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Summary

A full understanding of the relationship between the density and

packing arrangements of chromatin in interphase mammalian nuclei and

epigenetic function at the nanometer size scale remains an elusive goal in

the field of chromatin biology. Over the last years great technical leaps

have been made through sequencing-based methods to address this ques-

tion. Advancements have also allowed research to bypass long-held op-

tical limits to resolve chromatin at a scale where its 3D topology can start

to be analysed.

The work in this thesis represents attempts at high-throughput data

mining of 3D SIM datasets, encoding rich nanometer-scale spatial infor-

mation from immunofluorescence detection of histone modifications and

key epigenetic markers relative to a chromatin landscape. To do so, an

automated and high-throughput image analysis workflow (ChaiN , for

ChaiN analysis of the in situ Nucleome) was developed.

Novel metrics for the quantitation and correlation of chromatin and

the 3D epigenome reveal a chromatin network of filaments at the size

scale proposed from sequencing approaches, and with segregated regions

of genomic activities as a function of chromatin accessibility (its density

and depth). Furthermore, ChaiN has allowed characterisation of the lo-

cal and global rearrangements of chromatin when subjected to replication

pressures or exogenous perturbation showing for the first time how indi-

vidual genomic markers are affected at different locations throughout the

chromatin network.

The model hypothesised from these results tries to reconcile previous

data obtained from Hi-C population ensemble studies and in silico mod-

elling, to single cell observations at super-resolution.





CHAPTER 1
Introduction

1.1 The hierarchical organisation of the genome

The three-dimensional (3D) organisation of chromatin in interphase nuclei is

increasingly understood to be an important epigenetic regulator of genome

function. Such understanding comes from decades of meticulous studies,

from early evidence that DNA in the nucleus encodes genetic inheritable in-

formation (Hershey and Chase, 1952). The interest in the study of the nuclear

compartment has grown exponentially as further evidence has mounted in

the decades since about the importance of DNA, not just for hereditary of

traits, but also as a physical molecule that can respond to internal and envi-

ronmental stimuli. The plasticity and capacity to seemingly “override” the

final expression of hard-coded genes by mechanisms in the nucleus has since

lead to the blossoming field of “epigenetics”, currently proposing a variety of

DNA biology models to explain observable genome regulation paradigms.

It has become clear that control of the genome does not occur through a

single centralised mechanism but by layers of mechanisms. Indeed reliance

on a singular pathway would be a risky strategy when considering the value

of correct interpretation of the genome. The genome is thus organised in a

1



2 CHAPTER 1. INTRODUCTION

way that allows multiple checkpoints and controls to act in unison. In this

way, mutations which may affect any single control mechanism have their

effect reduced by the compensating action from any other checkpoint.

The regulation of genome function is also now known to be hierarchical

(Figure 1.1)(Gibcus and Dekker, 2013). Starting with simple motif-specificity

based on Watson-Crick pair recognition, to the simultaneous firing of multi-

ple neighbouring origins of replication in small domains (Pope et al., 2014)

up to whole chromosomal interactions with the nuclear lamina (Guelen et al.,

2008). The existence of some previously described architecture is now ques-

tioned, and debate is ongoing on the nature of higher order organisation at

the megabase scale beyond simple looping (Figure 1.1).

Genome organisation

At the simplest level the whole genome is encoded in four nitrogenous bases:

adenine (A), cytosine (C), guanine (G), thymine (T). A 3 base codon system

which redundantly encodes the 20 naturally occurring amino acids is tran-

scribed to mRNA by the action of RNA polymerase enzyme complexes in

a process known as transcription. The mRNA is exported from the nucleus

where it is read and translated to polypeptide chains by ribosomes in con-

junction with tRNA. This central dogma of DNA biology is completed by the

action of DNA polymerase, duplicating the genome during the synthesis (S)

phase of the cell cycle, preparing a cell for division. This dogma is part of text-

books on the subject (Voet and Voet, 1995; Alberts et al., 1983). The minutia of

these mechanisms are a point of continued investigation but fall beyond the

scope of this introduction.

The open reading frames (ORFs) of genes are directly under the control

of promoters. Promoters are sequence-specific motifs regulating specificity

and strength of binding-interactions between the RNA polymerase (RNAP)

and the upstream region of the gene (involved in transcriptional initiation).

There are many different promoter motifs, for weak vs strong expression or
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Figure 1.1: The genome in higher dimensions. Schematic of dimensions
of genome organisation beginning from double stranded DNA at 0.1 nm, to
10 nm chromatin fibre up to full mitotic chromosome architecture. Mid-scale
organisation at 30 nm to 100 nm during interphase is still under debate. Figure
adapted from Richard Wheeler (Creative Commons Attribution).



4 CHAPTER 1. INTRODUCTION

constitutive vs temporally restricted expression. However there is still only

three canonical RNAPs (I/II/III).

The bridge between these DNA elements and the transcription machin-

ery is composed of transcription factors (TFs) which have domains that can

recognise specific promoters and other domains to recruit RNAP. The most

common are “general TFs” (GTFs) which are required for basal transcrip-

tion. These are the TFII-A/B/E/F/H TFs (Thomas and Chiang, 2008). TFs

add an immediate layer of complexity to this one-dimensional regulatory

paradigm. Although many TFs do act to upregulate transcription through

increased promoter-RNAP contact, many TFs act as antagonists of such in-

teraction. Furthermore as previously suggested, many TFs are expressed as

required after endogenous or exogenous cues for a short period of time. For

example, the Hox gene cluster TF in embryonic development (Moens and Sel-

leri, 2006; Lobe, 1992; Pawson, 1993; Shamovsky and Nudler, 2008; Benizri

et al., 2008).

In eukaryotes a core promoter of the RNAP type II (responsible for tran-

scribing most mRNA) is composed of the transcription start site (TSS, +1),

RNAP binding site, and TF binding sites (Juven-Gershon et al., 2008). One

of the most well known of these TF binding sites is the TATA box. Approxi-

mately 24% of human gene promoters contain this motif (Yang et al., 2006) and

it is found not just in eukaryotes but also in archaea (Kadonaga, 2011). Bac-

teria also have short consensus sequences upstream of genes, most notably

the -10 Pribnow box (TATAAT) and the -35 element, separated by 17bp with-

out consensus sequence (Pribnow, 1975). Other promoter not immediately

upstream of the TSS are also found. These are generally termed “proximal”

for promoters approximately 250bp upstream of the TSS or “distal” for any

genomic distance further upstream.

Genes are not the only genomic element. In fact, of the approximately

19,000-20,000 protein coding genes found in the human genome (Ezkurdia

et al., 2014) all their exons together make up only <2% of the genome (Con-
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sortium, 2001). At first the remaining ~98% of the genome was considered

junk, however we now know of the existence of many essential non-protein-

coding sequences. Between genic exons lie the introns, making up a large

portion of the genome, ~26% (Gregory, 2005). At least 8% (Consortium, 2012)

maybe as high as 20%-40% (Stamatoyannopoulos, 2012) of the genome is com-

posed of regulatory sequences of gene expression, eg: enhancers. And studies

performed by the ENCODE consortium in the last 5 years suggests that the

percentage of transcribed genome (genome which is bound by regulatory pro-

teins or has other known function) may be as large as 80% (Stamatoyannopou-

los, 2012). It is worth pointing that not all transcription may be biologically

relevant and some may be due to unspecific polymerase activity (Palazzo and

Akef, 2012).

Studies of comparative genomics have also found 5% of non-coding DNA

to be highly conserved (Nix and Eisen, 2005), with much of these being com-

posed of macro-scale structural elements of chromosome anatomy: anchor-

ing points for spindle kinetochores in cellular division (centromeres, Pluta

et al. (1995)) or hexanucleotide repeats which protect erosion of the ends of

linear genomes after replication (telomeres, (Mondello and Scovassi, 2004)),

respectively. There are of course many legitimate transcribed but not trans-

lated RNAs whose role is also vital to cellular maintenance. Many transcribed

RNAs have roles as ribosomal and transport RNA (r/tRNA) (Iyer et al., 2015)

used in translation, micro and short nuclear RNA (mi/snRNA) for RNA si-

lencing and post-transcriptional splicing and regulation (Ambros, 2004; Eddy,

2001) as well as long non coding RNA (lncRNA) (Managadze et al., 2013).

Pseudogenes, non-functional copies of actual genes, are also present in the

genome totalling ~13,000, constituting ~1% of the genome (Pei et al., 2012).

By far the largest proportion of the genome is made up of repetitive and or

mobile genetic elements comprising up to ~50% of the genome. These highly

variable, low complexity regions often occur in tandem and have been his-

torically exploited as markers for forensic and paternity DNA analyses (Tre-
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angen and Salzberg, 2011). Transposons (transposable DNA elements from

viral genomes) can replicate copies of themselves and insert at distant sites

throughout the host genome, for example the Alu transposon, with ~50,000

copies found throughout intra/inter-genic regions (Bennett et al., 2008).

The precise figures of all these elements is still highly contested, but the

orders of magnitude give a decent estimate as to their true representation on

the linear genome.

First dimension of epigenetics

The DNA molecule is well suited to encode every gene, gene variant and reg-

ulatory sequence with room to spare and it is also robust enough for the faith-

ful transmission of information from parent to progeny. However, it does

pose challenges for its recurrent use by organisms. Firstly, DNA is an ex-

tremely large molecule; all the DNA from every chromosome in a single nu-

cleus would be approximately 2 m long, yet it must be packaged in nuclei

which are in the order of 10 µm to 20 µm in diameter and 4 µm to 15 µm tall

for adherent epithelial diploid cells. Even with its narrow width of just 2 nm,

the density of DNA packing is very high. Many textbooks still display an

artistic representation of a random and disorganised interphase genome akin

to a tangled string or a bowl of spaghetti. Nevertheless, if random packing

would be employed it would be difficult to organise the genome such that

functionally similar genomic regions could be read and processed efficiently.

Furthermore, as individual chromosomes must be repeatedly compacted for

division, random packing would not result in efficient sub-grouping of the

nuclear compartment to facilitate this process.

It is now known that the basic unit of DNA packing is the nucleosome. Nu-

cleosomes are composed of an octamer of two sets of core histones (histone-

domain-containing proteins: H2A, H2B, H3, H4). DNA is spooled around the

nucleosome such that 146bp are in contact with its circumference as well as

at least an additional 10bp of non-nucleosomally wrapped DNA, acting as a
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linker between neighbouring nucleosomes (Figure 1.2(a))(Luger et al., 1997).

The size of the linker region is variable but has a average length of 20bp and re-

mains under 80bp. The linker histone H1 protein (although not a true histone

given its lack of histone fold domain) binds to the inter nucleosomal DNA to

stabilise this region (Ramakrishnan et al., 1993). DNA sequentially wrapped

in nucleosomes leads to the “chromatin” fibre. A 10 nm thick fibre whose ap-

pearance in electron micrographs when first studied resembled “beads on a

string” (Figure 1.2(b))(Olins and Olins, 1974).

Histones contain unstructured N-terminal domains that are susceptible to

post translational modifications (PTMs) by chromatin remodeller enzymes.

The deposition of a diverse range of chemical moieties such as acetyl (Ac),

methyl (Me), phospho (Ph) and ubiquitin (Ub) groups in combination with a

diverse number of positions along these N-terminal tails have been shown to

directly regulate genomic activities at these sites, leading to much investiga-

tion over the years on this “histone code”(Figure 1.3).

Acetylation is the result of histone acetyl transferases (HATs) and is re-

moved by histone deacetylases (HDACs). Acetylation is known to conduce

a more open chromatin environment, euchromatin. This is thought to be the

product of neutralising the positive charges on the arginine (R) and lysine (K)

amino acids of the N-terminal tails which could otherwise serve to stabilise

DNA-nucleosome interaction from multiple Rs and Ks to the negative DNA

backbone. Acetylated nucleosome tails extend further away radially from the

nucleosome, also decreasing the efficiency of nucleosome packing.

Methylation is also known to occur in both R and K amino acids, but its

functions are far wider. The methylation of certain lysines are to date the most

studied, but even so a comprehensive understanding of their roles continue to

elude consensus. A factor compounding the complexity of the histone code is

its non-linearity. The position of the PTM relative to the tail’s end has no cor-

relation to function or strength, and neither do the number of the same PTM

on the same amino acid. For example, the mono-methylation of lysine 9 on
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(a) Nucleosome assembly

(b) Beads on string

Figure 1.2: Histones and nucleosomes. (a) Nucleosome octamer made from
a tetramer of two H3-H4 (blue and green, respectively) histone dimers and a
tetramer of two histone H2A-H2B (yellow and red, respectively) dimers. Inset
shows DNA (grey) wound around the nucleosome. Image Source: Richard
Wheeler (Creative Commons Attribution). (b) Electron micrograph of chro-
matin fibre showing DNA wound around nucleosome octamers in what can
be described as “beads on a string”. Modified from Chris Woodcock - Cell
Image Library 709 (Creative Commons Attribution).
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Figure 1.3: Histone PTMS. Schematic of covalent histone post-translational
modifications (PTMs): methylation (Me), acetylation (Ac), and ubiquitina-
tion (Ub). Histones are modified on the N-terminal tails changing the in-
teraction between DNA (grey) and the nucleosome and between DNA and
DNA-binding proteins. Modified from Cui and Miao (2010)

histone 3 (H3K9me1) is conductive to genomic activation, while subsequent

methylations cause repression (Figure 1.3, green)(Barski et al., 2007). Over

4000 known individual histone PTM are found on gene promoters in total

throughout the genome. But in fact, the combinatorial mathematics suggests

an order of magnitude of over 1011 possible combinations (taking all known

levels and types of modifications and the amino acids which can be modified).

Within all these possibilities a set of 17 PTM are present together in over 3000

genes (Wang et al., 2008). What biochemical elements contribute to the molec-

ular recognition of histone PTMs by chromatin readers and writers is still an

open question (Wang et al., 2010) and it is not known whether further strong

correlations of PTM patterns will ever be found.

The remodelling of the chromatin fibre by histone PTMs can lead to eu-

chromatin and heterochromatin (Dillon and Festenstein, 2002). These names
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are vestigial remnant of their first description as bands of different intensity

(heteropycnotic, weaker or stronger, respectively) of Giemsa band staining in

cytogenetic karyotyping experiments (Passarge, 1979). Euchromatin tends to

replicate in early S phase and it is more sensitive to nuclease digestion than

heterochromatin, possibly due to the lack of protection offered by the steric ef-

fect of tightly packed nucleosomes and their N-terminal tails. Euchromatin is

also generally gene-rich and the proportion of genes transcribed in this enviro-

ment is relatively high. Heterochromatin on the other hand is characterized by

a denser nucleosome array. It is replicated in late S phase and hypo-sensitive

to nuclease activity. Facultative heterochromatin is comprised primarily of

tissue-specific genes and can be re-organised to euchromatin through the ac-

tion of developmentally regulated and tissue specific chromatin remodellers.

Constitutive heterochromatin is often gene poor, and correlates to repetitive

satellites of the linear genome, often located at sites of structural non-coding

DNA regions (eg: at pericentromeric regions) .

2D epigenetics

The organisation of DNA to a 10 nm fibre compacts the length occupied by the

genome by over 7 times, yet even this compaction is by far not enough to fit

lengthwise in nuclei. Additional levels of higher order chromatin structure are

required. Replacing histones by protamines is an effective way to achieve the

required compaction. This is the mechanism employed by mammalian sperm

cells. However, when considering this organisation it is worth noting that

the high degree of compaction which results from exchange to protamines is

almost crystalline in nature. The rigidity and tight packing makes for a high

hydrodynamic structure, excellent for transporting the genetic material, but

also prevents practically all protein-DNA interaction. During interphase in

diploid somatic mammalian cells, this organisation would not be compatible

with the many genome processes that must take place.

The 10 nm chromatin fibre is proposed to be arrayed into a 30 nm solenoid
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fibre, stabilised by the local addition of excess H1 linker (Figure 1.1)(Robinson

et al., 2006). This fibre has been found in vitro from electron micrographs and

is thought to be the compact state chromatin takes when packaged as hete-

rochromatin. Chromatin remodelling may remove sufficient nucleosomes to

destabilise the 30 nm solenoid, making DNA accessible to the action of DNA

interacting enzymes (Smith and Peterson, 2005). Debate about the occurrence

of the 30 nm fibre in normal cell physiology is still ongoing as it has not been

found in vivo (Hansen, 2012). Further solenoid-based supercoiling has been

proposed from the 30 nm fibre as 100 nm to 250 nm wide fibres, coiled again

into a 700 nm fibre (the chromonema model, Figure 1.1) (Woodcock et al., 1976;

Belmont and Bruce, 1994), . However, with the existence of their smallest sub-

unit, the 30 nm fibre, in question it is possible these supercoiled structures

may only be achieved in silico or under extreme non-physiological conditions

in vitro.

At the very least, chromatin must fold loops in two dimensions. This is

true because of the nature of genomic elements called enhancers. Enhancers,

as their name suggests, act on promoters to enhance their transcriptional out-

put. However, it has been shown that enhancers may act on specific promoters

from over 1Mb upstream or downstream from the TSS in both eukaryotes and

prokaryotes alike (Kulaeva et al., 2012). These expanses of genome simply

cannot be bridged by any protein complex in 1D. Organization into flexible

loops could bring enhancer and promoter elements together in 2D space (Fig-

ure 1.4). Yet flexibility does give freedom for enhancers to potentially interact

with many multiple promoters, which may not be desirable. The discovery of

the presence of genetic insulator elements as boundaries between enhancers

and promoters in 1D, which also block their interaction in 2D gives cells addi-

tional epigenetic control in the latter dimension (Burgess-Beusse et al., 2002).

One of the best examples of loop control of gene expression comes from the

haemoglobin gene cluster (Figure 1.4(a)). The globin protein variant changes

during development from predominantly ε in primitive erythroid cells, to
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(a) β-globin locus

(b) ACH

Figure 1.4: 2D chromatin looping. (a) Enhancer(green)-promoter(blue/red)
interactions in 2D space at the β-globin locus in mouse foetal liver cells . (b)
Active chromatin hub (ACH) rearrangement during distinct developmental
stages. Changes in the enhancer-promoter interaction causes change in the
transcriptional programme of the β-globin locus. Adapted from Dean (2005).

β and δ in adult liver cells (Grosveld et al., 1993). However, some adults

suffer anaemia in the form of β-thalassemia, despite having a non-mutated

β locus (Van der Ploeg et al., 1980). It was found that these patients had

perturbed genomic sequences upstream of the globin gene cluster, in a region

which became known as the locus control region (LCR) (Kioussis et al., 1983),

which was also shown to be hypersensitive to nuclease degradation (i.e.: in an

open euchromatin conformation) in erythrocytes (Tuan et al., 1985). The LCR

is now known to contain enhancer elements, but may only act upon a single

target gene through long range looping (Wijgerde et al., 1995). The distance

between the LCR and the target gene is negatively correlated to the effect of

the LCR on this gene, and offers a clear explanation as to why the genes in

the globin locus are in the order they occur during development as they ap-
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pear downstream of the LCR (Hanscombe et al., 1991). The globin locus pos-

sesses sufficient distance between the LCR and the gene cluster to allow the

required looping, but the act of forming interactions with any single one of

the loci greatly reduces the chance of a looping interaction with any of the

other competing loci. In mice, the looping structures formed are termed the

“active chromatin hub” (ACH) (Palstra et al., 2003) and genetic experiments

confirmed the strong correlation between β-globin expression levels and the

appearance of favourable LCR to β-globin locus interactions at the ACH (Fig-

ure 1.4(b))(Simonis et al., 2007).

Beyond this specific example, evidence for the formation of long-range

loops of ~100kb on average is increasingly abundant. Its correlation with

transcriptional enhancement has led to models of “transcription factories”;

regions in which a complex formed from aggregation of actively transcribing

RNA polymerases spool multiple chromatin loops from a central foci (Iborra

et al., 1996; Cook, 2002). Multiple genes being transcribed from different loci

at the same factory is hypothesised to cause looping between these genomic

regions. However, there are various unknowns to this model. Primarily, al-

though DNA is a thin molecule compared to the proposed sizes of transcrip-

tion factories, the chromatin molecule is still very large. It is difficult to rec-

oncile how transcription would pull whole chromatin regions to such a small

local event in the spooling manner described (Gavrilov et al., 2010), rather

than translocate itself along the DNA strand towards the rest of chromatin.

So far no known factors are involved in the immobilisation of RNAP to the

nuclear matrix to provide an anchoring support (Pederson, 2000). Secondly,

there is evidence that RNAP can transcribe genes on both + and - strands at

the locus it interacts with. The mode of action that allows this to occur relies

on free rotation of the transcription complex. A stationary RNAP would have

to employ yet-undiscovered transcriptional mechanisms to achieve this.
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1.2 3D architecture - Approaches to study higher order

epigenetics

Despite decades of work, very little is certain about the way chromatin folds in

single interphase cells at the “meso-scale”, beyond the 30 nm fibre, from tens

of nanometers up to the micrometer size scale. Sub-chromosomal features

above the micrometer scale (chromosomes, chromosome arms, centromeres)

are “large-scale” and have been characterised by decades of confocal imaging.

Over the last few years, great strides have been made towards addressing

these unknowns by the advent of new genomic and imaging technologies.

Nevertheless, even with state of the art instrumentation, open questions still

remain. The issue in part, stems from the complex nature of chromatin, the

limitations of all techniques currently employed to its investigation, and the

lack of cross-correlative studies between newly developed techniques. The

main tools in recent attempts to characterise meso scale interphase chromatin

organisation are discussed subsequently.

Chromatin capture methods

Current research in the field of chromatin biology is dominated by genomic

based techniques such as chromatin immuno-precipitation sequencing (ChIP-

Seq), and a variety of techniques based on chromatin conformation capturing

(3C)(Figure 1.5)(Dekker et al., 2002). These variants (4C, 5C and Hi-C) benefit

from the reduced cost of genome sequencing by the availability of massively

paralleled next generation sequencing methods (de Wit and de Laat, 2012).

