicated to analyse simultaneously, we introduced an intuitive and simple clustering

procedure that assigns the ChIP enrichment to the one of six groups: no, extra low,
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low, medium, high and extra high enrichment (Figure 2.8.A). We extract ChIP signals

summarized over 5 Kb window for each selected TAD border across all profiles and

define 50%-quantile of positive summarized signals as positive cut-off value that dis-

tinguishes enrichment level from medium and high. The set of rules to annotate the

enrichment class to the profile is the following:

1. no enrichment: both median and 3rd quartile are less than zero.

2. extra low: median is less than zero while 3rd quartile is greater than zero (3rd

quartile may be greater than positive cut-off as well).

3. low: median and 3rd quartile are between zero and positive cut-off (1st quartile may

be as negative as positive).

4. medium: 3rd quartile is greater than positive cut-off while the median is between 0

and positive cut-off (1st quartile may be as negative as well as positive).

5. high: median is greater than a positive cut-off while the 1st quartile is less than a

positive cut-off (1st quartile may be less than 0 as well).

6. extra high: 1st quartile is greater than positive cut-off.

We provided the example of clustering algorithm performance for some selected

histone modifications (Figure 2.8.B). We can notice that clustering plot (heat map)

efficiently reflects the significant differences in box plot distributions. Corresponding

cluster plots are also added to (Figure 2.9, 2.13, 2.14 and 2.15) in order to simplify

the comparative analysis of epigenetic factors enrichment at maintained and lost TAD

borders.

2.3.7. Enrichment patterns are distinct for maintained and lost TAD borders

Architectural proteins. We considered maintained and lost TAD borders that were

present in both BEAF-32 knockdown and Cp190 and Chro double knockdown mutants.

Selected borders demonstrated enrichment of at least one of the insulation proteins

BEAF-32, Cp190 and Chro in accordance with our expectations as we left only direct

targets (Figure 2.9). BEAF-32 was found at half of the maintained borders while Cp190

and Chro were present in approximately all borders. This finding supports the idea of
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Figure 2.8. ChiP occupancy clustering algorithm. A. Schematic representation of relative

allocation of average ChIP occupancy signal within 5 Kb window extracted at each TAD border

in different enrichment clusters as described in the main text. B. Boxplots of average ChIP

occupancy signal of selected histone modifications extracted within 5 Kb window at maintained

and lost TAD borders. Heatmap represents the clustering plot produced by algorithm. Darker

color indicate higher ChIP enrichment. We performed the Mann-Whitney U test. We denoted

p-values as: n.s. ≥ 0.05, * p-value < 0.05, ** < 0.01 and *** < 0.001.
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another recruiter protein for Cp190 and/or Chro to maintain chromatin topology. We

did not observe connection between Cp190 and JIL-1 binding the same way as they

colocolise at interbands regions during interphase (Rath et al. 2006), however, JIL-1

showed the depletion strictly at maintained TAD borders while it was present within the

5 Kb window. In (Wang et al. 2001), it was proposed that JIL-1 activity establish more

open chromatin to facilitate gene transcription (Figure 2.9.B). Cp190 also did not show

the strong colocolisation with Su(Hw) and mod(mdg4) as in gypsy insulator complex

- only a weak connection between Cp190 and mod(mdg4) at the maintained borders

depleted of BEAF-32 (Figure 2.9.C). At the same time, protein mod(mdg4) can directly

bind DNA, recruit Su(Hw) and mask its repression activity (Melnikova et al. 2003). So,

absence of Su(Hw) and presence of JIL-1 indicate about the possible association be-

tween active chromatin state and maintenance of the borders when BEAF-32, Cp190

and/or Chro are removed. Within the lost borders, BEAF-32, Cp190 and Chro were

also enriched in wild-type cells but did not show strong colocalisation at TAD borders

and were allocated around the borders. Also, we did not observe significant enrichment

of JIL-1, Su(Hw) or mod(mdg4).