Their high linear genomic resolution allows researchers to correlate chromatin

interactions with results on the cross-linked position of proteins, histone mod-

ifications, etc (ChIP-Seq). 3C studies have also proven useful in elucidating

the relative positioning of target sequences to other genomic features, such as

the promoter-enhancer interactions via looping discussed previously for the

globin locus (Tolhuis et al., 2002). This example is particularly true for 3C, a
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so called “one vs one” technique which works between a single pair of known

genomic loci (Figure 1.5(b), 3C). Furthermore 3C allows capturing of transient

chromatin interaction from an in vivo state (Carter et al., 2002).

3C-on-chip (4C) is an approach which only requires a priori knowledge

of one genome loci to generate contact frequencies from it to all other in-

teracting chromatin regions (Simonis et al., 2006). This makes it useful to

“fish” for unknown interactions, e.g.: of new enhancers and promoters, as

a “one vs all” method (Figure 1.5(b), 4C). 3C-carbon-copy (5C, an “all vs all”

method) requires the sequence of both chromatin regions studied to be known

but yields a 2D map of all interaction frequencies between these two regions

(Figure 1.5(b), 5C)(Dostie et al., 2006). However, 5C is not practical for as-

saying the whole genome as it would require primers in the order of mil-

lions to tens of millions. 5C is therefore always used for local regions as a

“many vs many” approach. Hi-C is a true “all vs all” method employing

high-throughput sequencing to map genome-wide chromatin-chromatin con-

tacts frequencies (Figure 1.5(b), Hi-C)(Lieberman-Aiden et al., 2009). The pair

of cross-linked regions which were in contact in situ can then each be aligned

against a reference genome (a prerequisite of the technique), and counted to

yield an individual pairwise contact. A pool of crosslinked genomes must

be assayed simultaneously to build up a tally of contact frequencies. This is

important in order to normalise true readout from noise.

Genomic studies using Hi-C, have shown that the linear genome is clus-

tered in 3D regions of ~1Mb in size on average. These have been termed

topological associating domains (TADs). TADs are regions of elevated chro-

matin contact frequencies over background levels (Lieberman-Aiden et al.,

2009). The TAD organisation has been shown to remain conserved for many

genomic loci across different tissues within an organism and, more strikingly,

across related species (Jost et al., 2016).

Another genomic based approach, Dam-Identification (Dam-ID), relies on

the introduction of an exogenous enzyme, the prokaryotic Dam DNA methyl-
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(a) Chromatin capture

(b) Conformation capture techniques

Figure 1.5: Chromatin conformation capture. (a) Protocol for fixation of
3D conformation in situ. (b) Differences in protocols for 3C, 4C, 5C and Hi-C
techniques which make each suitable for different experimental requirements,
from “one vs one” to “all vs all”. Adapted from Lieberman-Aiden et al. (2009)
and de Wit and de Laat (2012)
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(a) Hi-C correlation

(b) Hi-C interpretation

Figure 1.6: Hi-C. (a) Eigenvector heatmap of Hi-C data for chromosome 14
correlating gene density and DNAse sensitivity. Modified from Lieberman-
Aiden et al. (2009) and Selvaraj et al. (2013). (b) Schematic of general Hi-C
contact frequency heatmaps (top) showing a fractal pattern at various genome
scales. Corresponding schematic of 3D representations of Hi-C heatmaps (bot-
tom) showing chromosome territories down to the final unit of high chromatin
interaction frequency: Topologically Associating Domains (TADs). The 3D ar-
rangement of the meso-scale “A and B” sub-chromosomal compartments in
single cells is not as depicted from pure interpretation of Hi-C data. Adapted
from Phillips-Cremins (2014).



18 CHAPTER 1. INTRODUCTION

transferase (Greil et al., 2006). Dam-ID was developed for the identification of

chromatin sequences which have undergone transient interactions with a par-

ticular nuclear protein. By fusing Dam to a target protein e.g.: a lamin protein

of the peripheral nuclear lamina, any DNA within molecular distance to the

lamina becomes methylated (m6A) (Kind et al., 2013). Due to the fact that the

methyl mark is deposited by an enzyme of exogenous origin and it does not

occur naturally in mammals, it is not recognised by any endogenous readers

or remodellers of DNA methylation. Using the exogenous m6A marker the

Dam-marked DNA can be tracked (§2.5).

Parallel studies to Hi-C using a variant Dam-LaminB fusion have shown

that interactions between chromatin and the nuclear lamina also occur pref-

erentially in domains of ~1Mb, termed lamina associating domains (LADs).

Correlative bioinformatics on these datasets revealed a clear correlation be-

tween the domain boundaries of LADs and TADs, further supporting this

modular architecture. They have also revealed that LADs harbour mostly

heterochromatic environments, being gene poor with low expression levels.

LADs are not merely artefacts of chromatin at the lamina. Due to the phys-

ical limitation of the surface area of the lamina not all LADs detected from

a pooled cell population can be at the lamina in all cells. It has been shown

however, that despite becoming internalised, and away from the lamina, that

LADs retain their modularity. Many internal LADs reposition to the edge of

nucleoli, these are called nucleolar associating domains (NADs). NADs share

the same heterochromatic characteristics as LADs, being in fact composed of

a selection of the same domains and also have strong boundary correlations

with TADs.

On average TADs are flanked by sites of elevated insulator interaction in

1D. Given the role of insulators in dividing the genome into smaller domains

of synchronous regulation (discussed previously), it is easy to suppose that

their strong correlation with TAD boundaries (Figure 1.7(a)), confers individ-

ual TADs some degree of regulatory independence from their genomic neigh-
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bours (Perkel, 2015; Ong and Corces, 2014). Theories of DNA looping between

enhancer and promoters precede recent TAD characterisations, however the

same tools that enabled TAD detection have confirmed loops occur within

TAD loci. Loops interacting within TADs are hypothesised to be of a more

transient nature and therefore less stable than the whole TAD architecture.

In fact TADs remain stable during development and differentiation despite

looping rearrangements between enhancer and promoters within them. As

such, many now believe that TADs may represent the fundamental unit of

genome architecture, harbouring (and possibly facilitating) a defined number

of smaller transient looping interactions within them. Important evidence to

support this comes from work carried out on the deletion and translocation of

TAD boundaries (Lupiáñez et al., 2015). Due to the insulating environment at

TAD boundaries, most enhancers are not able to influence promoters across

them on the 1D linear epigenome. Removing the TAD boundary can there-

fore allow these interactions to occur, resulting in a non-physiological gene

transcription programme. One clear example is evident by the appearance of

polydactyl phenotypes in mammals (Figure 1.7(b))(Lupiáñez et al., 2015).

Of all insulators found at TAD boundaries, the CCCTC-binding factor

(CTCF) has been strongly implicated with the stabilisation of TAD architecture

(Phillips and Corces, 2009). Although the exact mechanisms of TAD formation

are still not known, there is strong evidence suggesting that looping caused in

part by the co-occupancy of CTCF with the cohesin protein may serve to de-

fine the ends of TADs on the linear scale (Figure 1.8(a))(Ji et al., 2016). Cohesin

derives its name from its role in the cohesion of sister chromatids during mi-

tosis or meiosis by the entrapment of chromatin in its ring-shaped complex

(Gruber et al., 2003).

The co-occupancy of cohesin and CTCF is important for the formation of

TADs and it is taken into consideration in the most current polymer models

of TAD formation. Of these, loop extrusion (LE), dynamic (diffusion-driven)

looping (DL) or Strings and Binders Switch (SBS) have been the strongest
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(a) TAD boundary insulator

(b) Phenotypes of boundary mutations

Figure 1.7: Insulation at TAD boundaries. (a) Grey box: Insulation at TAD
boundaries (red) prevents distal enhancer inter-TAD interaction, where TADs
are represented as triangles from one half of the mirrored Hi-C heatmap (right,
from Figure 1.6(b)). (b) Disruptive rearrangements of TAD boundaries such
as deletions, inversions and duplications are enough to cause polydactil phe-
notypes in the mammalian WNT6/EPHA4/PAX3 TAD architecture. Adapted
from Lupiáñez et al. (2015).
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(a) TADs and structural proteins

(b) TADs and transcription

Figure 1.8: Cohesin and CTCF. (a) Cohesin (Smc3 subunit) and CTCF are en-
riched at TAD boundaries when ChIP-Seq reads are aligned relative to TADs
called in silico (top). Ablation of each of them causes a break down of TAD
structure, shown by a decrease (blue) intra-TAD the chromatin interaction
frequency (bottom left and right) and increased (red) inter-TAD interaction
frequencies (bottom right). Adapted from Zuin et al. (2014). (b) Cohesin and
CTCF are also co-enriched with TSSs (left) at TAD boundaries and active tran-
scription of housekeeping genes (right). Adapted from Dixon et al. (2012).
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models. As DL and SBS have failed to gain the same degree of support from

both simulated and experimental data as LE in the field over the last few years

this introduction will focus on LE. For a comprehensive look at DL and SBS

see Bohn and Heermann (2010) and Nicodemi et al. (2008), respectively.

LE is able to simulate TADs in Hi-C contact frequency maps, as well as

sub-TAD features and scale up to replicate whole chromosome territory seg-

regation (Sanborn et al., 2015). The basis of LE is the unimpeded extrusion of

the chromatin fibre through a cohesin-based extrusion complex until a colli-

sion with a TAD boundary element (BE), predominantly CTCF (Figure 1.9(a)).

Collision and stallment of LE only happens if the CTCF motif is both bound

by CTCF and in the correct strand and therefore orientation relative to the LE

complex. Tension generated by multiple extrusions along the fibre condense

chromatin from a loose random conformation to an organised extruded glob-

ule (Figure 1.9(b)).

Cohesin and CTCF have high correlation with active transcription start

sites as these are also enriched towards TAD boundaries (Figure 1.8(b),Dixon

et al. (2012). It is therefore speculated that TSS and TAD boundaries should

be found preferentially at the surface of TADs, accessible to TFs and nuclear

components (Figure 1.9(c)). However, many questions still remain about the

nature of TADs in vivo in single cells. What is the internal organisation of a

TAD, and how is it maintained? What is the difference in organisation be-

tween TADs in active vs inactive compartments? How do TADs accommo-

date conflicting observations of nucleosome “clutches”?(Ricci et al., 2015), a

model that claims orders of magnitude fewer nucleosomes in a TAD-size vol-

ume than would be predicted from a megabase of DNA even at extremely low

nucleosomal packing densities.

All the genomics-based methods described are characterised by the need

to pool sequencing reads from a large population of cells, their average maps

do not output absolute 3D positions nor are they informative on spatio-

temporal associations in specific cellular states (as single cell variations are
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(a) LE model

(b) Extruded globule formation

(c) Sub-TAD organisation

Figure 1.9: Loop Extrusion model. (a) The extrusion complex associates
on the chromatin fibre and extrusion begins, pulling nearby CTCF motifs to-
wards it (i-iii). Encountering a CTCF-bound CTCF motif in the correct ori-
entation stalls extrusion of one flank but not of the other (iv). Note, the sto-
ichiometry of the extrusion complex is currently unknown and may range
from a single cohesin ring, a doublet (pictured) or bundles. (b) From top to
bottom: Extrusion at various locations across a disorganised fibre forms lo-
calised organised loops which generate tension shortening the whole fibre.
Eventually the fibre becomes organised into a TAD as an extruded globule.
LE predicts a somewhat fractal sub-TAD organisation. (c) Sub-TAD organi-
sation is currently unknown. Loops within TADs must be arranged in ways
to facilitate interaction between distal regulatory elements within a TAD and
whole TADs must be able to be re-organised as required by the cellular tran-
scriptional programme into active or inactive compartments. The relationship
between single TAD organisation and functional compartmentalisation (rep-
resented by nascent RNA) is still an open question in the field. The density
and nucleosome packing arrangement of TADs is postulated to contribute to
the overall accessibility of sub-TAD loci to nuclear proteins. Adapted from
Fudenberg et al. (2016) and Sanborn et al. (2015) NonCommercial Creative
Commons Attribution.
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not accounted for). They must therefore be interpreted in silico in order to

obtain models for relative chromatin architectures or orientations. Genomic

based approaches therefore can provide high functional information of rela-

tive contacts but lower absolute spatial information for single cells. The best

way to obtain concrete spatial relationships, is to look at them directly.

1.3 Microscopy and the genome

The supposed organisation of chromatin into distinct domains proposed by

the genomic techniques is backed up by early microscopic observations. Flu-

orescence microscopy, indeed microscopy in general has been one of the only

available methods to peer into chromatin organisation. Starting with the

discovery of cells, organelles (such as the nucleus) and the description of a

densely stained “chromatin” entity. Only recently have the decreased costs of

genome sequencing precipitated the explosion of genomics sequencing tech-

niques, mentioned previously.

When the entire genome is modelled with the globular nature of TADs

as base subunits, chromosomes remain in segregated environments and free

from knotting within and between them (Sanborn et al., 2015). This is directly

confirmed by the observed presence of chromosome territories (CTs, reviewed

in Cremer and Cremer (2001)) imaged with (FISH) DNA paint (Figure 1.10(a)).

One of the first demonstrated relationships between gene activity to chromo-

somal structure was a direct consequence of the discovery of the CT organ-

isation. When two chromosomes with distinct densities of active genes are

labelled using whole-chromosome paint (Croft et al., 1999; Cremer et al., 2003;

Bolzer et al., 2005) their radial locations show a clear separation. Gene-rich

chromatin is preferentially found at the nuclear interior, while gene-poor chro-

matin at the periphery (Figure 1.10(b)). This has since been confirmed through

further imaging experiments including the translocation of chromatin to ec-

topic chromosome regions (Matarazzo et al., 2007).
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(a) Chromosome paint

(b) Radial position of CTs

Figure 1.10: Chromosome territories. (a) Chromosome paint reveals sep-
arated chromosome territories (CT) which are now also visible in Hi-C ex-
periments as higher intra-chromosomal than inter-chromosomal contacts.
Adapted from Cremer and Cremer (2001). (b) The position of these CTs are
non-random. Higher gene density (chromosome 19) resulting in CTs prefer-
entially found at the centre of the nucleus and gene poor CTs (chromosome
18) preferentially at the nuclear periphery. Adapted from (Croft et al., 1999).
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Imaging of in situ DNA replication (observed via the incorporation of

labelled or traceable nucleotide homologues) reveals a punctate pattern

throughout the nucleus (Nakayasu and Berezney, 1989; O’Keefe et al., 1992;

Jackson and Pombo, 1998; Schermelleh et al., 2001). Studies on the linear

genome have shown that multiple replication origins fire almost simultane-

ously within clusters (average 4-5 origins per cluster). These clusters occupy

~0.8Mb, termed replication foci (RF) or constant timing regions (CTR). For an

in depth review see Rhind and Gilbert (2013). The 3D separation of where the

majority of these RFs occur throughout S phase bares striking similarities to

the nature and position of CTs, LADs and NADs. During early replication low

density, gene rich RF fire. These can be observed throughout the interior of

the nucleus but excluding the periphery and nucleolar surfaces. During mid

replication stages the opposite is true, with RF firing at the nuclear lamina

and around nucleoli. Finally the RF pattern focuses on the densest chromatin,

such as chromocentres in the mouse nucleus. This suggests a link between

RFs, gene density and LADs/NADs.

Further evidence is supplied by bioinformatics studies which have demon-

strated a strong correlation between the alignment of the genomic boundaries

between early and late RFs to TADs (Pope et al., 2014). In light of the congru-

ence of evidence from many assays the emerging picture is suggestive of a sin-

gle unit of genome organisation which may be termed TAD, LAD, NAD or RF

depending on the technique used. Although not all TADs, LADs, NADs and

RFs have perfectly aligning boundaries it is worth pointing that all domain-

calling software used in their characterisation is trained from data of millions

of pooled genomic topographies, yielding an average. Cross correlative stud-

ies in single cells using multiple techniques may not be feasible currently, but

if achieved may prove useful in testing such hypothesis.

Further investigation of the 3D arrangement of chromatin at the TAD scale

and its relationship with DNA-interacting factors and histone PTMs is es-

sential to understand the fundamental biochemistry behind genomic regu-
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lation within the nucleus. Yet, microscopic chromatin TAD topologies remain

largely unexplored by conventional fluorescence microscopy techniques as

these lack the capacity to resolve such structures. The implementation of

super-resolution microscopy techniques able to bypass previous resolution

limits, will become instrumental for the characterisation of chromatin at these

scales.

Super-resolution microscopy

The last few years have led to many useful advances in microscopy for the

study of chromatin. New and improved dyes and labelling methods let us

examine sub-chromosomal regions of the genome for longer, in multiplex and

even in vivo. Even more significantly, has been the seminal development of

super-resolution microscopy techniques. Fluorescence microscopy, as all mi-

croscopy based on the electromagnetic spectrum, is limited by Abbes difrac-

tion limit. Ernst Abbe estimated in 1873 that the limit of resolution of any

microscope d could be give as a relationship between the wavelength of the

propagating wave λ, and the numerical aperture NA of the objective lense.

Where the NA is proportional to the refractive index of of the medium n and

the half angle θ from the lens to the focal point.

d ≈ λ

2n sin θ
=

λ

2NA

The NA can be pushed to 0.9/1.2/1.3/1.4 in air, water, silicon and oil, re-

spectively, with state of the art oil-immersion optics; a maximum resolution

is approximated by λ/2.8. What this means for microscopes using the visible

spectrum is that the highest resolution possible is ~200 nm using Rayleigh’s

formula (or ~142 nm with Abbe’s formula) for the smallest wavelength used

(blue, ~400 nm) and up to 300 nm for the longer wavelengths (red, ~600 nm). It

is important to note that this represents the maximum theoretically achievable

resolution under optimal conditions. In practice, this is almost never obtained

due to contrast and aberration limitations. These compounding factors be-
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sides wavelength-dependent resolution affect the quality of all microscopy

techniques discussed subsequently, particularly contrast for 3D SIM stripe

generation.

Structures in chromatin organisation at the proposed TADs scale fall just

below the diffraction limit of fluorescence microscopy. The only way to in-

crease resolution therefore is to move away from optical microscopy based

on the visible spectrum to parts of the electromagnetic spectrum of intrin-

sically smaller wavelengths (such as X rays), or to use electrons. While the

resolution for these techniques can extend to the sub-nanometer range they

suffer from limitations which restricts their use to fully explore chromatin ar-

chitecture. Firstly, they are expensive and secondly sample preparation is dif-

ficult, introducing artefacts if not done correctly. Electron microscopy (EM)

has the limitation that there are no dyes to generate a multiplex channel im-

age. Instead EM relies on electron-dense materials such as heavy metal ions

(e.g.: immuno-gold particles for target specific labelling) or on the differences

in electron-density of the targets (such as viral capsules on cell membranes).

This limits the use of experiments that can be done at this resolution assess-

ing the spatial relationship between two proteins of interest. Furthermore EM

has limitations of contrast generation as well as the preservation of structures

(unless employing cryo-EM). Finally, the cost for EM instruments place them

above the range of common laboratory tools, which has in turn lead to little

development in the production of automation of high-throughput analysis.

Optical fluorescence microscopy requires a less expensive set up and set of

reagents making it more convenient, thus in the last decade great pioneering

work was undertaken to bypass the diffraction limit, allowing research of the

nano architecture of chromatin to move back to fluorescence microscopy. The

implications of these achievements have been profound, and rightly recog-

nised in “The Nobel Prize in Chemistry 2014”.

Super-resolution microscopy can be achieved through several methods.

An in-depth explanation of all falls beyond the scope of this introduction

http://www.nobelprize.org/nobel_prizes/chemistry/laureates/2014/
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but can be gained from several reviews (Schermelleh et al., 2010; Fornasiero

and Rizzoli, 2014). Super-resolution microscopy can be divided in two main

camps, Near-field and Far-field techniques. Near-field include atomic force

microscopy and total internal reflection microscopy. Although these truly go

beyond the diffraction limit (by exploiting excitations from evanescent waves)

they are limited to a few tens of nanometers from the coverslip, making them

incompatible with studies of the large nuclear environment. Of the Far-field

techniques, three of the most known are PALM/STORM (pointillism based

single molecule localisation microscopy, SMLM), STED (stimulated emission

depletion) and SIM (structured illumination microscopy).

Photoactivated localization microscopy (PALM)(Betzig et al., 2006),

stochastic optical reconstruction microscopy (STORM)(Rust et al., 2006), and

fluorescence photoactivation localization microscopy (FPALM)(Hess et al.,

2006) are the names given to a few technical set ups based on the princi-

ple of photoactivation for single-molecule detection. A single fluorophore,

if bright enough, can be detected with nm precision, however, when many

fluorophores are illuminated and excited simultaneously their point spread

function (PSF) of emission merge. By synthesising chemical dyes able to blink

in a non-continuous manner many images of single fluorophores can be ac-

quired consecutively (or sequentially) and all fluorophores localised to very

high precision. This is essentially temporal unmixing, using time as an added

dimension to separate nearby fluorophores in 3D, as the probability that the

same two neighbouring fluorophores being active in all images is very low. By

doing so, the resolution (or full width half maxima of localisation - FWHMloc)

becomes inversely proportional to the root of the number of photons acquired

(N ) (Bobroff, 1986; Thompson et al., 2002).

FWHMloc ≈
FWHMPSF√

N

Thus to achieve a high resolution (20 nm to 50 nm in X − Y and 100 nm in Z)

thousands of images need to be acquired, to increase the number of photons
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(a) 3D PSP comparisons

(b) FFT comparisons

Figure 1.11: Super-resolution. (a) Schematic point spread functions (PSFs) at
various emission wavelengths resolved from different super-resolution meth-
ods compared to each other and against deconvolved confocal laser scanning
microscopy (CLSM). Adapted from Schermelleh et al. (2010). (b) Fast fourier
transforms (FFTs) of PSFs empirically acquired for widefield (WF, A), wide-
field deconvolved (WFD, B), 3D-SIM (C), STED (D) and single molecule lo-
calisation microscopy (SMLM, E). Wider diameter denotes higher resolution.
Adapted from Demmerle et al. (2017).
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N (Figure 1.11). This increases bleaching and the length of exposure (to a few

minutes) also increasing phototoxic effects. A much higher resolution can be

achieved by combining this method with Near-field optics, down to a range

of 10 nm to 20 nm in X−Y and 10 nm to 25 nm in Z (Figure 1.11(a)), but this of

course is also not applicable to the study of micrometers of chromatin beyond

the coverslip.

Localisation microscopy has the highest resolution of all the super-

resolution techniques and has been useful in the study of synapsis for neu-

rodegenerative diseases in live cells Hoze et al. (2012). By far the greatest

drawback of this technique is not the number of images or the dedicated soft-

ware to reconstruct the super-resolved image but the availability and expense

of the dyes required. Furthermore, high density of labelling can start to en-

croach on the limit of temporal resolution leading to artefacts whereby lo-

calisations are placed at an average distance from two or more fluorophores

which could not be segmented from each other.

Stimulated depletion (STED) was first proposed in 1994 (Hell and Wich-

mann, 1994) and works on the principle of using a second beam to stimulate

the outer ring of the excitation beam from the ground state to the first state,

preventing spontaneous fluorescent emission. The effective volume of excited

molecules which can emit is artificially reduced by STED, leading to a smaller

PSF and higher resolution. The resolution d can therefore be controlled by the

width of the STED ring, being directly proportional to its intensity, I (West-

phal and Hell, 2005).

d ≈ λ

2 sin θ
√

1 + I
Isat

2D STED boast a typical resolution of 40 nm to 80 nm in X − Y (going below

40 nm in a best case scenario). 2D STED has no improvement in resolution in

Z over diffraction limited microscopy, with a resolution of 500 nm to 700 nm

(Figure 1.11(a)). A 3D STED set up is available (Harke et al., 2008). This has

increased complexity in the optical path but greatly improves the Z resolution
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to 20 nm to 100 nm. However, in practice its often the case that power provided

to the 3D STED beam parallel to the sample (which provides the 3D increase

in resolution) is diverted from the perpendicular STED beam path. What this

means in practice is loss in the X − Y resolution to ~100 nm range to increase

theZ resolution (Figure 1.12(a)). STED has been successfully used in resolving

dendritic spines in live cell imaging (Nägerl et al., 2008).

STED, just like the single molecule localisation techniques, suffers from

a restricted dye palette which must comply with both the STED and excita-

tion beam line photochemistry, increasing the challenge of achieving highly

multiplexed channel experiments. Furthermore the high complexity of optics

and alignment required for 3D STED makes it less flexible to the introduc-

tion of new wavelengths. As described by the adapted Abbe limit equation,

high STED laser power (I) is required to decrease the emission PSF, increas-

ing resolution. This however is problematic for the many samples more prone

to bleaching or phototoxicity. Another drawback of the system is that STED

has to occur around a focal point, this means that STED systems must be in-

herently point scanning, making them at least an order of magnitude slower

than widefield set ups such as the single molecule localisation or structured

illumination systems. For whole nuclei imaging tens of minutes might be re-

quired for a STED dataset. Moreover, at high labelling-density samples (such

as chromatin) the contribution of out-of-focus signal is much too high to use

2D STED alone. However the use of 3D STED as previously mentioned places

theX−Y resolution in the range of that achieved by SIM, with only a marginal

improvement in Z (Figure 1.12(a)).

Structured illumination microscopy (SIM) relies on projecting an illumi-

nation pattern that has first been structured by passing through a periodic

diffraction grating, such as many small stripes. When this illumination is com-

bined with the sample structure of unknown periodicity a convolved Moire

interference pattern is formed. The pattern is acquired, and given that the

pattern for the diffraction grating is known, the unknown sample structure
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(a) Resolving chromatin

(b) FFT amplitude

Figure 1.12: Resolving chromatin in situ. (a) Exemplary acquisitions of chro-
matin under different systems: 3D SIM, STED, STORM from left to right re-
spectively. SIM is compared to widefield deconvolved in the bottom left inset.
Note the loss of X − Y resolution in 3D STED compared to SIM. STORM: Hu-
man fibroblast (HFb) courtesy of Melike Lakadamyali (ICFO Barcelona) (b)
Range of empirical resolutions calculated as radial averages of FFTs of PSFs.
SIM has a sharper decrease in resolution, but its amplitude is greater than
STED in the range of size scale of chromatin macro structures (shaded area).
Adapted from Demmerle et al. (2017).

can be reconstructed mathematically. SIM can also be achieved in 3D (3D SIM)

with a resolution of 100 nm to 130 nm inX−Y and 250 nm to 300 nm in Z (Fig-

ure 1.11) (Gustafsson et al., 2008). In terms of nominal resolution, 3D SIM is

the least powerful of the available super-resolution methods and also requires

dedicated reconstruction software (as does single molecule localisation). Yet,

despite these limits, 3D SIM has key advantages.

The optical pathway for 3D SIM is not very complex and can be achieved

from a widefield instrument. This also confers 3D SIM very high temporal res-

olution; with acquisition in the millisecond range 3D SIM is cable of acquiring
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a whole nuclear 3D stack in under 30 seconds. This has come very useful in

imaging very fast processes in cells, which don’t necessarily benefit from any

higher spatial resolution. This is exemplified in the recent work by the group

of Nobel laureate Dr. Eric Betzig with their development of Bessel beam and

subsequent lattice light sheet microscopes (Planchon et al., 2011). This devel-

opment, in his words “increases the speed of live imaging by about the same order of

magnitude in the time dimension as PALM did in the space dimension” (Beyond the

Nobel Prize - New approaches to microscopy, International Society for Optics

and Photonics Lecture). 3D SIM also benefits from having no restriction in the

dyes needed, as its mechanism is independent of the photochemistry of the

dye. Thus 3D SIM is routinely capable of multiplexing over 4 wavelengths,

and more if given higher numbers of dedicated light paths.

3D SIM has brought us within reach of extracting accurate 3D and 4D to-

pographies of genomic architecture at those Mb scales described by genomic

techniques outlined previously. It can resolve the chromatin landscape not

as a blurred amorphous cloud, but as an intricate network of de-condensed

chromatin channels and lacunae pervading through and in between regions

of denser chromatin packing (Figure 1.12(a))(Schermelleh et al., 2008). And,

as suggested, at a reasonable cost of set up, and time for each acquisition

given its resolution is on par with the other techniques at the scales of chro-

matin meso/macro structures (Figure 1.12(b)). Previous studies have success-

fully implemented 3D SIM to quantify the relative position of nascent RNA

(Markaki et al., 2010) and H3K4me3/H3K27me3 in Barr bodies (Smeets et al.,

2014). Moreover this super-resolved spatial information can be gained from

single cells in both fixed and live-cell experiments, which can be pooled for

statistical testing if needed, but not as a prerequisite.

Image analysis - an unmet need

Super-resolution techniques coupled with robust image analysis workflows

and statistical algorithms enable an in-depth characterisation of the nuclear
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environment. It can allow researchers to investigate the spatial relationship

between key effectors of genome regulation to each other and to their target,

chromatin. This in turn allows the refinement of models on the mechanisms of

the central dogmas of nucleic biochemistry: Genome maintenance and repair,

transcriptional regulation, replicative regulation, post-transcriptional process-

ing, and transport across nuclear pores. However, despite its increasing avail-

ability, the widespread implementation of super-resolution microscopy to in-

vestigate genome structure-function relationships has been hampered by the

shortage of robust and replicable image analysis workflows; the necessary

tools for statistical analysis and hypothesis testing. Without such tools, super-

resolution microscopes are useful only for generating beautiful pictures. Al-

though this certainly has its uses for outreach of lay audiences (see cover pic-

ture for example) or for pleasing readers and editors on journal covers, it is a

waste of the deep information content of most super-resolution micrographs.

The waste of valuable information is compounded by a lack of variabil-

ity in the few available metrics to extract patterns from such complex spa-

tial biological relationships. A commonly reported metric is the 2D concen-

tric segmentation of nuclei and the radial positioning of features of interest

(from full chromosomes to single gene loci) therein (Figure 1.10(b))(Mahy

et al., 2002). Unfortunately, such simple measurements take little advantage

of super-resolution information. In fact, 2D projections do not even make

use of the full information available in 3D conventional deconvolved confo-

cal imaging, due to the collapse of information in the third dimension. More

advanced metrics capable of data extraction in n dimensions do exist in other

scientific fields, and could allow a more efficient analysis of super-resolution

biological datasets. Nevertheless, a general deficiency of core programming

skills in the life sciences means that even if such algorithms could be sourced

from disciplines like astronomy and physics, few researchers are able to inte-

grate them as part of a robust automated pipeline (an essential requirement

for the processing of terabytes of imaging data). The use of super-resolution
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imaging combined with an array of automated image analysis metrics in sin-

gle cells is imperative for understanding chromatin organisation, more so as

many genomic studies are based on pooled populations of cells and may not

be capable of distinguishing subtle structural variations between cells in situ.

1.4 Aims of the investigation

The idea postulated in this investigation is that the action of TFs and other

proteins in the nuclear matrix is regulated by the accessibility of chromatin (its

own density and steric crowding). Of particular interest is the question of how

the density of chromatin may impose a compartmentalisation to epigenetic

function, at the size scales of TADs and below (Figure 1.13(b)). This zonation

as a function of density can be thought of as analogous to how vegetation

zonation occurs as a function of altitude in mountain biomes (e.g.: the northen

Alps, Figure 1.13(b), centre)

This view of chromatin is backed by previous in silico simulations. These

take into account the physical size of nuclear machineries and TFs as well as a

range of nucleosomal packing densities to show that chromatin in physiolog-

ical conditions (modelled as a melted polymer) is a large obstacle for the free

interaction of non-chromatin entities to chromatin regions hidden deep inside

the polymer melt (Maeshima et al. (2015),Figure 1.13(b), right). This accessibil-

ity model likens chromatin to a viscous liquid. The interaction and attachment

by large protein complexes acts in the same way as a buoy on the surface of the

ocean; it prevents whatever its attached to it from sinking by keeping it afloat.

For chromatin this means that the preferential interaction and ongoing tran-

scription keeps active regions at TAD surfaces accessible to more interactions

whilst simultaneously occluding inactive chromatin by molecular crowding.

To test the functional zonation predicted from this accessibility model I

have developed an automated and high-throughput image analysis workflow

(ChaiN , for ChaiN analysis of the in situ Nucleome). The ChaiN pipeline har-
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bours custom implementations of morphological and geometrical algorithms

in order to probe the available range of information. Immunofluorescence (IF)

detection of histone modifications and key epigenetic markers in mammalian

nuclei are subjected to these metrics and statistics (Figure 1.13(b), left). A spec-

trum of relative distributions and absolute distance of epigenetic functions to

chromatin density (both in wild type and senescent cells), as well as quan-

titation of surface area to volume of the chromatin networks are here quan-

tified for the first time from 3D SIM datasets. Super-resolution microscopy

will be imperative (Appendix 9.1) not just to be able to resolve the individ-

ual IF signals for single epigenetic marker epitopes but as a requisite to reveal

the ”mountainous” landscape of chromatin density on which these epigenetic

functions can be mapped (Figure 1.13(b), right).

The model refined from results of the ChaiN analysis in this study tries

to reconcile previous data obtained with molecular and biochemical meth-

ods, and data from in silico Hi-C population ensemble studies, to classical sin-

gle cell microscopy from conventional and super-resolution observations on

the relationship between the complex topology of the interphase genome and

many of the core biochemical functions of the nucleome environment.
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CHAPTER 2
Materials and Methods

Biochemical methods

Here the biochemical experimental approaches used throughout this study

are discussed. Most of the work focuses on the understanding of the 3D

epigenome of mammalian cells during interphase. As such the majority of

protocols employed have been optimised for mammalian cells, both mouse

and human. Identification of diverse epigenetic environments was achieved

primarily through immunofluorescence in fixed cells, nevertheless an attempt

was made to generate cell lines with stable integrations of fluorescent protein

fusions for work in both global chromatin analysis, controls and single ge-

nomic loci. For example: histone H2B fusions to new fluorescent proteins or

GFP-dCas9 protein fusion utilising the CRISPR system.

Markers for cell cycle stage where necessary in order to select cells at the

cell cycle stage of interest. These usually required an additional immunofluo-

rescence incubation (in the case of screening G0 senescent stage) or replication

foci labelling (for S phase stages). In the case of S phase labelling, imaging of

this wavelength was conducted. This was required as the 3D epigenome at

position of replication foci was a selected target in the experimental design.

Markers for G0 were only used for visual screening of the sample but not ac-

39
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quired.

Finally this chapter explores a whole selection of methods for the labelling

of single TADs and genome loci which were trialled, developed or optimised

in this study.

Requirements

All chemicals, cell lines, enzymes, antibodies, culture media, buffers and

laboratory equipment used in the following protocols are listed in the Ap-

pendix 9.5. Where possible, all relevant specifications and details are de-

scribed, as well as product numbers and manufacturer for ease of replication.

2.1 DNA methods

Fluorescent protein fusions to target proteins of interest have been an ivalu-

able tool for microscopy research over the last few decades (Prendergast and

Mann, 1978; Dean and Palmer, 2014). Nevertheless many proteins which were

once routinely used in widefield microscopy impose limitations on current

work using super resolution techniques. These limits are primarily their quan-

tum yield, excitation coefficient, brightness and photostability. Furthermore,

toxicity must be taken into consideration when overexpressing constructs in

cells.

GFP and the first generation fluorescent proteins (Red - RFP, Yellow -

YFP, etc) suffer from low brightness and low photostability. The latter is

a particular problem for use in SIM, a technique that requires repeated ex-

posures to generate reconstructions. Because of this, many of these pro-

teins are unsuitable for use in conjunction with SIM. In this investigation the

need for SIM required use of a new generation of fluorescent proteins, e.g.:

Long-Stokes-Shift (LSS) Orange, LSSmKate2, mBeRFP, mTurquoise2, mTFP1

(Shcherbakova et al., 2012; Yang et al., 2009; Goedhart et al., 2012). Many of

these proteins not only have improved photophysics but have an increase in
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the Stoke shift (Lackowicz, 1983). Large Stoke shift fluorophores may be ex-

cited by the same wavelength of light as other fluors but emit at a larger wave-

length, allowing greater experimental design and lower photobleaching and

photo-toxicity from 2 emmission channels excited by a single wavelength.

One objective of this study was the construction of an exchangeable plas-

mid cassette for each of the aforementioned fluorescent proteins, that would

allow cloning of their fusion to any protein of interest. For this a pCAG pro-

moter plasmid vector with puromycin or neomycin resistance was cloned in

conjunction with an engineered multiple cloning site (MSC) of the following

restriction enzymes: XhoI-NheI-BstBI-XmaI-NotI respectively Appendix 9.5.

Enzymes in the MCS must have no other restriction sequences within the pro-

tein or interest or rest of plasmid vector. The features of the final resulting cas-

settes followed these relative orders: pCAG-MSC-FP-Ipuro/Neo or pCAG-

FP-MSC-Ipuro/Neo. The cassettes were made expressing the mKate2 fluo-

rophore, to allow visual inspection of transfection efficiency after the correct

constructs had been amplified by bacterial transformation. Transformations

where performed following a modified version of the New England Biolabs

(NEB) and Invitrogen transformation protocols.

Bacterial transformation

Solutions and Equipment:

• LB media

• Competent E. coli bacteria (DH5α)

• SOC solution

• LB agar plates

• Antibiotic

• Pipette

• Eppendorf tubes (0.5,1.5,2 ml)

• Plasmid DNA

• Ice bath
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• Heatblock

• Heated incubator

• Inoculation loop

• Ethanol

• Ethanol burner

• Heated shaker incubator

• Large centrifuge

• DNA purification kit

• Spectrophotometer (Nanodrop 2000)

Protocol

1. Thaw bacterial cells from −80 ◦C storage on ice.

2. Mix thawed tube gently (avoid vortexing) and pipette 70 µl from stock
to a new eppendorf tube. Store stock cells as quickly as possible after
the required amount of bacterial solution has been dispensed.

3. Add 1 ng to 100 ng of plasmid DNA and mix gently without vortexing
before keeping mixture on ice for 2 minutes.

4. Heat-shock cells at 42 ◦C for no more than 45 seconds in a heatblock.

5. Quickly place mixture back on ice without mixing for another 2 minutes.

6. Pipette 930 µl of SOC solution kept at room temperature to the heat-
shocked bacteria and DNA mix.

7. Spread 50 µl of this solution on an agar plate with appropriate antibiotic
for selection of transformed cells. If the transformation efficiency is too
high a second dilution of this mix can be made with more SOC, at 1:100.

8. Incubate plates over night at 37 ◦C.

9. Once colonies are detected on plates one of these may be picked with
an inoculation loop (flamed after ethanol submersion) and transferred
to 50 ml LB media with 50 µg ml−1 antibiotic selection.

10. Incubate LB over night at 37 ◦C on a shaking incubator. LB should turn
from clear to cloudy as bacteria grow.

11. Centrifuge media to collect bacterial pellet and discard solu-
tion. For purification of DNA the Qiagen Mini/Midi and Maxi
kit were used (QIAGEN Plasmid Mini, Midi, and Maxi Kits,
www.qiagen.com/handbooks).
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12. Measure the concentration of DNA obtained using a spectropho-
tometer (NanoDrop 2000/2000c Spectrophotometer). Check the
OD260 nm/OD280 nm and the OD260 nm/OD230 nm ratio. For pure DNA
these should be around 1.8 and 2.1 respectively (Interpretation of Nu-
cleic Acid 260/280 Ratios T123 TECHNICAL BULLETIN).

13. DNA may be stored between 4 ◦C and −20 ◦C until needed.

PCR and primer design

Primers for PCR (polymerase chain reaction) were designed with PrimerQuest

and OligoAnalyzer software tools from Integrated DNA Technologies (IDT).

The main criterion for design of these primers is to include the relevant

corresponding restriction enzyme sites as well as preserving or adding a

Kozak sequence to the final construct. The Kozak consensus sequence

(gcc)gccRccAUGG occurrs naturally in eukaryotic mRNA and increases the

efficiency of protein translation initiation (Kozak, 1987). IDT PrimerQuest

and OligoAnalyzer are also useful to check for undesired formation of hair-

pin loops through hetero/homo-dimerisation; secondary structures which de-

crease hybridisation efficiency. Sequences whose maximum Gibbs free energy

(more negative ∆ G) for these structures is lower (lesser magnitude) from the

∆ G of the linear sequence are chosen as this implies a lower stoichiometric

ratio of the presence of these hairpin loops in the final reaction mixture.

The primers chosen include primers for the PCR amplification of several

fluorescent proteins from their commercial plasmid as well as a primer pairs

designed to dimerise with sticky ends to generate the MCS required.

Solutions and Equipment:

• Pipette

• Eppendorf tubes (0.5 ml to 2 ml)

• Taq DNA Polymerase

• Reaction buffer for Taq polymerase

• dNTPs
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• Forward and reverse primers

• Target DNA

• Nuclease-free H2O

• PCR tubes

• PCR thermocycler

Protocol

For a 50 µl Reaction.

1. Pipette 5 µl of 10x Taq polymerase buffer into a PCR reaction tube. Final
concentration: 1x.

2. Pipette 1 µl of 10 mM dNTP mixture. Final concentration 200 µM.

3. Pipette 1 µl each of 10 µM forward and reverse primers

4. Pipette 1 µl of target DNA. Final concentration 1 ng

5. Quickly take enzyme from −20 ◦C storage and pipette 0.25 µl of stock
(or dilution to this effect) into the reaction mixture.

6. Add nuclease-free H2O to make up to 50 µl.

7. Incubate in a PCR thermocycler. Temperatures and incubation times
need to be optimised given the melting and annealing temperatures fot
the primers used. For the primers used here the following 35x PCR loop
was used:

• Denature DNA at 90 ◦C for 2 minutes.

• Allow primer annealing by decreasing temperature to 56 ◦C for 1
minute

• Increase temperature to 72 ◦C for polymerase enzyme to extend
primers

• Repeat cycle 35 times.

8. After PCR, the reaction may be stored at −20 ◦C until needed, or the
product purified, e.g.: by agarose electrophoresis followed by gel ex-
traction.

DNA digestion and ligation

Visualisation of plasmid features such as open reading frames (ORFs) and re-

striction enzyme sites were performed with "A Plasmid Editor" ApE software.

ApE is also able to generate in silico digestions of the target plasmid with
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known restriction enzymes from its database or custom specified restriction

cut sites. Furthermore these digestions can be visualised as bands on an elec-

trophoretic gel simulation, separated by molecular weight. This tools allows

the outcome of planned digestion experiments to be known in advance, and

helps with troubleshooting. DNA digestions were usually performed with

two different restriction enzymes (double digest) which were chosen to gener-

ate distinct 5’ and 3’ sticky end overhangs, in order to avoid concatamerisation

or a reversed insertion of the excised fragment of interest in subsequent DNA

ligations. To achieve a successful ligation, both the fragment to be inserted

as well as the vector should be digested with the same enzyme pair. Differ-

ent enzyme pairs can be used as long as the overhang left by these are still

homologous and allow annealing, despite a different/longer enzyme binding

site. DNA digestions and ligations were performed using a NEB protocol,

empirically optimised for the constructs used.

Agarose electrophoresis and gel extraction

Agarose gel electrophoresis uses electric potential difference (voltage gradi-

ent) to pull negatively charged DNA from the cathode to the anode. The

agarose gel provides an obstacle by which larger molecules can be slowed

down relative to smaller molecules in reaching the anode, and thus it provides

a way to separate DNA by molecular weight. DNA binding dyes in the gel

allow the visualisation of the DNA bands after electrophoresis, and markers

containing fragments of known molecular weight help to identify and esti-

mate the molecular weight of the DNA. Furthermore, the brightness of the

band also gives semi-quantitative evidence to the relative concentrations of

each fragment’s band. Different agarose concentrations serve to resolve differ-

ent molecular weights. Gels made from 0.5-1% agarose can resolve fragments

between 1-10kb, whereas gels made from 1-2% agarose are useful to resolve

fragments between 100bp-1kb.