We observe the high CTCF enrichment at some of the maintained borders (approx-

imately half of them) while Cohesin subunits Rad21, Nipped-B and Smc1 are highly

enriched at the majority of maintained borders (Figure 2.9.D). It possibly reflects the

situation when Cohesin is loaded on chromatin which is stressed due to active tran-

scription, but, in absence of CTCF that stops the loop extrusion, Cohesin dissociates

and the loop anchor fragments would break the contact. As a result, the amount of

peaked TADs are expected to be less than non-peaked ones, in consistent with pre-

viously published reports (Matthews and White 2019; Rowley et al. 2019). However,

we are limited in making a proper conclusion on this hypothesis as we require the ori-

entation of CTCF to understand whether Cohesin stops at maintained borders or not.

Interestingly, another Cohesin subunit SA also shows a high level of enrichment within

5Kb window but the signal is not centered as for other subunits. Regions where we

observe the enrichment of SA seems to be enriched with Rad21, Nipped-B and Smc1
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as well. The difference in patterns possibly can be explained by the presence of active

promoters and enhancers at maintained borders: it has been previously shown that

SA does not occupy most of the active promoters, in contrast with Rad21, Nipped-B

and Smc1, but tends to occupy enhancers together with them (Pherson et al. 2019).

It is also supported by the enrichment of Fs(1)h which facilitates Nipped-B and Rad21

association with enhancers (Pherson et al. 2019). In addition, the enrichment pro-

file of insulator protein ZW5 does not reveal any specific patters (Figure 2.9.E). ZW5

was previously shown to interact with BEAF-32 (Blanton et al, 2003) and colocolise

with Cohesin (Zolotarev et al, 2016). As for BEAF-32, Cp190 and Chro, lost borders

are enriched with other architectural proteins from low to high level but without proper

colocalisation at the centre (Figure 2.9.F).

At maintained borders, we observed the intensive colocalisation of proteins which

form the Cohesin complex (Rad21, Nipped-B, Smc1, SA) along with Fs(1)h which fa-

cilitates the loading of Cohesin sub-units to enhancer regions. Strong association with

enhancers indicated the role of enhancer-promoter contacts and chromatin looping in

TAD formation.

Transcription and replication. Chromatin supercoiling caused by torsional stress

accompanying Pol-II transcription activity is a potential driver for loop extrusion and

TAD formation. Maintained borders have a high enrichment of Pol-II indicating the as-

sociation with active state (Figure 2.10.A). As well, MED1 and MED30 show strong

colocalisation at the centre of the profiles for maintained borders which also indicates

active transcription initiation. In addition, Orc2, which is essential for the initiation of

DNA replication, seems to occupy the centre of the profiles as well, but the difference

in occupancy strength is not significantly different from the lost borders. We also ob-

serve enrichment of Topo-II that surrounds TAD border regions but does not bind them

(Figure 2.10.A). Topo-II is a Type 2 topoisomerase that relaxes torsional stress allow-

ing intersegmental chromatin passages. In HeLa cells, it was shown that Type 2 Beta

topoisomerase interacts with CTCF and Cohesin at TAD borders (Uuskula-Reimand et

al. 2016) and we observe the same pattern here. These results indicates the potential
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role of supercoiling and active transcription at maintained borders.

We also notice moderate binding of GAF which is not strictly centered (Figure

2.10.B). GAF (also known as GAGA factor) is a pioneer sequence-specific binding fac-

tor that recognise (GA) repeated elements, binds introns and participate in transcrip-

tion elongation (van Steensel et al. 2003). In addition, GAF can recruit components

of chromatin-remodeling complexes such as NURF and ISWI to drive DNA opening

(Chetverina et al. 2021), however, not necessarily, as shown by (Tang et al. 2021)

on live Drosophila hemocytes. Note that in our case, binding of NURF301 and ISWI

seems stronger in both maintained and lost borders in comparison with GAF (Figure

2.12.A). Interestingly, joint binding of GAF and Pol-II can indicate the presence of Pol-II

pausing (Chetverina et al. 2021). Thus, mutations in GAF sequencing studied in (Lee

et al. 1992) led to a reduction in Pol-II pausing. However, the Pol-II pausing index

computed at maintained, lost and new borders confirmed only negligible differences in

Pol-II pausing (Chathoth et al. 2022).