Besides its analytical/diagnostic use post digestion/ligation/PCR,
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agarose electrophoresis also allows purification of individual fragments.

If fragment purification is not required, gels are loaded with enough DNA to

be detectable (~50 ng), nowadays through ultraviolet filters instead of radioac-

tivity (Evenson et al., 2012). If purification of a particular band is desired, gel

wells are loaded to maximum capacity. Gel extraction and purification have

been performed using Qiagen gel extraction kit.

Solutions and Equipment:

• Pipette

• Eppendorf tubes (0.5 ml to 2 ml)

• Agarose, analytical grade

• Weighing boat

• Balance

• Duran bottle (100 ml to 250 ml)

• TAE buffer, 0.5%

• Microwave

• Ethydium bromide (10 mg ml−1)

• Gel boat mould

• Gel well comb mould

• Electrophoresis tank with power supply

• DNA loading dye

• UV illuminator

Protocol

For 1% agarose.

1. Weigh 500 mg of agarose using a weighing boat and sensitive balance
and transfer to 100 ml to 250 ml Duran bottle.

2. Pour in 50 ml of 0.5% TAE buffer.

3. Microwave for approximately 1 minute making sure that the solution
does not boil over. Note, Duran bottle lid should be left on to prevent
excessive evaporation, however it must not be screwed tight as this
will cause the bottle to explode. During heating it is recommended
that the bottle be picked up (using thermal resistant gloves) and swirled
to mix. Dependent on microwave power or setting used heating might
take longer than 1 minute. When all agarose is dissolved, stop.



2.2. CELL CULTURE 47

4. Leave to cool at room temperature until the bottle is approximately
60 ◦C; still uncomfortable to hold with bare hands for prolonged peri-
ods of time.

5. Pipette 1 µl ethydium bromide and mix by swirling. Ethydium bromide
is highly toxic and all equipment in contact with it (as well as used gels)
should be properly disposed of or cleaned.

6. Pour agarose into a pre-prepared gel boat mould, removing as many
bubbles as possible.

7. Add appropriate comb mould and let gel set and cool for at least 30
minutes. Gels should not be too warm when used as this temperature in
combination with the heat from the electrodes can cause re-melting.

8. Load set gel in electrophoresis tank and fill reservoirs with 0.5% TAE
buffer. Make sure wells are place on side closer to the cathode.

9. Pipette appropriate volume of DNA loading dye to the aliquot of DNA
to be run on gel and mix by vortexing.

10. Add DNA and molecular weight ladders to individual wells on gel in
tank submerged in buffer.

11. Place tank lid and turn on power. The recommended settings are
5 V cm−1 for 1 hour or 0.2 V cm−1 to 0.5 V cm−1 overnight.

12. Once finished take gel and view in a UV illuminator.

2.2 Cell culture

Thawing, culturing and freezing cells

Perform all steps at room temperature unless specified. Use standard tissue

culture techniques in a sterile laminar flow cabinet. The work in this inves-

tigation focuses on mammalian interphase chromatin. As such mammalian

cells, both from human and mouse, were used. The primary motivation for

the selection of cells was their relatively low profile against the coverslip. This

flatter morphology increases the quality of SIM reconstructions and reduces

adverse effects in the analysis from bleaching. Details on cells used in this

work can be found in Appendix 9.5 and Table 9.6.

Solutions and Equipment:
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• Pipette

• Eppendorf tubes (0.5 ml to 2 ml)

• Culture media (DMEM, F-12, glutamax etc..)

• Cryogenic storage

• Heated water bath

• Trypsin solution

• Nunclon tissue culture dishes (10 ml)

• DMSO

• Falcon tube

• Ethanol

• Microcentrifuge

• Pump

• Tissue culture incubator

Protocol

1. Take cells from liquid nitrogen cryogenic storage (approx. −180 ◦C) and
warm up quickly to tissue culture temperature by submersion in heated
water bath (37 ◦C).

2. As soon as cell solution has thawed, remove cryogenic tube from water
bath, sterilise with ethanol (70%) and pipette contents to 15 ml Falcon
tube.

3. Immediately add ~10 ml of pre-warmed culture media. Cells should no
be left thawed in the concentrated cryogenic solution for longer than
required as the cryogenic solution may be cytotoxic when liquid.

4. Centrifuge solution gently at 300g for 3-5 minutes. Care must be taken
not to disrupt cellular membranes by harsh centrifugation; rcf and
length of centrifugation should be tailored for each cell type used.

5. After centrifugation aspirate dilute cryogenic medium with pump being
careful not to disturb the cell-containing pellet.

6. Pipette 2 ml of pre-warmed culture media into tube and resuspend pellet
by gentle agitation. Do not vortex or resuspend by pipetting as the shear
stresses may rupture cells.

7. Once resuspended, add 8 ml more of pre-warmed culture media, mix
gently by inverting tube and finally transfer cell suspension to a 10 ml
tissue culture dish.
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8. Cells should be cultured between 50-80% dish confluency in a humid-
ified tissue culture incubator at 37 ◦C and 5% Carbon dioxide atmo-
sphere.

9. When cells cover over 80% of the dish surface they may be “split” by
aspiration of culture media and addition of 2 ml Trypsin solution.

10. Incubate from 2-5 minutes with Trypsin in the same incubator

11. Tap side of dish until cell monolayer has detached (this is clearly de-
tectable by a change in the opacity of the dish bottom, however a low
magnification microscope with phase contrast can be used to check if
uncertain).

12. Add 8 ml of culture media to quench the trypsinisation and mix by gen-
tle pipetting.

13. Aspirate required volume to discard for the splitting ratio desired (i.e:
leave 1 ml or 2 ml of cell suspension for a 1:10 or 1:5 split respectively).

14. Top up with culture media up to 10 ml and place dish back in tissue cul-
ture incubator. Splitting can be repeated as often as required, dependent
on the growing rates of the cell line in question.

15. For moving cells to cryogenic storage wait until cells are over 80% con-
fluent and trypsinise as described previously.

16. Add 8 ml of culture media to quench after Trypsin incubation but do not
aspirate.

17. Centrifuge for 5 minutes at 300g to generate a cell pellet and aspirate
media solution.

18. Resuspend cells in 10 ml of culture media made up with 10% DMSO.

19. Aliquot into cryotubes and place on ice. Cool down tubes gradually by
subsequent storage at −20 ◦C and −80 ◦C before finally storing perma-
nently in liquid nitrogen at −180 ◦C.

Seeding cells and cell culture synchronisation

Solutions and Equipment:

• Pipette

• Eppendorf tubes (0.5 ml to 2 ml)

• Ethanol

• Hydrochloric acid

• H2O, demineralised
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• Nunclone 6 well dish

• High precision cover slips

• Stainless steel forceps

• PBS solution

• Thymidine (optional)

Protocol

1. Clean high precision cover slips in 1% hydrochloric acid bath for 1 hour
followed by wash in demineralised H2O and storage in ethanol abso-
lute.

2. Do not flame sterilise cover slips when used for seeding cells for subse-
quent super resolution microscopy as this can warp the glass.

3. Use forceps to place a single cover slip at the bottom of each well to be
used.

4. After growing and trypsinising cells as described previously, aliquot a
volume of cell suspension that will give the desired splitting ratio when
topped up with 2 ml of culture media. eg: 200 µl of cell suspension in
1.8 ml of culture media to achieve a 1:10 ratio. If cells must be synchro-
nised seed at 20-30% confluency.

5. Add pre-warmed culture media to each well and agitate gently to spread
cell suspension evenly over the cover slip.

6. Incubate in a humidified, temperature and carbon dioxide controlled
incubator.

7. If cell culture must be synchronised use double thymidine block as de-
scribed below: (Times here are for HeLa and C127 cells but may need to
be optimised dependent on the growth rate of other cell lines used)

• Add thymidine to 2ml of culture media. 50 µl-100 µl of 100 mM to
final concentration of 2 mM-4 mM respectively.

• Incubate cells for 18-20 hours in tissue culture incubator

• Release block by washing off thymidine by aspiration and addisi-
ton of1x PBS solution. Aspirate PBS and add 2 ml culture media.

• Incubate cells for 10-12 hours

• Repeat thymidine block

• Incubate cells for 18-20 hours.

• Release second block by washing as before. The majority of the
cell population should be at the G1-S phase transition ready for
replication labelling experiments.

8. When cells reach desired confluency (generally 80-90% for imaging) pro-
gress to fixation and staining.
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9. Optional for perturbation of chromatin morphology before immunostaining.
For chromatin decompaction add 600 nM of TSA to growth media or dilute
growth media in 1 ml of dH2O(to expose cells to hypo-osmotic conditions) per
seeded well and incubate for 10 minutes before fixation. For chromatin com-
paction add 50 mM of NaN3 or 200 µl of 10xPBS (to expose cells to hyper-
osmotic conditions) to growth medium per seeded well and incubate for 10 min-
utes before fixation.

Transient and stable cell line transfections

Transfection of mammalian cells was used to generate cell lines expressing

a particular construct. In many cases these were only required transiently.

However due to overexpression effects and other experimental limitations,

stable cell lines were also generated. The protocol described below is an

overview of the most general steps in transfection procedures. Nevertheless,

individual commercial protocols can be used and if so, their unique protocol

should be followed. In this investigation the following transfection reagents

were used wither their protocols: Lipofectamine 2000 (Invitrogen), Lipo-

fectamine RNAi-MAX (Invitrogen), Fuse-It (Ibidi) and TransIT-X2 (Mirus,

Caribou Biosciences).

Solutions and Equipment:

• Pipette

• Eppendorf tubes (0.5 ml to 2 ml)

• Seeded cells

• Commercial transfection reagents

• Sonicator (optional)

• DNA/RNA to transfect

• PBS

• Culture media (DMEM, F-12, glutamax etc..)

• Selection drugs (neomycin and puromycin)
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Protocol

1. Seed cells on high-precision cover slips to ~80% confluency.

2. Mix Transfection reagents in quantities and concentrations as outlined
by commercial protocols (generally the transfection reagent is diluted
with reduced serum culture media, eg: Optimem).

3. Dilute DNA/RNA to concentrations required by the transfection
reagent.

4. Add diluted DNA/RNA to transfection reagent mixture at a ratio out-
lined by commercial protocol.

5. Incubate mixtures to allow formation of transfection complexes (gener-
ally cationic lipid coating surrounding construct to transfect). Some pro-
tocols may also require sonication for thorough mix of these two com-
ponents.

6. After incubation add mixture to cells at final concentration stated by
individual protocols (generally ~100 µl and ~1 µg of DNA/ RNA per
1 ml of cells in tissue culture media).

7. Incubate cells with transfection complexes from 30 minutes to 2 hours.

8. Wash off media with transfection complexes with 1x PBS and replace
with pre-warmed culture media.

9. Incubate cells after removal of transfection complexes over a period of
at least 24 hours before continuing to visualisation (for transient trans-
fection) or selection (for stable transfections).

10. For transient transfections 1-2 days of growth is sufficient, splitting may
be required if initial confluency was high and cell growth rate was not
significantly affected by transfection incubation.

11. For stable transfections after 1-2 days cells should be split and grown
in normal culture medium with addition of drug for selection. In this
investigation neomycin and puromycin were tested. The concentration
of drug used is dependent on cell type. Here 1 µg ml−1 and 3 µg ml−1 of
puromycin for RPE1 and C127 cell lines respectively.

12. As cells without stable integration of the construct conferring the drug
resistance are killed the population of cells decreases significantly. After
continued incubation with selection drug for a few days/weeks the cell
population should now include exclusively those with stable integration
of construct and can be split normally.

13. Dependent on the biochemical load that the expression of construct may
have on cells, the growth rate of stably transfected cell lines may be
slower than pre-transfection controls.

14. Stable cells may be grown without selection drug after a month of selec-
tion, but it is recommended that selection should be repeated periodi-
cally as cells without construct may still be present, or the construct lost
from cells with previous integration.
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15. Stable cell culture are still polyclonal and represent integration of con-
struct at diverse genomic regions. These may lead to varied gene expres-
sion of the desired target. Single cells may be harvested after dilution of
a trypsin spit and cultured to generate monoclonal cultures of homoge-
nous expression.

2.3 Cellular staining

This investigation was based on analysis from super-resolution fluorescence

microscopy, which inherently relies on efficient labelling of structures and epi-

topes of interests within cells. Furthermore data obtained from super reso-

lution micrographs has increased sensitivity to artefacts induced by sample

preparation. As such, care must be taken when following the protocols de-

scribed in this section. Details of the optical set up and fluorescence light

paths used in this investigation can be found in Appendix 9.3. An in depth

discussion on sample preparation for 3D SIM can be found in Kraus et al.

(2017)

Cell fixation

Solutions and Equipment:

• Pipette

• Seeded cells

• Beaker (50 ml to 100 ml)

• Stainless steel fine tweezers

• Soft absorbent tissue

• 6-well plate

• Formaldehyde

• PBS

• PBST

• Desktop pump
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Protocol

1. Cells should be seeded on high precision cover slips as described in §2.2
to the confluency required for the planned experiment.

2. Fill small glass beaker with 50 ml to 100 ml of 1x PBS.

3. Fold soft tissue lengthwise and place it on the bench next to the beaker.

4. For each coverslip fill (2 ml) of formaldehyde fixation solution (2% in 1x
PBS) in any well of a new 6-well plate (alternatively 35 mm dish may be
used).

5. Carefully pick up coverslip by its edge with fine tweezers; gently dab
the side of coverslip on the tissue to remove excess medium and wash
shortly by dipping 2–3 times in PBS.

6. Dab again and immediately transfer to the well with fixation solution.
Washes can be performed by aspiration and immediate replacement of
solution in the same well repeatedly; nevertheless the use of a dipping
beaker is recommended as the excess volume of PBS (>50 ml) is more
effective than that of a single well ( 2 ml to 5 ml).

7. Agitate gently by hand; then incubate for 10 min with closed lid under
a hood at room temperature.

8. Aspirate solution with bench-top pump and simultaneously refill well
with 2 ml to 5 ml of PBST avoiding drying of sample from formaldehyde
evaporation (rapid evaporation will cause fixation artefacts apparent as
shrivelled and creased nuclear outlines).

9. Repeat 2–3 times until fixation solution is fully exchanged with washing
buffer. Samples can be stored in PBST overnight at 4 ◦C after fixation if
required.

Post-fixation staining: immunofluorescence and counterstain

Solutions and Equipment:

• Pipette

• Eppendorf tubes (0.5,1.5,2 ml)

• PBST

• Stainless steel fine tweezers

• Triton X-100

• Parafilm

• Maxblock
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• RNAseI

• Humidified dark chamber

• Primary and secondary antibody

• Counterstain (DAPI, SYTOX)

• H2O, demineralised

• Mounting media (Glycerol, Glycerol-DABCO, Vectashield, Prolong-
gold/diamond, etc.)

• Nail varnish (clear)

Protocol

1. Follow protocol in §2.3.

2. Exchange PBST with 2 ml of 0.2% Triton X-100 in PBS. Agitate shortly,
and then incubate for 10 min. Exchange with PBST.

3. Cut Parafilm to 6-well format and press it, to create a flat coating, on the
top of the 6-well lid to be placed in a humidified dark chamber.

4. For each coverslip pipette 100 µl of blocking solution (Max Block), ac-
cording to the well position onto the film. Pick up coverslip, dab on
tissue and place on the drop with cell side down.

5. Incubate in a humidified dark chamber for 30 min.

6. Wash each coverslip carefully by repeated gentle dips in PBST solu-
tion and dabbing on tissue as described previously. A secondary pair
of tweezers as backstop supports for careful lifting of coverslips from
Parafilm allows for controlled lifting of the coverslip to avoids shearing
cells from coverslips due to capillary surface tension created between
the sample and the Parafilm.

7. Prepare a Parafilm layer as before and pipette a drop of primary an-
tibody at the required concentration. Each antibody has an optimal
concentration which can be derived empirically or sometimes from the
datasheet provided by the supplier. Often this is around 1:500-1:1000 di-
lution in the same blocking media or in a commercial antibody-dilution
mixture.

8. Place cells on antibody drops and incubate in a humidified dark cham-
ber for 1 hour.

9. Wash in PBST as described, and prepare another Parafilm layer with
drops of secondary antibody (fluorophore conjugated for detection).

10. Place cells on antibody drops and incubate in a humidified dark cham-
ber for 1 hour.

11. Wash in PBST as described.
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12. After secondary antibody incubation perform a post-fixation with 4 %
formaldehyde/PBS

13. Wash in PBST

14. For counterstaining, add 100 µl of DAPI solution (2 µg/ml) or SYTOX
Green solution (1 µM) on Parafilm on lid and incubate in a humidified
dark chamber for 10 min. Unlike DAPI, SYTOX Green does not have a
bias towards binding AT-rich sequences (Appendix 9.1). However, it has
a weak affinity to bind RNA at high concentrations. To avoid residual
RNA binding, an incubation with 1–10 U RNAseI/PBS at 37 ◦C for at
least 30 min is recommended prior to counterstaining (1 U RNAseI will
degrade 100 ng of RNA per second in optimal condition).

15. Wash and dab coverslip as described previously in PBST as described
above followed by a final wash in demin water to remove salts.

16. Immediately place on a 30 µl drop of mounting medium on Parafilm for
2 min. The addition of this step between the last wash and mounting
coverslips on microscopy slides ensures an excess of mounting medium
over water in the final sealed volume of the sample. This equilibration
step essentially reduces the dilution of mounting media and ensures the
desired refractive index is maintained in the final sample for imaging.

17. Add 10 µl of mounting medium in the centre of a pre-cleaned micro-
scope slide. If using microscope slides with frosted coating for labelling
it is recommended to mount on unfrosted side as frosting can create a
small but noticeable tilt of the sample when mounted on the stage, lead-
ing to large focus point variations at opposing ends of the coverslip.

18. Pick up coverslip, dab excess dilute mounting medium on tissue and
mount carefully onto the drop of mounting medium on the slide. Let
the mounting medium settle for 2 min.

19. Excess mounting medium should be carefully removed without mov-
ing the coverslips. We recommend the use of fine tissue (or a single
layer of double layered Kimwipes) placed evenly over the coverslip and
removed vertically after absorption. This may need to be repeated once
or twice with the application of soft pressure with the fingertip along
the edges of the coverslip to ensure that all excess mounting medium
has been absorbed before proceeding to sealing samples. Thorough re-
moval of excess mounting medium will prevent the coverslip from mov-
ing during the sealing procedure.

20. When all excess has been removed, seal edges with appropriate amount
of nail varnish. A small amount of nail polish applied with a single
stroke along each side of the coverslip is usually sufficient for sealing,
and can be repeated after the first coat has dried if necessary.

21. Sealed slides can be stored in slide-boxes at 4 ◦C.

22. Coverslips should be cleaned from residual medium and, after imaging,
from immersion oil using 80% ethanol/H 2 O demin. and fine tissue.
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Directly before imaging, chloroform dipped cotton swabs may be used
to remove residual dirt off the coverslip.

23. Note that repeated cleaning with ethanol or chloroform may dissolve
nail polish. In this case old nail varnish may be peeled off using fine
tweezers and new nail varnished reapplied.

2.4 Replication-based foci labelling

Here are described various replication (pulse) labelling methodologies com-

patible with 3D-SIM imaging for the subsequent segmentation of individual

chromosome territories or replication domains in both live cell experiments

and fixed mammalian cell samples. This is achieved through the incorpora-

tion of fluorescent or traceable thymidine analogues via nascent replication

and fine-tuning of labelling pulse lengths or chase timing before imaging.

Combinations of different labels at separate times allows the visualisation of

the sequential nature of chromatin replication in 3D space. Moreover, simulta-

neous IF protocols targeting transcription factors, chromatin binding proteins

and histone PTMs can help elucidate how active and repressive chromatin is

organized and maintained in whole chromosomes or TADs. Whilst this proto-

col is concerned with optimization for super-resolution imaging, many steps

also have general applicability to wide-field, confocal, and other fluorescent

imaging methods.

This protocol can be applied to an asynchronous cell population. However

synchronization is recommended in order to maximize labelling efficiency.

The duration of incubation with marker depends on the S phase length of the

respective cell line as some cells may experience some lag from block release.

Whole replicated genome and single chromosome territory stain

Solutions and Equipment:

• Pipette

• Eppendorf tubes (0.5 ml to 2 ml)
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• Seeded cells

• F-ara-EdU

• Culture media

• Buffers PBS and PBST

• Fixation solution

• Triton X-100

• PBS

• PBST

• Parafilm

• Humidified dark chamber

• H2O, demin

• Tris–HCl buffer

• Sodium ascorbate

• Copper sulphate

• Fluorescent dye, azide tagged

Protocol

1. Cells should be seeded on high precision cover slips in 2 ml wells as
described in §2.2 to the confluency required for the planned experiment
and taking into account the time required for synchronisation.

2. Add F-ara-EdU to final concentration of 10 µM. For labelling entire chro-
mosomes incubate for at least 10 h to cover the length of an entire S-
phase. Given the reduced toxicity of the F-ara-EdU compared to EdU,
it is possible to incubate cells for over 12 h or overnight to ensure maxi-
mum coverage.The F-ara-EdU concentration may be reduced to 1 µM if
overnight incubation is required to further minimize adverse effects on
particularly sensitive cell lines.

3. If only bulk chromatin labelling is required then fixation can be done at
this point as described in §2.3 as this method is a suitable alternative for
counterstaining with standard chromatin intercalating dyes.

4. If single chromosome territories are required then wash cells in 1xPBS
and exchange with label-free media.

5. Incubate for at least 4 days to allow segregation of labelled and unla-
belled chromosomes. As with labelling pulse length, chase length is
dependent on the cell cycle of the respective cell line. Given the high
label coverage throughout the genome, cytotoxic long-term effects can-
not be ruled out. A chase time of four post-labelling cell division can be
sufficient for segregation of individual territories in a per-cell basis.
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6. Cells should be fixed as described in §2.3 leaving cells in 1xPBST after
fixation.