The low level of enrichment of histones (H1, H2Av, H3 and H4) at maintained bor-

ders indicates the highly accessible DNA while slightly higher signal at lost borders

indicates less accessible DNA (Figure 2.10.B). Surprisingly, H2Av shows the moderate

presence around maintained borders without binding them. The histone H2A variant

was shown to be involved in euchromatic silencing and formation of heterochromatin

(Swaminathan et al. 2005). All together, the histones allocation around TAD borders

indicates open chromatin at the maintained borders which is surrounded by dense

chromatin.

The normalised RNA-seq signal around both maintained and lost borders did not

demonstrate noticeable changes in two knockdowns (Figure 2.10.C). In case of main-

tained borders this result was expected as we did not observe significant changes in

gene expression associated with conserved borders (Figure 2.3 and 2.6). In case of

lost borders, we might expect to notice some changes. However, as differentially ex-

pressed genes did not demonstrate specific preference in position within reorganised

TADs (Figure 2.5), loss of TAD border can correlate with changes in gene expression
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Figure 2.10. Transcription and replication associated factors enriched at TAD borders. A-

C. Profiles of architectural proteins around direct maintained and lost TAD borders that were

common in BEAF-32 knockdown and Cp190 Chro double knockdown. Profiles represent 5 Kb

region around selected borders. D. Clustering of the signal at direct maintained and lost TAD

borders as described in the main text. E. The nascent RNA profiles. The signal represent the

log10 of average signal retrieved from positive over negative strand. The red color represents

the transcription occured mostly on positive strand, the blue color represents the transcription

occured mostly on negative strand. F. The distribution of directionality scores computed as de-

scribed in the main text. Orange color represents the scores extracted at maintained borders,

blue color represents the score extracted at lost border. We performed a Mann-Whitney U

test to confirm the difference in distributions. G. The distribution of bidirectional, unidirectional

borders and borders with no transcription. H. The proportion of unidirectional and bidirectional

borders excluding the borders with no transcription indicated. We performed a Fisher’s exact

test and corresponding p-value is specified.

at a larger distance from this border.

Depending on where the nascent RNA is found - either on the positive or negative

strand - we can conclude whether we detect bidirectional transcription or unidirectional

one. In the case of bidirectional transcription, transcription machinery binds the ge-

nomic region but it can go downstream or upstream, while in unidirectional transcription

the machinery moves in single direction. We analysed the distribution of sifnals com-

puted as log10 of amount of nascent RNA retrieved from positive over negative strand.

Visually, the maintained borders seem to associate mostly with divergent transcription

while lost borders are more unidirectional (Figure 2.10.E). The line plots representing

the averaged signal within maintained and lost borders also confirms the association of

upstream and downstream regions from the maintained TAD borders with transcription

on positive and negative strands, respectively.

We also computed the directionality scores (Figure 2.10.F). We computed the mean

nascent RNA levels considering 500 bp window that were 500 bp downstream away

on the positive strand and 500 bp upstream away on the negative strand. Then, we

computed the directionality score as log10 ratio of mean nascent RNA on the posi-
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tive over negative strand. Borders with directionality score being lower than 0.47 were

classified as bidirectional (Chathoth and Zabet 2019). The value of 0.47 represents

slightly less than three times more transcription on positive strand than on negative

strand. Large share of lost borders did not show presence of any transcription, this

share was slightly less for maintained borders (Figure 2.10.G). However, the propor-

tion of bidirectional borders seems slightly higher than share of unidirectional ones

with no significant difference between maintained and lost borders (a Fisher’s exact

test p-value > 0.05)(Figure 2.10.H). The inconsistency between visual inspection and

statistical test can be associated with the relatively small amount of lost borders - we

detected only 24 out of 70 lost borders being unidirectional.