7. Fill small glass beaker with 50–100 ml of 1x PBS.

8. Fold soft tissue lengthwise and place it on the bench next to the beaker.

9. Exchange PBST with 2 ml of 0.2% Triton X-100 in PBS. Agitate shortly,
and then incubate for 10 min. Exchange with PBST.

10. Cut Parafilm to 6-well format and press it, to create a flat coating, on the
top of the 6-well lid to be placed in a humidified dark chamber.

11. Optional for additional immunostaining after click reaction: for each coverslip
pipette 100 ul of blocking solution. Dab on tissue and place on the drop with
cell side down. Incubate in a humidified dark chamber for 30 min

12. Make Click reaction solution (per 100 µl): 55 µl demin H2O, 10 µl
Tris–HCl buffer (1 M, pH 7), 10 µl sodium ascorbate (500 mM), 5 µl cop-
per sulphate (100 mM), 20 µl fluorescent azide dye (0.1 mM). It is rec-
ommended making this fresh every time. Stock solutions for Tris–HCl
buffer, copper sulfate and fluorescent azide dyes can be kept for pro-
longed periods at 4 °C, However sodium ascorbate is a strong reduc-
ing agent and should optimally be made fresh every time. If stocks of
sodium ascorbate are to be made it is recommended to storing it only for
up to one month at 4 °C. Visual inspection should confirm deterioration
from a light translucent yellow to a deep red amber solution.

13. Pipette a 100 µl drop of the click reaction mix for each coverslip onto
Parafilm applied on a 6-well lid as described previously. Pick up cover-
slip with the tweezers, dab on tissue and place on the drop with cell side
down. Incubate in a humidified dark chamber for 30 min.

14. Wash away click reaction by dipping coverslips in beakers of 1x PBST
dabbing on soft tissue in between dips as described previously.

15. For a combined Click/immunofluorescence labelling it is possible to in-
corporate a primary and secondary antibody incubation protocol at this
point, to label desired targets and their relative position to replicated
chromatin. Follow the protocol described in §2.3. Note that the Click re-
action can be detrimental to imaging GFP protein fusions. Kits with op-
timized buffer condition to avoid this are commercially available; alter-
natively one can use anti-GFP antibodies or nanobodies (GFP- booster)
in a combined Click/immunofluorescence labelling protocol.

16. For optional counterstaining follow the protocol described in §2.3.

17. Wash in PBST followed by demineralised water and mount with mount-
ing media before sealing sample as described in previous sections.
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Fixed single replication foci labelling (and alignment slide for SIM)

Progression of DNA synthesis through S phase occurs in distinct stages. Early

S phase short labelling pulse produces a punctate pattern throughout the nu-

cleus, mid S phase labelling shows a dotted ring at the nuclear and nucleoli pe-

riphery, and late S phase pulses label regions of constitutive heterochromatin

(such as mouse chromocenters). Incubation times for labelling can extend to

20–30 min and punctate pattern will still be conserved, nevertheless individ-

ual spots may contain multiple replication domains. Incubation should not

last for less than 5 min, as this is the approximate lag time for entry of the

dye molecule into cells. Incubations shorter than 5 min may label smaller

genomic regions, but can compromise efficiency of label incorporation and

density. EdU or F-ara-EdU can be used, as the absolute incorporation is far

lower than for whole chromosome territories, reducing the chance of observ-

ing cytotoxic effects.

By amending the following protocol using multi-colour detection of repli-

cation foci a 3D calibration samples for alignment of 3D-SIM datasets can

easily be generated. This part of my work is now published in Kraus et al.

(2017). Multichannel 3D-SIM data, particularly if acquired from multiple cam-

eras, requires post-acquisition colour channel alignment. Alignment slides for

this calibration can be made by fixing multispectral beads on the plane of the

coverslip surface or a 2D array of milled perforations on a mirror-mounted

slide. For 2D datasets these slides can correct X-Y translations, rotations

and zoom variability between detectors, but they fail to address the depth-

dependent z-shift caused by chromatic dispersion present in multichannel

3D datasets. Some software packages avoid this by splitting alignments in

two phases; first the automated 2D registration using 2D alignment slides,

followed by a manual correction in z relying on visual inspection to generate

Z-axis calibration parameters(Bratton and Shaevitz, 2015). For preparation

of dual-layer bead slides for 3D-channel alignment see Demmerle et al.

(2017). In this study 3D alignment slides were first made from beads and
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later from EdU incorporation in replicating mammalian cells, followed by a

“click” reaction to couple EdU residues to multiple azide-functionalized fluo-

rophores. These slides have the same 3D nuclear foci pattern in all channels,

instead of foci on a single z plane (occurring in beads). When coupled to

open-source software capable of iterative 3D registration (e.g. Chromagnon:

https://github.com/macronucleus/chromagnon, or similar software (Křížek

et al., 2016), these 3D patterns allow the generation of alignment parameters

in all spatial dimensions simultaneously. In this way, manual alignment is

dispensable, increasing the efficiency and reproducibility of this step. The

parameters can then be applied to any other datasets acquired under compa-

rable conditions in a batch-processing mode.

Solutions and Equipment:

• Pipette

• Eppendorf tubes (0.5 ml to 2 ml)

• Seeded cells

• EdU or F-ara-EdU

• Culture media

• Buffers PBS and PBST

• Fixation solution

• Triton X-100

• PBS

• PBST

• Parafilm

• Humidified dark chamber

• H2O, demin

• Tris–HCl buffer

• Sodium ascorbate

• Copper sulphate

• Fluorescent dye, azide tagged
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Protocol

1. Cells should be seeded on high precision cover slips as described in §2.2
section to the confluency required for the planned experiment and tak-
ing into account the time required for synchronisation.

2. If culture is synchronised wait until desired S phase stage can be labelled
then incubate for 5 min with addition of 10 µM EdU or of F-ara-EdU. Due
to the short labelling pulse and chase the increased level of cytotoxicity
from EdU as opposed to F-ara-EdU is not significant. Furthermore BrdU
can also be used followed by anti-BrdU immunodetection as opposed to
click reaction.

3. If culture is not synchronised then approximately 1/3 of cells in the sam-
ple should have undergone S phase during the labelling pulse. of this
third there will be cells in all stages of S phase.

4. Exchange with label-free media

5. Cells should be fixed as described in §2.3 section.

6. Follow protocol in §2.4 after fixation step.

7. For generation of 3D calibration slide the click reaction is modified to
have multiple fluorophores. The ratio of these must be empirically de-
fined to compensate for rate of incorporation and brightness of fluo-
rophore. In this study a simultaneous 3-colour click reaction at a 7:2:1
ratio of azide-tagged CF405M (blue), Alexa Fluor 594 (red) and Alexa
Fluor 488 (green), was used respectively.

8. For acquisitions of 3D calibration slide, cells whose foci pattern is of
mid-late S phase are recommended (Figure 3.2) as these foci are distinct,
high-contrasted and distributed evenly throughout the entire nuclear
periphery and around nucleoli. Early S phase patterns are still punc-
tate but tend to result in a more diffuse, low-contrast signal throughout
the nuclear volume, making them a more challenging sample for image
registration.

Replication labelling for in vivo imaging: scratch labelling and

nucleofection

Compatibility of labelling with cell permeable and impermeable dyes in-

troduces temporal resolution for determining replication directionality in

super-resolution imaging.

Solutions and Equipment:
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• Pipette

• Eppendorf tubes (0.5 ml to 2 ml)

• Nunclon, 6 cm dish

• Microlance needle

• Fluorescent conjugated dUTPs

• 4D Nucleofector (Lonza)

• 4D Nucleofection kit

Protocol

1. Cells should be seeded on high precision cover slips as described in §2.2
to the confluency required for the planned experiment and taking into
account the time required for synchronisation.

2. If culture is synchronised wait until desired S phase stage can be la-
belled.

3. For scratch labelling, transfer coverslip to a 6 cm dish, and immediately
cover cells (to avoid drying) with 20 µl of fluorescent conjugated dUTPs
(10 µM to 20 µM).

4. Scratch surface of coverslip thoroughly with light pressure using a Mi-
crolance needle. The scratching procedure leads to transient permeabi-
lization of the membranes of cells along the scratch wound site due to
mechanical shearing, allowing the uptake of cell impermeable dyes for
a few seconds (Schermelleh et al., 2001).

5. Wait 2 min and return coverslip to media-filled well

6. Another method to deliver cell-impermeable dyes at higher efficiency
is based on electroporation and requires the commercially available 4D
Nucleofector (Lonza). Nucleofector and nucleofection kit buffers opti-
mized for multiple cell lines. This requires harvesting cells in suspen-
sion or in a 24-well plate format, mixing with nucleofection buffer and
1 µl of fluorescently labelled dUTP (for 20 µl reaction mix), and select-
ing a shock program suitable for the chosen cell line. This procedure
has the advantage of delivering nucleotides to the majority of the cell
population, although incorporated only by cells currently in S phase.
The procedure is typically more efficient (providing a more reproducible
and higher fraction of labelled cells) than scratch labelling, which only
affects cells along the scratch wound site. Over 85% of cells in S phase
within an unsynchronized population can be efficiently labelled using
this approach compared to EdU control.
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2.5 TAD labelling methods

The denaturation step required for traditional FISH labelling methods alters

chromatin ultrastructure. Furthermore it also denatures the proteome disrupt-

ing epitopes for targets in situ. Because of these restrictions traditional FISH

has limited usability for single cell studies of the 3D epigenome in topolog-

ically associated domain (TAD) organisation with 3D-SIM. A flexible, non-

denaturing labelling tool for super-resolution imaging of single loci, compat-

ible with live cell and multi-colour experiments, would be needed to help

answer some of the most pressing questions of chromosomal biology dogma

today.

Dam-ID based LAD labelling

Dam-ID is a two component prokaryotic system that can discriminately label

chromatin lamina associated domains (LADs) with the methyltransferase ac-

tivity of the Dam enzyme after transient contact (Greil et al., 2006). A second

construct able to detect the ectopic methylation (m6A) can be fused to GFP;

this is known as the m6A tracer (Kind et al. (2013), Kind and van Steensel

(2010). In this study this combination is referred to as LAD-ID. The require-

ments are the Dam methylase as a fusion construct with a lamina component

(Dam-LMNB1) and the methyl tracer (Dpn7) fused to GFP (eGFP-Dpn7). The

LAD-ID system has an double inducible expression system requiring the ad-

dition of Shield to make Dam-LMNB1 stable, and the removal of doxycycline

from the growth media for the production of the m6A tracer (Figure 7.2). By

culturing without doxycycline the GFP based tracer is produced. However

this only amounts to dim background signal. By addition of Shield for a

specific period of time (e.g.: 30min) the Dam-LMNB1 construct is stabilised

and can methylate DNA until Shield is removed and the construct degraded.

By varying the length of Shield incubation the time-span of LAD-ID labelling

can be regulated within a single G1 stage of the cell cycle.
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Solutions and Equipment:

• Pipette

• Eppendorf tubes (0.5 ml to 2 ml)

• Seeded cells

• Culture media

• PBS

• Construct for transfection

• Doxycycline

• Shield

Protocol

1. Cells should be seeded on high precision cover slips as described in §2.2
to the confluency required for the planned experiment and taking into
account the time required for synchronisation.

2. Transfections of these constructs were made following the protocol
outlined in §2.2. Generally a good transfection efficiency can be
achieved in C127 cells with these constructs (pTuner-DD-Dam-LMNB1,
pL-EcoDAM-hLMNB1 and PLgw-CMV-Dam-LMNB1 plasmids). In half
of the cells a rim is normally visible 24 hours after transfection (if con-
tinually induced).

3. Grow cells in optimum tissue culture media with addition of doxycy-
cline as described in Kind et al. (2013).

4. Start live imaging or fix the cells within 24 hours after transient transfec-
tion.

5. Induce the system by washing cells in 1x PBS and exchanging with
doxycycline-free medium before adding Shield at 500 nM final concen-
tration.

6. A bright, easily detectable signal is obtained after induction from co-
transfections. eGFP-Dpn7 single transfection gives poor signal. Prob-
ably due to higher protein stability of the eGFP-Dpn7 when bound to
m6A-DNA.

7. Lamin B1 over-expression in transient transfected cells can lead
to nuclear morphology phenotypes. Stable cell lines of Dam-
LMNB1/m6ATracer have much lower Dam-LMNB1 levels than the co-
transfected cells but the GFP signal is weaker.

8. After generation of stable cell lines an antibody based GFP booster was
often used, following the protocol described in §2.3.
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CRISPR labelling

The workflow for a CRISPR-based imaging modality used in this study is

composed of four sections: sgRNA design, synthesis of labelled constructs,

in vitro control of sgRNA:protein function and in situ delivery to live cells.

sgRNA design

Initial developments were made using a sgRNA against mouse major satellite

repeats (MS-sgRNA), which were previously used to publish the first CRISPR

labelling system and had thus been previously validated by FISH (Deng et al.,

2015). Furthermore the genomic location of major satellite repeats at dense

mouse chromocentres makes for a clear interpretation of positive results with

just a chromatin counterstain without constant FISH validation for every step.

This allowed multiple iterations of tests on label incorporation, labelling den-

sities and delivery protocols with comparable data.

Synthesis of labelled constructs

Labelled sgRNAs were synthesised via the incorporation of NTP homologues

such as UTP coupled with organic dyes (Alexa488, 564, Cy5 etc. Figure 7.4) for

live or fixed immunofluorescence (IF) and Biotin coupled UTP or Ethynyl Uri-

dine (EU) for fixed sample IF or click chemistry respectively. Stochastic label

incorporation throughout the sgRNA via in vitro transcription was possible

by designing a dsDNA oligo with a T7 RNA polymerase promoter upstream

of the sgRNA coding sequence, described in Bassett et al. (2013). This strategy

allows titration of the number of incorporated labelled UTPs. In initial tests

this achieved a five-fold increase in label density per molecule compared to

the dCas9-eGFP system. Given that in vitro labelling can be done for multi-

ple sgRNA the timescale from oligo synthesis to purified labelled sgRNA is

on the order of 1-2 weeks. Chemical synthesis of sgRNA could in theory be

used as an alternative to in vitro transcription, and for incorporation of wider

palette selection not currently amenable to the T7 RNA polymerase. For in
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vitro transcription of sgRNA follow commercial T7 RNA polymerase proto-

cols. For purification of in vitro transcribed sgRNA follow commercial Illustra

G-50 purification kit (GE Healthcare).

Control of in vitro-sgRNA:protein function

After in vitro transcribed incorporation of labels in sgRNA it is necessary to

control that the activity of the Cas9-sgRNA complex is not affected. This was

shown by an in vitro cleavage assays that is compatible with Cas9 binding

and function. A plasmid of known molecular weight with a GFP sequence

flanked by sgRNA recognition sites is incubated with an active Cas9 nuclease

and the sgRNA to test. Cleavage of the plasmid, determined by agarose gel

electrophoresis confirms that the in vitro transcribed sgRNA is still capable of

recognising the target sequence, complexing with Cas9 and does not impede

Cas9 binding and activity (Figure 7.5).

in situ delivery to live cells

There are two main options for delivery of the CRISPR system to cells. Firstly

make dCas9-sgRNA complexes in vitro and introduce whole complexes into

cell via cationic lipid transfection; as described in §2.2. After multiple attempts

many issues were encountered with this method of delivery of protein-RNA

complex. As a second strategy, stable cell lines were generated expressing

dCas9 or dCas9-eGFP for sgRNA transfection or nucleofection. These Cas9

cell lines were made as described in §2.2. Nucleofection was performed as

described in §2.4. Results of this section is found in Figure 7.7.

FISH probes and Raser-FISH TAD labelling

Nick-translation for probe generation

DNA FISH probes are generated via nick-translation reaction originally de-

cribed in Rigby et al. (1977) with the addition of a hapten or fluorophore
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tagged uridine homolog. The main reagent for this method is purified

DNA homologous to the target sequence. This can be from mini-, midi- or

maxi-prep kits (Qiagen) for plasmid constructs. BACs should be purified by

Large-construct purification kit (Qiagen). Concentration of purified DNA

should be accurately checked by fluorometric quantitation using the commer-

cial Qubit instrument. This is recommended over simple spectrophotometers,

as the measured fluorescence is proportional only to the DNA concentration

from the proprietary reagent.

Solutions and Equipment:

• Pipette

• Eppendorf tubes (0.5 ml to 2 ml)

• RNAseI

• β Mercaptoethanol 100 mM

• DNAse (2000 U/ml)

• DNA polymerase (10 000 U/ml)

• Ice bath

• MgCl2, 50 mM

• BSA, 0.5 mg/ml

• dATP 0.5 mM

• dTTP 0.5 mM

• dCTP 0.5 mM

• Agarose gel

• Electrophoresis tank

• Illustra G-50 columns

Protocol

1. Take 1 µg of DNA and add 200 ng of RNAse and top up with H2O demin
to a volume of 28 µl. Incubate for 30 minutes at 37 ◦C and then leave on
ice. RNAse treatment removes any residual RNA from the DNA pu-
rification step and generates cleaner probes. Do not perform RNAse
treatment for RNA-FISH probe preparation.

2. Make Nick-translation buffer (NTB):
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• Tris-HCl, pH 8, 500 mM

• MgCl2, 50 mM

• BSA, 0.5 mg/ml

3. Make d(AGC)TP solution in demin water:

• dATP 0.5 mM

• dTTP 0.5 mM

• dCTP 0.5 mM

4. Add 5 µl NTB, 5 µl βMercaptoethanol, 5 µl d(AGC)TP mix to DNA with
1 nM hapten or fluorophore labelled dUTP.

5. Add 3 µl DNAse and 2 µl DNA polymerase and mix by gentle agitation.
DNA polymerase is susceptible to denaturation by vortexing.

6. Incubate mixture for 2 hours at 16 ◦C. Leave mixture on ice to stop en-
zymatic reaction.

7. After incubation use 3 µl of this mixture and run it on a 2% agarose gel
as described in §2.1. If a clear smear is observed mostly below 500bp
the mixture is ready for purification. If the smear is mostly above 500bp
further nick translation is required. In such cases take mixture from ice
back to incubate at 16 ◦C. The exact time required must be empirically
defined for each batch of DNAse and DNA polymerase to account for
changes in processivity.

8. When nick translation is complete, purify the FISH probes using the pro-
tocol from commercial Illustra G-50 columns.

9. FISH probes can be stored at −20 ◦C.

FISH probe precipitation

Solutions and Equipment:

• Pipette

• Eppendorf tubes (0.5 ml to 2 ml)

• Cot1 DNA (m/hCot)

• Salmon sperm

• Sodium acetate

• Ethanol

• Microcentrifuge



70 CHAPTER 2. MATERIALS AND METHODS

Protocol

1. Pipette 100 ng of FISH probe DNA to 1.5 ml eppendorf tube and keep on
ice.

2. Add 6 µl of mouse or human Cot1 DNA (for experiments on mouse or
human cell lines respectively).

3. Add 2 µl of salmon sperm.

4. Add 10% per volume of sodium acetate.

5. Wash walls of tube with 2.5x per volume of ice cold 100% ethanol.

6. Centrifuge for 15 minutes at 4 ◦C at 13000 rpm on microcentrifuge.

7. Leave tube at −80 ◦C for at least one hour, preferably overnight, for
DNA FISH probe to precipitate.

8. Probes can be left precipitated at −80 ◦C in storage.

Raser FISH

The following protocol for Raser-FISH was developed by the Veronica Buckle

and Jill Brown at the Weatherall Institute of Molecular Medicine (WIMM).

Solutions and Equipment:

• Pipette

• Eppendorf tubes (0.5 ml to 2 ml)

• Seeded cells

• BrdU

• BrdC

• Precipitated FISH probes

• Microcentrifuge

• Ethanol

• TritonX-100

• Ammonium chloride

• PBS

• Hoechst stock: Use 100 µl of 100 µg/ml stock in 20 ml.

• Kreatech hybridisation buffer (KBI-FHB)
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• Shaker incubator

• Exonuclease III (NEB MO206L)

• Exonuclease buffer 10x

• H2O demin

• UV crosslinker

• Rubber cement

• SCC solution

Protocol

1. Cells should be seeded on high precision cover slips as described in §2.2
to the confluency required for the planned experiment.

2. To cells in 6 well dishes add BrdU-BrdC mixture (at 3:1 ratio respec-
tively) at 10 M to 5 M overnight. There are cytotoxic effects from this
incorporation so incubation should not last longer than 15 hours.

3. Take precipitated DNA FISH probes prepared as described in §2.5 and
centrifuge for 15 minutes at 4 ◦C at 13000 rpm.

4. Cells should be fixed as described in §2.3.

5. Decant ethanol from centrifuged probe tube and wash with 400 µl of
70% room temperature ethanol. Centrifuge as before.

6. Permeabilise cells in TritonX-100 as described in §2.3.

7. Incubate cells for 10 minutes at room temperature in a solution of in
0.26% ammonium chloride. This quenches azide groups.

8. Take precipitated probe, decant ethanol and dissolve in 12 µl hybridi-
sation buffer. Incubating for 10 minutes in heated shaker incubator at
37 ◦C followed by 20 minute incubation at rest also at 37 ◦C.

9. Wash cells in PBS as described in §2.3.

10. Make solution of Hoechst 33258 to 0.5 µg/ml in PBS and incubate cells
for 15 minutes in the dark.

11. Wash cells in PBS as before and leave cells in PBS, exposing to UV light
(260 nm)for 15 minutes at room temperature. Note that after UV expo-
sure PBS solution would have heated up so PBS should be replaced with
PBS at room temperature.

12. Prepare exonuclease mixture (for 6 coverslips) by adding:

• Exonuclease III, 20 µl.

• Exonuclease buffer 10x, 40 µl.