Active transcription seems to be a key player in the maintenance and formation of

TADs (Ulianov et al. 2016; Li et al. 2015; Rowley et al. 2017). In consistence with the

past research, we noticed that borders that survived BEAF-32, Cp190 and Chro deple-

tion were closely accompanied by the binding of other insulator proteins, transcription

factors, as well as open chromatin, while lost borders either were depleted with the

analysed factors or were from low to moderately enriched but not strongly colocolised

at the centre of the 5 Kb window (Figure 2.9 and 2.13). Given these observations, we

suspect that active chromatin state can possibly maintain the chromatin topology after

removal of important insulator proteins. In contrast, the lost borders did not have the

same association with transcription, so depletion of insulators can reduce the segrega-

tion strength between kilobase-scale chromatin domains.

Histone modifications. We can get a better understanding of the functional differ-

ence between maintained and lost borders looking at the presence or absence of spe-

cific histone modifications (Figure 2.11). According to the clustering (Figure 2.11.D), we

have modifications that demonstrate: (1) high enrichment in both maintained and lost

borders (H4K8ac, H3K18ac, H3K27me1, H3K79me2, H3K4me2, H3K27ac, H3K4me1);

(2) high enrichment at maintained but significantly reduced enrichment at lost borders

(H3K79me3, H3K4me3, H3K79me1, H2Bubi, H3K36me3); (3) moderate and low en-

richment at both maintained and lost borders (H3K36me1, H4K16ac, H4K20me1); (4)
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low or full depletion at maintained borders while the lost ones start to demonstrate low

enrichment (H3K23ac, H3K27me2, H3K9me2, H3K9me3); (5) both maintained and

lost borders are depleted with H3K27me3. However, histone modifications are not

found exactly at TAD borders and they occupy the surrounding regions.

The histone modification within the first three groups are mostly associated with

active chromatin state, so indicating the euchromatic regions. Histone modifications

H4K8ac, H3K18ac, H3K4me3, H3K27ac mark transcription start sites, so can be clas-

sified as promoter marks (Wang et al. 2008; Yang et al. 2012; Dong et al. 2012;

Taberley et al. 2016). Histone modification H3K4me2 marks active enhancers. Actu-

ally, histone H3 lysine K4 methylation (H3K4me1, H3K4me2, H3K4me3) is generally

associated with euchromatin and ongoing gene expression (Pekowska et al. 2011).

Then, H3K27ac can mark different states of enhancer regions depending on colocali-

sation with H3K4me1: when both modifications are present, we observe a signal from

active enhancer; when H3K4me1 is present but H3K27ac is not we observe a signal

from primed enhancer (inactive enhancer that is primed for future activation) (Calo and

Wysocka 2013). Another two modifications, H3K79me1 and H3K79me2, did not show

any specific preference for either active or silent genes so possibly indicating its biva-

lent function depending on presence or absence of specific factors (Steger et al. 2008).

Interestingly, the modification H3K18ac which were found to be enriched at enhancers

(Wolfe et al. 2021) seem to show moderate enrichment at both maintained and lost

borders.

In contrast, histone modifications mostly depleted in maintained borders are asso-

ciated with inactive, heterochromatic regions. H3K27me2 was involved in enhancer

silencing which prevents its transcriptional activity (Ferrari et al. 2014; Lee et al. 2015).

Enrichment of H3K27me2 together with H3K9me2 and H3K9me3 at lost borders indi-

cates the association with inactive heterochromatin. We also notice that H3K27me3

was approximatley everywhere depleted. H3K27me3 is a Polycomb mark: it allows

the loading of Polycomb repressive complex PRC1 which includes Pc and dRING pro-

teins, so leading to chromatin compaction and transcription pausing (Min et al. 2003;
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Figure 2.11. Histone modifications enriched at TAD borders. A-E. Profiles of architectural pro-

teins around direct maintained and lost TAD borders that were common in BEAF-32 knock-

down and Cp190 Chro double knockdown. Profiles represent 5 Kb region around selected

borders. F. Clustering of the signal at direct maintained and lost TAD borders as described in

the main text.
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