• H2O demin, 340 µl.
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13. Dispense exonuclease mixture on flat Parafilm as described in §2.3 and
incubate cells on exonuclease mixture for 10 minutes in a humidified
dark chamber at 37 ◦C.

14. Wash cells in PBS as before.

15. Denature probes. For Bacs, oligos or core plasmids this is done by incu-
bating for 10 minutes at 95 ◦C. BACs also require a following preanneal-
ing with at 37 ◦C for 20 minutes (for Cot1 to block repeats).

16. Dispense denatured and preannealed probes on clean microscope slides
and invert coverslips on the probe solution.

17. Seal coverslip with rubber cement and incubate overnight horizontally
on a slidebox floating in a waterbath at 37 ◦C overnight for the hybridi-
sation to take place.

18. Following incubation remove rubber seal with fine pliers and wash cov-
erslips in 4xSCC solution in the same fashion as PBS washes previously
described.

19. At this point, epitope blocking, immunofluorescence detection, counter-
staining, mounting and sealing can be performed as described in §2.3.



CHAPTER 3
ChaiN - a high-throughput

pipeline for super resolution

image analysis

To investigate the relationship of individual histone modifications to the un-

derlying chromatin architecture I have devised a conceptual semi-automated

quantitative image analysis workflow: ChaiN , short for ChaiN analysis of

the in situ nucleome (Figure 3.1). This methodology segments, annotates, and

retrieves the 3D coordinates of immunofluorescent signals, and segments the

intensity value of the chromatin stain as a proxy of chromatin density. It also

defines a boundary between detectable chromatin environments and the non-

chromatin "interchromatin compartment" (IC). The final output is useful for

analysing how the nucleus is divided in terms of molecular biology as a func-

tion of density. The metrics to measure and compare chromatin environments

are the surface area to volume ratio of the chromatin network, the relative oc-

cupancy of any epigenetic marker stain over the range of chromatin densities

and absolute distance of the markers from the IC boundary.

73
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Figure 3.1: ChaiN workflow. Schematic representation of the ChaiN work-
flow. Input for ChaiN are images pre-processed, reconstructed, chromatically
aligned and cleaned with SIMcheck (Ball et al., 2015). Different chromatic
channels are segmented on the one hand from chromatin density and nuclear
volume mask to the centroid position of IF spots on the other. Both of these are
used alone and in conjunction with each other to analyse the 3D epigenome.
Image analysis is performed in the Octave and R programming languages.
Scale bar = 2.5 µm.

ChaiN requires the use of the programs listed in each section with their

respective plugins/packages. These have been chosen, where possible, due to

their wide distribution across operating systems and open source/free (libre)

nature, for ease of accessibility, modification and configuration. The ChaiN

analysis in this study was implemented on a GNU/Linux environment (De-

bian 8). A link to the source code for all can be found in the appendix (Ap-

pendix 9.1).

This section also covers the technical requirements necessary to take an

IF stain from SIM acquisition to final normalisation of the aforementioned

extracted metrics.
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3.1 Acquisition and reconstruction

Acquisition, deconvolution and reconstruction

Images acquired for qualitative screening of antibody cross-reactivity or gen-

eral experimental validity (not for subsequent image processing) were ac-

quired by a widefield set up (API, DeltaVision Elite) and deconvolved with

SoftWoRx (DeltaVision’s acquisition and image analysis suite). Conservative

parameter settings were chosen, sacrificing some of the potential gain in reso-

lution to decrease the possible introduction of artefacts.

Images acquired via 3D SIM (API, OMX V3) require a larger range of pa-

rameters for proper acquisition and subsequent reconstruction. The optimisa-

tion of these parameters was determined empirically and each require prepa-

ration of dedicated calibration microscope slides. A brief description of each

is given in this section; however a thorough and in-depth description of SIM

calibration and artefacts to avoid can be found in Kraus et al. (2017) and Dem-

merle et al. (2017). Details of the 3D SIM optical set up and fluorescence light

paths used in this investigation can be found in Appendix 9.3.

The main parameters required are: the optical transfer function (OTF) of

the point spread function (PSF) of each wavelength, the K0 angle of rotation of

the SIM striped illumination and the top-phase and pitch of these stripes (de-

scribed in Demmerle et al. (2017)). OTF generation or optimisation is wave-

length specific and requires sparsely populated bright single foci from which

a PSF can be acquired in 3D. K0, top-phase and pitch are also wavelength

specific but are measured and optimised by a higher density concentration

of fluorophore-labelled beads, enough to create homogenous puddles which

allow the acquisition of high contrasted stripes over the entire illumination

plane. It is worth noting that different microscopes have other parameter re-

quirements for their reconstruction software.
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PSF slide for OTF

Coverslips should be cleared of dust and small particles by multiple washes,

first in 1% Hydrochloric acid solution for 10-30 minutes followed by rinsing

in de-ionised H2O and finally in 100% ethanol. Coverslips must then be left

to dry vertically in a coverslip rack.

Commercial beads ("FluoSpheres", carboxylate-modified microspheres)

come at high enough concentrations such that their undiluted use does not

yield slides from which parameters can be calculated. To achieve the desired

concentration (empirically defined subsequently) needed for PSF slides most

commercial bead solutions should be diluted by a serial dilution to a final con-

centrarion of 1:1,000,000 to 1:100,000,000. These dilutions should be mixed in

symmetric stoichiometry and kept refrigerated at 4 ◦C. The commercial beads

used were:

• Red beads: 100 nm to 110 nm diameter, 580/605nm wavelength, Life
Technologies F8801.

• Green beads: 100 nm to 110 nm diameter, 505/515nm wavelength, Life
Technologies F8803.

• Blue beads: 100 nm to 110 nm diameter, 350/440nm wavelength, Life
Technologies F8797. 170 nm diameter, 360/440nm wavelength, Life
Technologies P7220.

For PSF slides a larger blue bead is used to compensate the lower bright-

ness of the blue channel in the OMX system. The mixed beads solution is

diluted 100 fold in 100% ethanol, using 5 µl of the dilution per cover slip. Af-

ter ethanol has evaporated coverslips are mounted on high precision slides in

20 µl pure glycerol. Once glycerol has covered the volume encompassed be-

tween the coverslip and slide, the coverslip is sealed with clear nail varnish. It

may be necessary to use a soft tissue to soak up any excess glycerol pooling on

the edges of the coverslips (causing the coverslips to float and move) before

applying varnish.
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Puddle slide

The methodology here is similar to that for the PSF slide, save for requir-

ing higher bead concentration, and the need to generate a separate slide for

each wavelength. In PSF slides the beads are all labelled with individual flu-

orophores but separated far enough apart (10 nm to 20 nm between beads)

therefore all wavelength channels can be represented in a single cover slip.

For puddle slides the 100 nm to 110 nm diameter beads can be used for all

colours, including blue, as the concentration of beads required to make dense

puddles is also bright enough for detection. A more descriptive methodology

and dilutions for all SIM optimisation slides can be found in Kraus et al. (2017)

and Demmerle et al. (2017).

Alignment and software

The final step required to transform raw or reconstructed images into input

for ChaiN is image registration. This is a requirement on all systems which

have separate cameras and detectors for each individual wavelengths as dif-

ferent lightpaths shift the image projected onto each receptor relative to each

other. The field of image alignment is many decades old and boast multi-

ple methods for achieving similar results, with varying costs to either speed

or accuracy dependent on sample and algorithm (reviewed in Oliveira and

Tavares (2012)). Nowadays proprietary commercial image analysis packages

have inbuilt tools for image registration. During the course of this investiga-

tion two alignment softwares were tried and compared, primarily: Softworx

and OMX editor (API DeltaVision alignment software, and Chris Weisiger and

John Sedat, UCSF, respectively). Of these, SoftWoRx currently lacks automatic

alignment in the z plane which makes it not adequate for an image-analysis-

based project of thousands of images. OMX editor includes this capability as

well as being able to process large queues of images in batch alignment runs

(provided all images require alignment by the same pre-acquired parameters).
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Regardless of software used, all batch alignment programs require a set

of alignment calibration parameters. These can’t often be extracted from the

actual sample to be aligned, as usually different entities are stained in different

channels, with the occurrence of one signal bearing no geometric relation to

a signal in another channel. Hence to measure this calibration parameters an

image registration/alignment slide needs to be made.

Bead alignment

As with PSF and puddle slides, fluorescently labelled beads may be used in or-

der to generate this calibration sample. Because precise alignment is required,

these beads must be simultaneously labelled with a selection of fluorophores

matching the excitation lines of the system. For the OMX V3, 200 nm diam-

eter "Tetra-Speck" microspheres (Life Technologies T7280) were used. The

methodology for making this slide is identical to that for making PSF slides

outlined previously in §3.1, with 2 major exceptions. First although theoreti-

cally a single multi-spectral bead is enough to produce alignment parameters,

it is often useful (for reasons described below) to have multiple beads per im-

age, hence a higher concentration is required. Single beads are still desired

over puddles so an dilution of the initial bead stock needs to be used, here

1:100,000 to 1:1,000,000 approximately (empirically defined for 1-10 beads per

field of view). Second, application of this dilution over the cover slip only (as

is the case for PSF slides) would yield a slide useful for alignment in 2D but

one lacking any z component. This is because all beads will settle roughly

within the same z plane (within the first tens of micrometres) near the cover-

slip. To generate a slide for 3D alignment another drop must by dispensed on

the slide too. Once both the coverslip and the slide have dried they may be

mounted with glycerol between them.
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Biological alignment

Registration calibration slides can also be made from biological samples.

These have the advantage of being at hand from spare specimens. A single

monolayer of tissue-cultured cells, i.e: mammalian primary cells or tumour

cell lines can be used. As with any slide for registration parameters it is im-

portant that the same structure is labelled in all channels to be aligned. By tak-

ing advantage of synchronously firing origins of replication, incorporation of

labelled nucleotides (eg: EdU) during S phase can be used for this task. After

10-20 minute incubation enough labelled nucleotide will be incorporated such

that clear individual foci can be detected after fixation, i.e: via Click chemistry

outlined in §2.4. The key step in generating these registration samples is to

use a mix of all fluor label reaction. These fluorophores will attach to all sites

with the labelled nucleotide and since these domains are highly abundant in

labelled nucleotide the resulting stain has points labelled in all channels (Fig-

ure 3.2). Another advantage of biological samples over beads is the coverage

of all z planes, identifying misalignments throughout the sample easier than

from two 2D bead planes N nm apart. Note that the number of times a single

alignment slide can be used depends on the durability of the biological sam-

ple when stored at 4 ◦C (cellular compartments degrade over time even when

fixed and mounted).

Pre-processing

Pre-analysis data check

Before committing files for analysis it is imperative to control for errors or data

corruption which are detectable using image visualisation software, such as

ImageJ. This is important when applying the ChaiN workflow in batch mode.

It may no longer be practical to look at the output for hundreds of files at

each junction on the analysis pipeline, but taking the time at the beginning to

ensure that all files are correct will help avoid unexpected error in the analysis
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(a) EdU quad staining

(b) Z alignmet

Figure 3.2: Biological alignment sample. (a) Quad-colour staining of EdU
before and after alignment (left and right respectively) for a single z slice and
maximum intensity projection of full z stack (top and bottom respectively).
Note that forth colour in infra-red stain is missing from display. (b) Zoomed
in chromocentre region viewed in x-y plane after 2D alignment (left) and com-
paring visual and intensity line profiles of alignment in z after 2D or 3D align-
ment algorithms (Softworx, OXM editor respectively). Adapted from Kraus
et al. (2017). Scale bar = 5 µm, inset scale bar = 1 µm.
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scripts which will otherwise halt progress and ultimately cost more in terms

of time loss. Consulting a tool such as ImageJ’s SIMcheck plugin provides

a wide range of ways to examine the quality of raw and reconstructed SIM

data and suggest optimal values for Wiener filter magnitude to refine data

reconstruction before committing to analysis. An in depth description on how

to use SIMcheck for SIM data inspection (required in ChaiN for clean-up) is

covered in detail in Ball et al. (2015).

Furthermore one may still want to use image visualisation at key points in

this analysis pipeline, such as for inspecting any tiff-formatted binary masks

as well as foci and chromatin landscape segmentations on randomly selected

files when processing in batch mode. This is enabled since intermediary steps

in the ChaiN workflow are saved as control/log/quality image files.

Pre-analysis clean-up

One feature of the SIMcheck plugin which the ChaiN workflow relies on is

the "Stripe contrast modulation" scoring. This makes use of a priori knowl-

edge about how SIM data is acquired to display a voxel by voxel score of the

quality of reconstruction at each voxel, its reconstruction fidelity (Figure 3.3).

Although reconstruction fidelity and stripe brightness is mostly a positive lin-

ear correlation, this tool is more than a simple linear threshold of raw data

intensity. Very bright regions may also cause low stripe modulation, due to

saturation of the camera’s bit-depth. Such regions show artefacts similar to

regions of low stripe modulation caused by low signal intensity, generally

hexagonal or parallel-striped high-frequency noise (Figure 3.3; inset, red ar-

rowheads). To use this tool I have written an automated ImageJ macro (Ap-

pendix 9.6) which generates binary masks of "trustworthy" voxels which can

then inform downstream ChaiN scripts if elements in that region are to be

taken as real segmented structure or discarded. By careful adjustment of laser

intensity and exposure during sample acquisition one can minimise the num-

ber of voxels with low modulation contrast which will otherwise be discarded
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voxels, yielding higher statistical power per acquisition. No amount of clever

and automated post-acquisition clean-up can truly be as good as starting with

higher quality images.

3.2 Feature segmentation

Automation and requirements

The ChaiN workflow relies on two main programming languages for image

and data analysis: GNU Octave and R. Both are open source, free (“libre”)

software and were chosen because this makes the dependencies of ChaiN eas-

ily available with manuals for their use already accessible. Furthermore, both

have large community-based forums where users who are not skilled pro-

grammers may ask for help if any issues are encountered. In the context of

ChaiN , Octave is primarily used for image processing, such as the morphol-

ogy operations needed to segment foci, described in the following section.

Octave can be run from command line or from the newly introduced GUI.

For ChaiN , R must have the “Bioimagetools” and "EBImage" packages. R

is used by ChaiN for image processing regarding chromatin landscape seg-

mentation, however it is mostly used for numerical data processing and sta-

tistical analysis. Further packages for R are optional during manual analysis.

"ggplot2", is a tool for data visualisation and representation and was used

throughout this project for graphs and plots in most figures.

To manage the multiple steps of batch processing of all the data, GNU’s

”Make” was used. This is a reliable build system which is commonly used for

compiling software. As with other build systems, Make can be programmed

to keep track of all dependencies for every step within the network of scripts

which make up the workflow. In ChaiN this is used to create a hierarchical

tree of the inputs and outputs of every analysis script (Figure 3.4 and Ap-

pendix 9.6). Make is able to process all files of a particular type or format

in an identical manner and naming each relevant script for processing these
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files in the correct manner and order. Because Make can build up dependency

trees, one is also able to configure Make to create a file which relies on input

files which have not yet been made. In these cases, Make will work back-

wards to generate these inputs, and the required files for these (Figure 3.4).

In this way the user may command the generation of the last output file in

the pipeline, and all intermediate steps from the initial data onwards will be

generated automatically, effectively “daisy-chaining” all scripts of the ChaiN

workflow without user interference. Furthermore, flags can be used in com-

mand line for Make to run jobs in parallel which can significantly reduce the

total computation time. An in-built help page which outlines the target of

each Make command in ChaiN can be accessed by the "make help" command.

Masking

For any given image processed as part of this work, the biological region of

interest only occupies a smaller volume than the total volume of voxels of the

image. Since the size of the field of view is deliberately larger than the size of a

cell’s nucleus. Importantly, the volume outside of the nucleus is never empty.

Depending on the stain or antibody specificity/cross-reactivity, some images

may harbour a low content of signal in the cytoplasmic or extra-cellular vol-

ume. A 3D binary mask including only the nuclear volume was generated to

define the region of interest. When applied to subsequent scripts, this mask

ensures that all non-nuclear data (false positives) are excluded; increasing the

accuracy of the results and decreasing strain on computation. To achieve this,

ChaiN employs a “nuclear_mask.m” Octave script (Appendix 9.6). The func-

tion of this script was originally written by David Pinto as part of a larger

script subsequently edited by me.

IF foci centroid coordinates

Spot segmentation is required for the quantitation of punctate patterns from

immuno-fluorescence targets within the counterstained nuclei. These spots
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(a) Project architecture

(b) Make relationships

Figure 3.4: Make workflow. (a) Architecture of the ChaiN
project allowing Make-control of automation by saving the mode
threshold reconstructed image (ending with _SIR_EAL_THR.tif)
and its MCNR mask (_EAL_MCNR-mask.tif) under a logical di-
rectory architecture which Make can replicate to save analysis
outputs: _SIR_EAL_THR_mask.tif, _SIR_EAL_THR_centroids.csv,
_SIR_EAL_THR_SEG.tif and _SIR_EAL_THR_distn.csv. (b) Graph of in-
put dependencies coded in the Makefile. The Makefile is a file containing
recipes outlining how the dependencies for each function/script relate be-
tween the data and results directories, scripts, and the automatic generation
of file names for ease of data sorting and mining. The inputs required and
outputs generated by each file are outlined in Appendix 9.6.
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Figure 3.5: Chromatin masking. The “nuclear_mask.m” script uses the“image”
package in Octave for the automatic generation of binary masks for the whole
nucleus. The mask allows the exclusion of all non-nuclear voxels regardless
of intensity and reconstruction quality, from the a priori knowledge that these
are always false positives. Scale bar = 5 µm.

can be resolved by SIM, provided they are sufficiently spaced, to 100 nm in

x-y dimensions and 300 nm in z (Demmerle et al., 2017). However the source

of this point spread function (the excited fluorophore) is in the order of a few

nm.

The "foci_centroids.m" script segments all puncta within the nuclear vol-

ume and assigns a weighted 3D centroid coordinate for each at sub-pixel reso-

lution (Appendix 9.6). 3D watershedding followed by intensity thresholding

implementing the “Otsu” thresholding algorithm, ensures that high density

clusters of spots can be separated, rather than erroneously assumed to be a

filamentous structure. A weighting factor is then implemented biasing the

position of centroids towards the brightest pixels in a segmented foci. The

resulting centroid position is a fairer representation of the real chromophore

position than assignment by a simple geometric centre of mass as it uses shifts

in signal intensity to estimate the chromophore position. The CSV output file

contains four columns for X, Y, Z coordinates in nm and the number of cen-

troid (Figure 3.6). The function of this script was originally written by David

Pinto as part of a larger script subsequently edited by me.

As with all workflows there are limitations to this approach. The use of the

Otsu algorithm for automated thresholding makes a good segmentation out-



3.2. FEATURE SEGMENTATION 87

put dependent on an high signal to noise ratio in the analysed images. Hence,

visual inspection and validation using the log image files created by ChaiN is

recommended, in particular when samples using new antibodies of unknown

specificity. Furthermore, the basis of epigenetic marker detection via IF also

has its limitations. First, it relies on indirect labelling. This means that the

signal is only a proxy for the position of the target, provided that the antibody

has high specificity for the target epitope and no cross-reactivity. High con-

centrations of antibody also reduce the efficacy of washing steps in the stain-

ing procedure, such that free-floating antibodies may be fixed, imaged and

analysed as false positives. Second, antibodies are moieties of approximately

15 nm. Therefore the position of the actual target is never truly at the position

of the fluorophore and this decreases the measurement accuracy Kraus et al.

(2017). The use of a double antibody strategy only compounds these limita-

tions. On the upside, antibody based detection is a reliable protocol which

can be implemented with relative ease. Moreover, the modularity of primary

and secondary antibody based detection allows many different primary anti-

bodies to be analysed with the same secondary antibody (provided they are

raised in a species producing cross-reactive IgG peptides). This aids the ex-

perimental design and increases the accuracy of comparison across samples,

as no differences in the specificity of different secondary antibodies needs to

be taken into account.

Chromatin topology

Segmentation is used for a simplified characterisation of the intricate topol-

ogy of chromatin by the signal intensity of a chromatin stain as a proxy for

chromatin density, resolved by super-resolution 3D SIM. In ChaiN , this is

performed by the “Chromseg.R” script.

Chromatin signal intensities are normalised to the maximum intensity

of chromatin in the image for comparison across samples. This is followed

by linear thresholding the intensities into multiple bins, thereby segmenting
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Figure 3.6: Centroid segmentation. The “Image” package in Octave was used
for the localisaton of the centre of individual IF spots. Here, for zoomed-in re-
gions of H3K36me2 (top) and H3K9me3 (bottom). From left to right: composit
of chromatin (grey) and IF (green or red), composite of marker and localised
centres (cyan or magenta respectively), composite of chromatin (blue) with
localised centroids. A CSV file with coordinate positions in x,y and z is saved
(top right). Centroids are filtered by intensity and size threshold of IF spots
and a 3D watershed function to split neighbouring spots whose PSF may be
touching in 3D (appearing as red or green continuous filaments in middle
composites). Not all If spots show a centroid in this displayed region as these
are in a different z plane not shown. Scale bar = 1 µm.

them into discrete “classes” based on intensity, which are subsequently re-

fined through a Hidden Markov Model (HMM) as first outlined in Markaki

et al. (2012). Implementation of the HMM may re-assign the “intensity class”

of an individual voxel by taking into account the overall signal (or lack of)

in surrounding voxels. This fine-tuning allows the capture of fine chromatin

architecture on chromatin-sparse regions and of chromatin depleted channels

within chromatin-dense structures, conversely (Figure 3.7). This segmenta-

tion also normalises the minima and maxima of the dynamic range between

samples. The number of classes chosen was maintained at 7, as described

in Markaki et al. (2012). Although partially arbitrary, this number is also in-

formed by empirical observation that approximately a seventh of the dynamic

range in a given micrograph contains all non-detectable chromatin environ-

ments. This volume in ChaiN is correlated to the IC, although some chromatin
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may be found in this region as very small loops beyond the resoltion of SIM.

As the “Chromseg.R” script normalises the chromatin stain to the maximum

intensity of chromatin in each image (and not to a hard cut-off) the definition

of the IC as the first seventh bin of the intensity remains. Note that compari-

son across samples stained with DNA dyes of different characteristics or may

have a different definition of the IC. A clearer definition of this space may in

future be obtained by an exclusion staining independent of DNA. Possibly

by fluorescently tagged moieties of different molecular weights. The regions

excluding the largest moieties should be the chromatin network and by con-

sequence, the rest of the nuclear volume can be defined as the IC.

Having 7 classes is also a good compromise between the different number

of bins in which to segment the chromatin network. On the one hand, statisti-

cal rules to estimate the optimal number of classes solely on the resolution of

distributions, such as Sturge’s, Scott’s or Freedman-Diaconis rules, can range

from 17, 37 or 48 classes respectively (Figure 3.7). On the other hand, a harsh

binary split of the network could also have been used with a max of 3 classes

(one for the IC and two for chromatin). However any nuance or gradient in

the distribution of markers would have been lost in this approach. By using 7

classes, 6 can be dedicated to the description of chromatin. This allows both

a binary post-processing interpretation of low (2-4) and high (5-7) chromatin

density, but also a softer interpretation of low (2-3), middle (4-5) and high (6-7)

chromatin density, providing a middle ground for markers which may have

more central/broad distributions. This is useful as genomic function may not

be divided simply into two density environments. Having flexibility for in-

terpretation post-processing could also be a case for using the higher number

of bins as suggested by the statistical rules. However little is gained in from

doubling or over six-fold increase in bin number (Figure 3.7) and in practice

this makes downstream comparisons between datasets unwieldy.

The output generated by ChaiN therefore is a segmented image of 7 classes

representing the original chromatin landscape with a high enough class num-
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ber to asses subtleties in the distribution of markers and few enough classes

not to subdivide the interchromatin compartment. All regions outside the nu-

clear mask will be in ”class 0” which is not counted as a class for the purpose

of analysis.

As there is no stain for nucleoli in this investigation (given the technical

limitations of the number of lasers and dyes in the OMX SIM system used,

see Appendix 9.3, Figure 9.4) it is not possible to disentangle the proportion

of class 1 belonging to nucleoli vs the IC. Nevertheless, as the majority of

this work focuses on describing the relative differences between markers in

the same cell type, conclusions from such measurements do not suffer from

a small systematic bias across all samples. Certainly, when comparing across

different cell types, such as in §6.2 between C127 and IMR90 this limitation

needs to be taken into consideration. Cell lines such as C127 with more/larger

nucleoli will have a larger class 1 volume and so when normalising the dis-

tribution of markers to this class there may be a skew to less enrichment (or

increased depletion) relative to cell types with fewer/smaller nucleoli. Fur-

ther optimisation of ChaiN should take as input a nucleolar-specific stain and

used an adapted version of “nuclear_mask.m” to mask-out the nucleolar vol-

umes.

3.3 Measurements and statistics

Chromatin metrics

Exposing cells to a variety of chemicals or buffers may cause visible pertur-

bations to the overall chromatin morphology (Talwar et al. (2013), Figure 6.2

Figure 6.4). Some of these, trigger reversible compaction or decompaction of

the chromatin environment, eg: hyper/hypo-osmolar growth media (Irianto

et al., 2013). Others conditions achieve the same result irreversibly, by ATP

sequestration via sodium azide, or by global nucleosome deacetylation via

trichostatin-A for compaction or decompaction respectively. The global ef-
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Figure 3.7: Chromatin density classes segmentation. Top: Chromatin is
segmented by intensity, density proxy, into 7 classes (plus a 0th class, out-
side the nucleus, top row gallery). The lowest class represents the inter-
chromatin compartment (IC) which can be distinguished from all other classes
in pseudo-coloured images (right, blue) . Bottom: Binning into 7 classes is the
best compromise between decreasing complexity of analysis whilst keeping
analysis comparable to higher bin numbers markaki 2012. In this example the
distribution of centroids for the IF of histone modification H3K36me3 is plot-
ted as a histogram of their absolute frequency (y axis) against the same chro-
matin stain segmented in various bin numbers (x axis). The same left-shifted
distribution is observable if 7 bins are used (right) instead of suggested bin
numbers by: Freedman–Diaconis’ (FD) rule (48 bins, left) or Sturge’s rule (17
bins, centre) for bin-number estimation. FD is optimal for random samples of
normally distributed data and its less influenced by outlier values than Scott’s
rule. Sturge’s rule assumes an approximate normal distribution and can per-
form poorly if n<30, not true in this case with n ≈ 3.5 million voxels analysed
per image. Scale bar = 5 µm, inset scale bar = 1 µm.
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fects of these perturbations have been described without the application of

super resolution microscopy techniques. Nevertheless, a thorough metric for

quantitation of these effects has been lacking in the field. With the use of SIM

the rearrangements of chromatin can be resolved to yield images of the qual-

ity necessary for the extraction of measurements of chromatin anatomy at the

nano-scale.

Chromatin volume

ChaiN uses the output of the chromatin segmentation to approximate the vol-

ume of the chromatin in the nucleus (Appendix 9.6). This makes use of the

available resolution to estimate changes in genome size.

Because ChaiN has a previous chromatin segmentation step, it is able to

find not just the ratio of chromatin to the nucleus, but also the ratio of different

densities of one chromatin density class to the volume of all chromatin in any

particular nucleus (Figure 4.2). This utilises the nuclear mask calculated by

ChaiN previously (Appendix 9.6), but by replacing the whole-nucleus mask

with specific sub-nuclear regions of interest (i.e: sites of nascent DNA replica-

tion) then the distribution of chromatin densities at these locations can also be

known (Figure 5.2).

Chromatin surface area

Using ChaiN a boundary region between the interchromatin channels (spaces

within the nucleus without detectable chromatin) and regions of chromatin

detection (of all intensities) can be defined. Because this feature can be ex-

tracted as a numeric approximation of the number of voxels representing it in

the 3D image, it can also be normalised to the previously extracted approxi-

mation of the voxels representing the chromatin volume from the landscape

segmentation. Such normalisation is effectively a surface area to volume ra-

tio metric. Surface:volume can be helpful in describing and comparing the

magnitude by which the previously described perturbations effect the chro-
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matin network, and is a metric which has not been possible to implement

before. Networks with low complexity in 3D topology will be represented

by lower values of surface:volume whilst increasing ratios are proportional

to increase in topology complexity; more channels and convolutions of a 3D

volume cause an increase in surface area for the same available volume (Fig-

ure 4.3). A single and perfectly spherical domain of chromatin would theoret-

ically have the lowest topology complexity and thus the lowest ratio.

Chromatin network width

Another metric of the nature of chromatin networks is the description of the

average width of the network filament. Using the segmented chromatin sur-

face area, ChaiN is able to estimate the distances of all chromatin-containing

voxels to the chromatin surface (Appendix 9.6) by calculating the distance of

a high concentration of random spots (Figure 3.8(a), Figure 3.8(b)). The fila-

mentous network was modelled as short tubular stretches of various widths

but with an average diameter. A cross-section of the average tubular filament

can be represented as a circle (C1) of radius R (Figure 3.8(c)). When random

spots are placed into the volume these will intersect randomly to the perpen-

dicular plane formed from the cross-section of the filament, such that this can

be represented also by random spots on the 2D cross-section. Taking the ran-

dom distribution of these spots, 50% will be found in a smaller area, a circle

(C2) with radius r, such that R = δ+ r where δ is the difference between these

radii (Figure 3.8(c)). I calculated the ratio between δ and R as follows:

Area(C1) = 2 ∗Area(C2)

πR2 = 2πr2

R2 = 2r2

R =
√

2r2

δ + r =
√

2r

δ = (
√

2− 1)r
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(a) Random sampling

(b) Distance measurements

(c) Network modelling

Figure 3.8: Chromatin network dimension. (a) A random sampling of dis-
tances to the network boundary can be obtained by generating a random scat-
ter of coordinates in silico (left) restrained in the volume of the nuclear mask
(middle) to give a pseudo-IF centroid coordinates (right) with no biological
bias. (b) The distance of the network boundary (left) to the aforementioned
random spots is calculated (middle). As this is a random distribution, plot-
ting the cumulative probability of each centroid (right, y axis) to distance to
the boundary (right, x axis) yields a symmetric curve (black circles) which can
be described from fitting a cumulative normal distribution (black line). Fit-
ting is achieved by the least square method. From this a mean distance (µ)
and standard deviation can be obtained (σ). (c) From empirical observation of
cells the chromatin network can be approximately modelled as a network of
tubular filaments with a degree of variability in width but with an average ra-
dius of R (top left, bottom left, and centre tube). Plotting the average distance
(those within the network) is possible by taking the average µ and σ fitted
from all cells. The average radius R can be sub divided into a smaller radius
“r” which encompasses the inner half of the volume of the tube (and therefore
half the area of the cross-section) and δ, the difference between r and R. Scale
bar = 5 µm.
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And therefore:

r =
δ√

2− 1

Given that R = δ + r, it can be shown that:

R = δ +
δ√

2− 1

R = (2 +
√

2)δ

R ≈ 3.4142δ

And therefore:

δ =
1

2 +
√

2
R

δ ≈ 0.2929R

From the resulting estimated frequency of all distances, the distance between

the 50% of spots closest and furthest away corresponds to the distance δ away

from the surface. In other words, 50% of modelled particles will always be less

than δ nm away from the surface and the other 50% of distances will always

be more than δ nm away from the surface. By using the calculated ratio of

2 +
√

2 we can calculate an estimate for the R radius of the average tubular

filament (Figure 3.8(c)).

Epigenetic Marker metrics

Distribution relative to density

In the ChaiN workflow the 3D coordinates of the centroids of segmented IF

spots are mapped on the segmented chromatin landscape (Appendix 9.6). The

measurements obtained from this indexing of the distribution of nuclear ele-

ments as a function the underlying chromatin landscape allows the quantita-

tion and comparison of any bias in distribution between markers of distinct

biological function. The methodology to achieve this begins with the output

CSV files of segmented centroid coordinates (Figure 3.6) as well as the seg-

mented chromatin landscape image (Figure 3.7).
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The segmented chromatin landscape image is indexed with the IF coordi-

nates to find the corresponding value of the voxel on the image (i.e: the voxel

where a centroid coordinate resides). A final sum of all unique values in this

new dataset produces a table of the distribution of every centroid position

per segmented chromatin class. This can be saved as an individual CSV (Fig-

ure 3.9). Each cell may have a different absolute volume of each chromatin

intensity class represented, requiring normalisation of the calculated distribu-

tions. To normalise the absolute values of spots found in each class ChaiN

divides each by the relative volume of their class; that is, the proportional

number of voxels in the segmented image which belong to the same class.

The rationale being that for a modelled stochastic spread of coordinates, the

number of them caught in each class will increase proportional to the volume

of the class (i.e: “a bigger bucket collects more rain drops” analogy). Normal-

isations as an enrichment or depletion over chance is best plotted as a log-fold

change due to the symmetrical magnitude change for positive or negative log

values (Figure 3.9(b)).

Normalised results are saved to CSVs for quality control of individual

cells, but more importantly they are concatenated over the number of techni-

cal and biological repeats of each distinct marker required by the experiment.

Scripts in ChaiN will automatically do the latter and calculate the mean of

means for every marker as well as the standard deviation and the 95 percent

confidence interval (also converted to positive and negative error bars in a

log scale for data visualisation). Graphical representation of final outputs as

log values provide an intuitive way of comparing by eye the magnitude of en-

richment vs depletion by the simple length of bar graph (Figure 3.9(b), bottom

right)

Distance to IC border

An important unknown of the epigenomic landscape is if chromatin accessi-

bility (controlled by chromatin density) is a key regulator in the deposition of
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(a) Count of marker occurrence in chromatin classes

(b) Normalisation of marker distribution

Figure 3.9: Count and normalisation of marker in chromatin classes. (a)
The intensity value at any particular voxel of the 3 bit segmented chromatin
landscape (left) can be indexed by the centroid coordinates (centre cyan dots,
right white dots). Counting the number of times each chromatin class is in-
dexed (right and bottom table) yields a distribution the most and least com-
mon classes where the IF marker is found. (b) The absolute count numbers
(top left) are not useful for comparing between different target markers (X
and Y, in green and red respectively). Their distribution is normalised to the
total number of centroids for each marker in each cell (top right, green and
red). As each chromatin class represents a different nuclear volume, a ran-
dom scatter of centroids would yield an average distribution following the
volume of each class (top right, blue) by random chance. The marker dis-
tribution is normalised to the random (bottom left) and can be displayed as
enrichments (>100%) or depletions (<100%) of the values expected (100%, yel-
low) by chance Percentage is not ideal to represent change graphically when
comparing both enrichment and depletion as depletions from 100-0 % is equal
in magnitude to 100-infinity % enrichment. By plotting the log (base 2) of
these deviations from chance (bottom right) equal magnitudes of change but
in opposite directions (e.g: black bars) can easily be interpreted. Scale bar =
1 µm.
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Figure 3.10: Distance to IC. To calculate the average distance of a marker to
the IC boundary the same method as that described in Figure 3.8(b) is used,
replacing random generated centroids with those empirically calculated from
IF and ChaiN segmentation. Scale bar = 5 µm.

functional epigenetic markers, such as histone modifications. Thus, a way to

measure the distribution in distances between where such markers lie to the

boundary of the interchromatin compartment would be a useful tool to test

this hypothesis.

ChaiN calculates the distance between the sub-voxel centroid coordinates

previously segmented to the nearest voxel of the IC boundary (Figure 3.10 and

Appendix 9.6). The mean absolute values in these distributions shed light on

the 3D compartmentalisation and deposition of each marker with relation to

the chromatin topology. Furthermore, these distance distribution may also be

normalised to take into account the probability that such distances could oc-

cur by chance alone. This can be done by measuring the nearest neighbour

distance between every voxel in the image and the voxels in the IC boundary.

However the ChaiN workflow generates a random set of coordinates indexing

any voxel in the image but with a total sample number in the same order of

magnitude as the number of marker centroid coordinates. The rationale here

being that a stochastic distribution of spots with no biological bias can be used

to sample the true number of available distances and so estimate the true sta-

tistical nature of said distribution (Figure 3.10) while reducing the magnitude

of computations and thus computational time required.

Both the marker distance distribution and random distance distribution
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are then fitted to a unimodal density Gaussian function normalised to unity

iteratively until optimal parameters are found for each. Using the µ and σ cal-

culated, the expected distribution is fitted between ± 400 nm from the bound-

ary as empirically this range covers the majority of marker coordinates. Fi-

nally this continuous function is made discrete by binning into single nm in-

crements.





CHAPTER 4
G1 3D topology of the

genome and epigenome

4.1 Interphase chromatin topology

In order to match the epigenome to the underlying genome, ChaiN must first

segment the intricate network of chromatin. As outlined previously, chro-

matin is stained by SYTOX green after RNAse treatment and acquired by 3D

SIM during G1 as this provides a defined window for focusing on epigenet-

ics when most genomic functions are in their relevant 3D physiological state,

eg: during metaphase chromatin compaction and loss of the nuclear envelop

disrupt normal genomic functions. Cells in G1 can be selected as opposed to

cells in S phase by the absence of incorporated labelled nucleotides, to cells in

G0 by Ki67 stain and to cells in G2 by their smaller size. Metaphase cells are

also easy to select. The ChaiN workflow can, for the first time, generate met-

rics for a quantitative analysis of the chromatin network environment. These

can be broken down to measurements in densities, volumes, surface areas and

filament dimensions; descriptions of the network which can later be used to

compare chromatin after remodelling by endogenous or exogenous factors.

101
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Figure 4.1: Chromatin volume. Absolute nuclear volume as voxel counts
from the binary nuclear mask (left). Violin plot showing quartiles as hori-
zontal lines for non-treated G1 C127 nuclei. Scale bar = 5 µm, Ntotal= 320 cells.

Volumes

After the advent of deconvolution algorithms, followed by super resolution

microscopy, the nucleus has been known to consist of a heterogeneous chro-

matin environment. Using ChaiN the total volume of the nucleus (Figure 4.1)

and the volume dedicated to chromatin can be calculated (Figure 4.2(a)). For

the C127 cell line approximately 65% of the nuclear volume is comprised of

chromatin, with a range between 50% and 80%.

Density

The volume of chromatin is also heterogonous with respect to chromatin den-

sity with some percentage volume of the total chromatin dedicated to various

amounts of chromatin compaction. Using a 7 bin classification outlined in

the ChaiN methodology (3.2) a negative correlation can be clearly seen be-

tween increased density of chromatin and its proportion of nuclear volume

(Figure 4.2(b)). This points to a significant reduction in volume occupied by

increasing densities of chromatin, as would be expected from a network com-

posed of a gradient of densities with most of its volume dedicated to a decon-

densed surface and a smaller core with condensed chromatin (Figure 1.13).
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(a) chromatin:nucleus

(b) Proportion by density class

Figure 4.2: Chromatin density. (a) Ratio of chromatin volume (represented
as a binary image of density classes 2-7, left) to whole nuclear volume plotted
as a violin plot of distribution for untreated G1 C127 nuclei (right). Scale bar
= 5 µm. (b) Distribution of (a) sub divided by chromatin density class, plotted
as boxplot. Scale bar = 500 nm, Ntotal= 320 cells.
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Figure 4.3: Chromatin Surface area. Surface area to volume ratio calculated
from the voxel count of boundary voxels between class 1 and 2 (left) and the
chromatin voxels of classes 2-7 (centre). Scale bar = 5 µm, Ntotal= 320 cells.

Surface area

From the segmentation of the network surface between chromatin and non-

chromatin it is also possible to calculate a surface area to chromatin volume

ratio. A range of ratios from approximately 0.2-0.6 is found, with a physiolog-

ical average of 0.4 (Figure 4.3). Although these values are relative and don’t

mean much for a single experiment type, this metric is a useful tool to un-

derstand how complex and convoluted the network is, and to compare how

this complexity changes from factors which can remodel chromatin. This is

important for the accessibility-based regulation hypothesis as the surface area

would be the site of interaction between machinery in the IC and chromatin

to be acted upon.

Network dimension

Finally an absolute measurement of the network’s filaments can be extracted

by considering the distance between a set of random points within chromatin

and the segmented surface. The average dimensions can be obtained by mod-

elling random distances as a decay from the surface (assuming that the aver-

age filament can be model as cylindrical) and multiplying by a correction fac-

tor. This is outlined in the ChaiN methodology (§3.3). The average filament

radius calculated is 263 nm, giving a filament width of 526 nm (Figure 4.4).
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Figure 4.4: Chromatin Network. Top gallery: Dimensions of chromatin net-
work calculated from the distances of random sampled voxels (magenta) to
the network boundary (green) as outlined in §3.3. Bottom: The average of the
modelled frequencies fitted for each cell at each nm distance to the IC bound-
ary can be plotted (red line) with its 95% confidence (ribbon between dashed
lines). Modelling the network as tubular filaments as described in §3.3 allows
the calculation of the average network filament radius at 263 nm, giving a
filament width of 526 nm. Scale bars = 2.5 µm, Ntotal= 960 cells.



106 CHAPTER 4. G1 3D EPIGENOME

4.2 The 3D epigenome

Correlating the spatial distribution of epigenetic markers as identified by IF to

the density of underlying chromatin in C127 mammalian G1 cells as described

in §3.3 yields a rich dataset of either enrichment or depletion of the abun-

dance of these IF signals for each binned chromatin density class. By plotting

this dataset as a heatmap of log2-fold enrichment and grouping markers by

a priori functional knowledge a clear distinction of functional compartmental-

isation can be observed (Figure 4.5). Generally, the distribution of structural

markers and markers of transcriptional activity are found in the lower density

classes while the inverse is true for markers of genomic inactivity. It is worth

noting that throughout the profiles of all markers analysed, class 1 (defined

as the chromatin devoid IC) is evidently depleted of all chromatin associat-

ing markers (Figure 4.5), making it a good internal control for the intensity

binning classification (§3.2). The group of markers most enriched at decon-

densed chromatin classes (the structural elements and the markers for active

transcription) are still under-represented in the IC (albeit to a lesser degree

than depletion observed for markers of heterochromatin in the same class 1).

Even for structural and active markers a gradient of correlation with IC oc-

cupancy can be seen when sorted by the degree of chromatin interaction. His-

tones with post translational modifications show the greatest depletion in the

IC, followed by the non-histone transcription complex RNAP, then by non-

histone chromatin architecture factors, and finally non-histones with chro-

matin and RNA association. Furthermore plotting the relationship between

the size of chromatin remodellers and the chromatin class where the marker

deposited by each remodeller is most highly enriched gives a strong positive

correlation (Figure 4.6). Individual distributions will be analysed in detail for

each marker of each functional sub group subsequently.
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Figure 4.5: Active marker distribution. Overview heatmaps of log2 fold en-
richment or depletion of marker IF abundance relative to chance in each chro-
matin class for all markers. Markers are grouped by function from top to
bottom: Structural, Active, Mid, Inactive. Ntotal= 320 cells.

Decreased chromatin density correlates with transcriptional active

environments

The clearest pattern to emerge is the relationship between markers of tran-

scriptional activity and regions of low chromatin density (Figure 4.7). The

serine-2-phosphorylated modified RNAPII(-S2P) being a marker for tran-

scriptional elongation (Ahn et al., 2004) along with histone modifications

associated with active promoters (histone 3 lysine 4 di/tri methylated,

H3K4me2/3, Ruthenburg et al. (2007)) and active gene bodies (H3K36me2/3,
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Figure 4.6: Chromatin remodellers. Scatter plot of the approximate sizes
for chromatin remodeller complexes (individually labelled) responsible for
the deposition of the chromatin markers in the y axis. Colour indicates the
segmented chromatin class where the marker is found at highest enrichment
(decimals used to extrapolate the mean between two classes if both show com-
parable enrichment).

Wagner and Carpenter (2012))were found to be enriched primarily between

classes 2-4 and massively under-represented in classes 5-7. The under-

representation in these denser classes can reach up to a factor of 10 times

lower than expected from chance alone.

The use of thousands of immunofluorescence spots for measurements and

replicates over tens of cells gives high enough statistical power to decrease the

range of confidence intervals to show clear separation between bars belonging

to the same marker across densities and bars of the same chromatin density

compared across markers. Whilst the general pattern for “active” function is

not surprising , it is worth noting that for the first time, a quantitative analysis

can be performed with sufficient statistical power to resolve the difference

between markers of the same function. That is to say that the distribution of

specific markers can be described, and not just the general pattern of a certain

genomic activity.

From this dataset it can be observed that the epigenetic marker with least
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Figure 4.7: Active marker distribution. log2 fold enrichment and depletion
of IF marker abundance for active genome function relative to chance in each
chromatin class. Error bars = 95% Confidence interval, Ntotal= 100 cells.

depletion in class 1, highest enrichment in the lowest densities (classes 2-3)

and strongest depletion in classes 4-7 is the RNA polymerase complex (Fig-

ure 4.7). This agrees with the model, being a marker which by definition

must be associated with transcription but also being the only marker of the

five analysed not to be part of chromatin. One would expect it more than the

rest in class 1, the IC, by chance alone, and one would expect more nucleo-

somes, regardless of modification as the density of chromatin increases. Fur-

thermore, its large molecular weight (12 subunits comprising 550 kDa) makes

it physically adverse to penetrate high density chromatin as hypothesised by

the proposed model. RNAPII-S2P is in fact the benchmark used here for defin-

ing without histone proxy what chromatin density environment is the one in

which active transcriptional elongation takes place, nominally classes 2-3.

Two further patterns of interest that the ChaiN workflow can extract are

the striking difference between methylated states of histone modifications

and also the difference between modifications on promoters vs gene bodies

(H3K4 and H3K36 methylation, respectively). Following the former state-

ment both tri-methylated states of either lysine 4 or 36 are the ones most de-

pleted in dense chromatin compared to their di-methyl counterparts. This is
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also in line with the accessibility model in that the deposition of such methyl

groups in accomplished via enzymatic reactions carried out by large methyl-

transferase complexes, with the tri-methyl state proceeding only after mono-

and di-methylation. For H3K4, methylation takes place by complexes contain-

ing the SET domain (Gu and Lee, 2013) such as the SET1 complex (450 kDa)

and PRDM9 (103 kDa); though smaller, PRDM9 cannot initiate mono- or di-

methylation but only performs tri-methylation on di-methyl sites, making the

size of the SET1 complex the limiting factor for H3K4me3 deposition.

For H3K36 the KMT3B (297 kDa) and SETD2 complex (288 kDa) are re-

sponsible for its methylation. As stated this increased depletion with addi-

tional methyl group follows the predictions of the model as tri-methylation

requires prior methylation to occur, and increased density would decrease ac-

cessibility of the large methyltransferase complexes.

Furthermore, it is known that H3K36 methylation distribution correlates

with the anatomy of transcribed genes, with mono-methylation at promoters

and increasing levels of methylation from 5’ to the 3’ end (Barski et al., 2007).

From the ChaiN analysis results, H3K36me2 decreases in enrichment back to

levels close to chance alone as it moves from classes 3-7, yet H3K36me3 is the

highest depleted histone modification in classes 5-7, second only to RNAPII-

S2P. This extreme depletion pattern mirroring RNAPII-S2P is backed up by

results from published data in yeast, (Carrozza et al., 2005; Joshi and Struhl,

2005) describing that the deposition of H3K36 methylation occurs on nucle-

osomes after they have been displaced by the transcription machinery, with

evidence to the same mechanism in mammals. Hence, even if the extreme

low levels of RNAPII-S2P in denser chromatin may produce some leaky lev-

els of transcription initiation from the also few actively marked promoters, the

low local concentration of enzyme and substrate, coupled with high viscosity

of dense chromatin may ensure that transcription stalls. This would prevent

RNAPII-S2P from reaching the 3’ end of the gene body more than the 5’ de-

creasing tri-methylation with respect to di-methylation of H3K36, as observed
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in this analysis.

Finally the differences observed between H3K4 and H3K36 may also be

explained in terms of methyltransferase accessibility and the order of tran-

scription. H3K4me2/3 are both depleted more than H3K36me2 as chromatin

density increases, but they are also deposited by a complex of almost twice the

molecular weight, which would have a decreased accessibility. On the other

hand, they are depleted less than H3K36me3. But as shown previously the

extreme depletion of H3K36me3 is a possible compounded effect of the ex-

treme depletion of RNAPII-S2P at these densities, a complex even larger than

H3K4me2/3 methyltransferases.

Transcriptional inactivity has a non-linear positive correlation with

increased chromatin density

In contrast to the pattern described in the previous section, markers of si-

lenced chromatin (H3K9me2/3, H3K27me3 and alpha-Heterochromatin Pro-

tein 1 - HP1A) (Lehnertz et al., 2003; Barski et al., 2007) are enriched between

classes of denser chromatin, 3-6 (Figure 4.8). At first glance this might not ap-

pear novel, given that traditionally silenced chromatin has been characterised

by higher density chromatin, and termed heterochromatin. It is thus a logical

conclusion to find HP1A in traditionally defined heterochromatin. After all as

its name suggest the main function of HP1A is transcriptional repression and

maintenance of constitutive heterochromatin environments. According to the

accessibility model too, HP1A a 22 kDa protein should indeed have far higher

access to dense chromatin than complexes ten times it size or more.

However, with the exception of HP1A, the other markers for inactivity

analysed here are not massively enriched at the higher density chromatin but

are in fact mostly under-represented in class 7, albeit to a much lesser degree

than the depletion of active histone markers and RNAPII-S2P discussed pre-

viously. This suggests that despite an expected depletion of transcriptional

activity markers and an expected enrichment of silencing markers with in-
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Figure 4.8: Inactive marker distribution. log2 fold enrichment and depletion
of IF marker abundance for inactive genome function relative to chance in
each chromatin class. Error bars = 95% Confidence interval, Ntotal= 80 cells.

creased density, the regions of densest chromatin (class 7) has fewer markers

for inactivity than predicted. It is only in this study at the limits of optical su-

per resolution and with high throughput image analysis that such a quantita-

tion has been possible for the first time. One could envision that at the highest

density, chromatin might be mostly inaccessible to immuno-detection proto-

cols. This however is countered by the distribution profile of HP1A, which

shows over most of its class 7 distribution a clear enrichment of almost up to

2x more than by chance alone (with a mean of at least 50% increase approxi-

mately). Given that any variation in the molecular weight of IgG antibodies is

only in the order of tens of Daltons this marker works as a good internal con-

trol for accessibility of antibodies in dense chromatin and therefore suggests

that for the other markers there is indeed a true depletion of epitopes in class

7 than expected from chance or predicted by previous studies.

For the histone modifications, this backs up the hypothesis that the indi-

vidual methyltransferases responsible for the deposition of such marks are

unable to or at the very least strongly hindered in their ability to access

this chromatin environment. The methyltransferase EMHT2 (G9a, 132 kDa)

catalyses the mono- and di-methylation of H3K9, followed by either set of
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complexes: SETDB1/2 (KMT1E,CLLD8; 150 kDa, 82 kDa respectively) and

SUV39H1/2 (KMT1A/KMT1B; 48 kDa, 50 kDa respectively) catalysing the tri-

methyl state. Most of these complexes are at least half if not 4 times smaller

than the size of those for active markers, adding weight to the accessibility

hypothesis. On top of this, the smaller sized complexes within this group also

match the highest enrichment (or least levels of depletion) at denser chro-

matin levels. Furthermore, it can be observed that the density distribution

profile of H3K9me3 is the only one which consistently and robustly mimics

that of HP1A in all classes. This could be attributed to the fact that H3K9me3

is known to bind HP1A (Lehnertz et al., 2003) in constitutive heterochromatin.

H3K9me2 is also a known marker for the inactive X chromosome (Xi). Re-

cent studies with super resolution microscopy have found that markers of

Xi repression act not on the densest part of the chromosome but as a coat-

ing/surfactant on mid level chromatin density (Smeets et al., 2014). In fact,

most of the Xi has been reported to be less dense than originally hypothesised

(Smeets et al., 2014). The interactions with HP1A or with the Xi for H3K9me3

or -me2 respectively might be contributing factors in the differences between

the distribution of these markers.

The tri-methylation of H3K27 is only known to be brought about by the

EZH2 protein (KMT6A, 85 kDa)(Kuzmichev et al., 2002). According to the

model, a protein of this size could penetrate to deep chromatin yielding a

density distribution closer to that of H3K9me3. H3K27me3 however is actu-

ally deposited by EZH2 as part of a 4 core subunit complex: the Polycomb

Repressive Complex 2 (PRC2) at a molecular weight of 320 kDa, and with in-

teraction to many other subunits (Margueron and Reinberg, 2011; Tie et al.,

2003). The PRC2 has also been characterised from precipitation as a functional

dimer, and in vitro reconstitutions have confirmed this dimerisation (plus ad-

ditional subunits) to a complex of 670 kDa in size (Davidovich et al., 2014).

Clearly the large size of the functional PRC2 falls within the range of com-

plexes hypothesised to suffer a large decreased accessibility to high density
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chromatin, the observed distribution from the ChaiN

Moreover the fact that the H3K27me3 distribution mimics the active mark-

ers more than repressive ones may also have to do with the genomic target of

the H3K27me3 induced silencing. This mark is deposited at gene promoters,

as opposed to H3K9me3 which can also be heavily enriched at non-genic re-

gions (Barski et al., 2007). Current literature also describes the existence of "bi-

valent domains". These are sites where H3K27me3 is found on the same pro-

moters as active marks, such as H3K4me3. Bivalent domains often encompass

key developmental genes (Bernstein et al., 2006). Whilst there is still much de-

bate as to the functional significance of this bivalency, it is thought that such

regions may aid in keeping important developmental promoters “poised” for

transcriptional activity, while still keeping them silent (Voigt et al., 2013). This

hypothesis is in line with the model proposed in this study. The transcrip-

tional environment of genes seem to be restricted between classes 2 and 3

(RNAPII-S2P enrichment). If the role of H3K27me3 is to silence promoters

from RNAP processivity, then H3K27 is only required in the chromatin den-

sity environments where transcription may still take place. H3K27me3 does

not need to be present in classes 6 or 7 as the replication machinery is mostly

unable to traverse any density equal or higher than class 4.

Mid-density chromatin correlates with environments of other

non-transcriptional functions

Interestingly, markers of multiple function (transcription state plus other func-

tions not directly associated with ongoing transcription, such as bookkeeping

of cellular-state-specific active genes or DNA repair) showed a broad distri-

bution profile. These have a range of enrichment between classes 2-5 over-

lapping most of the range of both active and inactive transcription markers

(Figure 4.9). Their average peak enrichment is at class 3, close to the primary

markers of active promoters and gene bodies, H3K4me2 and H3K36me2 re-

spectively. Yet, class 2 seems almost non-enriched in comparison. This obser-
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vation may be used together with previous profiles to suggest that the ma-

jority of gene-based activities (taking place on either active or inactive genes

regardless of transcriptional state), generally occurs in classes 2-5. Using

the markers discussed in previous sections, the spectrum within this density

range changes from active transcription towards the lower density classes 2-4

and bookmark/facultative inactive genes or chromatin repair generally in the

mid-range, in classes 3-5 and 3-6 respectively.

Regarding the accessibility paradigm the complexes depositing the mark-

ers are SETD8 only (KMT5A, 43 kDa) for H4K20me1, and either Tip-60 (KAT5,

56 kDa) or CBP/p300 (KAT3A, 265 kDa) for H4K5ac (Beck et al., 2012; Kimura

and Horikoshi, 1998; Schiltz et al., 1999). These complexes, with the exception

of CBP, are small enough according to the model to extend past markers for

activation and into denser chromatin, as observed. Given the small size one

might expect that the distribution would be further skewed to dense chro-

matin than what is observed. If the function of these markers were unique

to non-transcriptional processes, that might indeed be the case. However,

many of these markers have certain ambiguity in their use as histone code.

For example H4K20me1 is both associated with the promoters of the most

highly transcribed group of genes (Wang et al., 2008) but also acting cooper-

atively with H3K9 to demarcate silent genome regions (Sims et al., 2006). As

with most acetylations, H4K5ac can be interpreted as a sign for open euchro-

matin. H4K5 has in fact no other modification save its acetylation, and CBP

is a known transcriptional activator. Yet, despite this clear evidence, H4K5ac

has also been reported to serve as an epigenetic bookmarker together with

HK12ac for priming transcription after cell division (Zhao et al., 2011). This

marker then, whilst strongly associated with transcription at some stages, is

also a crucial bookmarker of genes in denser chromatin, possibly giving rise

to its observable distribution here.

MacroH2A is not a histone PTM but a histone variant encoded by the

H2AFY gene. In this study, MacroH2A displays low depletion in classes 6-7
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Figure 4.9: Mid marker distribution. log2 fold enrichment and depletion of
IF marker abundance for multiple non-transcriptional exclusive genome func-
tion relative to chance in each chromatin class. Error bars = 95% Confidence
interval, Ntotal= 60 cells.

and detectable but low enrichment in classes 3-4. MacroH2A’s first known

function was suspected from early fluorescence microscopy, when it was

shown to have an enrichment in the inactive X (Costanzi and Pehrson, 1998).

Since, it has also been shown to have generally repressive effects on chromatin

environments outside the Xi. This is in line with its distribution, being found

in both male and females to the same degree as well as in other vertebrates that

lack establishment of an Xi (Rasmussen et al., 1999; Buschbeck and Di Croce,

2010). There are however cell-differentiation specific genes which show posi-

tive upregulation with macroH2A interaction (Gamble and Kraus, 2010). With

much of its mechanism still unknown, and with evidence to support the in-

volvement of macroH2A in functions whose environments are characterised

on either side of the density spectrum; it is possible to interpret the symmet-

rical distribution of this marker between classes 2-5 as a combination of sub

populations of macroH2A. Some partly involved in Xi and autosomal chro-

mosome repression between classes 3-5, and others in gene specific activation

between classes 2-3.
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Key genome architectural proteins correlate to chromatin

environments of active transcription

One of the most remarkable observations to come from this analysis are the

density distributions for the structural proteins of genome architecture. Pro-

tein subunits of cohesin (Smc3, Scc1), the insulator CTCF and the nuclear scaf-

fold protein SAF-A (heterogeneous nuclear ribonucleoprotein U, hnRNPU)

showed a clear if subtle over-representation between classes 2-3 (Figure 4.10)

coupled to a sharp under-representation correlated with increased density

from classes 4-7. Of all markers analysed this distribution is only matched in

magnitude and pattern by RNAPII-S2P and the H3K4/H3K36 methyl mod-

ifications, all the markers for active transcription. Both cohesin and CTCF

have been repeatedly shown to be key regulators of TAD structures (Ji et al.,

2016). Some such studies have suggested models whereby a combination of

cohesin and CTCF may act on these structures by a pulling/cohesive forces

holding chromatin domains from within, whilst others picture cohesin and

CTCF acting as single “staples” joining the two ends of a TAD from the out-

side (like a tied balloon). The results from this investigation seem mostly

in agreement with the latter hypothesis. Some cohesin and CTCFs may be

found within chromatin of higher density, yet their environment of peak en-

richment lies predominantly at less dense regions, overlapping with active

transcription. The striking under-representation of both cohesin and CTCF

in chromatin past halfway in the density scale, beyond class 4, points to al-

ternative mechanisms of chromatin architecture maintenance for chromatin

in dense environments. The data seems suggestive that if such mechanisms

exist, they may likely be linked to HP1A or its binding partners, given its

demonstrated enrichment distribution in class 7. A definitive proof of a co-

hesin and CTCF independent TAD maintenance in single cells would need to

be assayed through ChaiN by correlative single-TAD FISH and respective IF

stains; solely for TADs inhabiting classes 6-7.
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Figure 4.10: Structural marker distribution. log2 fold enrichment and deple-
tion of IF marker abundance for genome structural proteins relative to chance
in each chromatin class. Error bars = 95% Confidence interval,Ntotal= 80 cells.

The same pattern described for cohesin is also observed for SAF-A. While

SAF-A shows a similar level of enrichment in classes 2 and 3, it is clearly the

most depleted of all the structural proteins assayed here for density classes

5-7. In almost all these cases SAF-A shows approximately twice the level of

depletion as the average of the others combined, being twice, 4 times or 8

eight times less populous in classes 5, 6, and 7 respectively, than predicted

from chance alone. As previously mentioned SAF-A is a nuclear scaffold pro-

tein (Romig et al., 1992). In this study SAF-A is predominantly found at the

perichromatin surface, classes 2 and 3, the interphase state of chromatin be-

tween the chromatin network and the IC channels. This characterisation is

in agreement with it’s known interaction to H3K4me2/3 and H3K36me2/3

marked chromatin (Puvvula et al., 2014) as well as its role in mediating post-

transcriptional mRNA splicing (Xiao et al., 2012). Given that transcription of

RNA occurs between classes 2-3 and the region of H3K4 and H3K36 di- and

tri-methylation enrichment are also between classes 2-3 it is logical to find

SAF-A associated with this environment. SAF-A is of course less depleted

in the non-chromatin class 1 as it is not by definition part of chromatin, only

associated with some of its functions, and it is also involved in RNA process-
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ing. RNAs have been shown to be enriched primarily in the IC, this is also

expected as the IC is where RNA processing machineries reside, as well as

providing chromatin devoid channels to the nuclear pore complexes for RNA

export (Markaki et al., 2010).

Depth of epigenome marker deposition

Using the segmented chromatin boundary between classes 1 and 2 and the

sub-voxel position of centroids for each marker, ChaiN is able to output statis-

tics on the average distance between where markers are enriched and the

chromatin network surface (Figure 4.11). The results from this analysis are

not as clearly defined as the correlation of markers with the chromatin den-

sity in their environment. Despite a sample of 20 cells analysed per marker,

or 320 cells in total, with an average spot number of 7300 per cell, the CI95

error bars are still wide and overlapping. Nevertheless, what can be seen is

that for all markers analysed, 95% of their distribution lie somewhere between

−5.8 nm and 57.7 nm from the surface (taking all CI95s on average). In other

words, of a network with average filaments measuring 526 nm +/- ~100 nm,

95% of observations lie from ~6 nm outside the network to a limited ~60 nm

inside the surface.

Another interesting observation can be obtained by using a priori knowl-

edge, grouping results by function and taking their average. From this, struc-

tural markers show an average of 18 nm, active markers would show 23 nm,

and both ambiguous markers and markers of inactivity would show 33 nm;

from within the chromatin network to the surface. While the increase in dis-

tance for these functional groups is positively correlated with the increased

density distribution for these groups, little else can be said given the current

statistical power.

This is as much a limitation of the sample size, as a technical barrier. As de-

scribed in Appendix 9.2, using SIM with a 60x magnification as in this study,

the pixel size accounts for 41 nm in both x and y and 125 nm in the z dimen-
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Figure 4.11: Distance to IC. Calculated mean sub-voxel distance of all IF
markers to the IC. Positive distance is equivalent to marks within the chro-
matin network. Markers are grouped by function from left to right: Structural,
Active, Mid, Inactive. Bars show 95% confidence, scale bar = 5 µm,Ntotal= 320
cells.

sion, giving a maximum voxel size uncertainty of 137.8 nm, and an error of

half this value. With such small distances and differences between these, and

comparably large voxel dimensions it is in fact remarkable that the CI95 for

these results is only on average +/−31.8 nm with only 20 cells for each marker

(Figure 4.11). This shows that measurements between cells of the same marker

must have a close clustering around the mean value of the marker, yielding a

small standard error (SE) when derived (Appendix 9.2). Increasing the sam-

ple size would therefore be a valid strategy to decrease the CI95.



CHAPTER 5
Replication-induced local

perturbations in S phase

Replication induces local 3D genomic rearrangements

The process of replication of the genomic content of a cell, like transcrip-

tion and other chromatin associated processes, requires the formation of large

complexes. According to the accessibility model explored so far, replication

might be expected to suffer the same reduced accessibility to dense chromatin

as with these other genome functions. This imposed restriction may be true

to a certain extent but must also be overcome eventually.

It is known from studies using conventional microscopy that replication

in single cells takes place in a spatially segregated order. During S phase, the

first regions of the genome to be replicated are those which are away from

both the nuclear periphery and chromocentres (Figure 5.1)(Schermelleh et al.,

2001). These regions, at the confocal microscopy level, are co-localised with an

enrichment of active chromatin (euchromatin), such as H3K4me3. As S phase

progresses to its middle stages, sites of replication become enriched at the

nuclear and nucleolar periphery (Figure 5.1, mid), and towards the end of S

121
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Figure 5.1: Sphase stages. Top row: Patterns of S phase progression from
early mid and late stages of S phase (labelled from EdU incorporation) com-
pared to whole chromatin in G1 (counterstained with Sytox, left). Lower row:
Representative segmentation masks.

phase the densest parts of chromocentres are replicated (Figure 5.1, late). This

order of replication starts with the least condensed chromatin and progresses

through with increased density. In fact even in late S phase, chromocentres

can be observed to be replicated from their outside first.

Though replication may take advantage of readily available origins of

replication found in pre-decondensed chromatin (from transcriptionally ac-

tive environments), it does not stop solely at these regions but continues on

into all available chromatin. This is particularly interesting in traditionally

defined "euchromatin" regions, away from the nuclear and nucleolar periph-

ery. In any given cell, there is not enough surface area at these peripheries

(or volume in the chromocentres) to hide all inactive chromatin. Further-

more studies using chromosome painting reveals that despite some prefer-

ences, any chromosome may find itself closer or further away from any of

these environments in any given cell (Croft et al., 1999). For any given cell,

chromosomes which are not next to these macro heterochromatic structures,

but which have inactive chromatin to pack away, must still regulate how ac-
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cessible their chromatin is in a generally euchromatic environment. From the

proposed accessibility model this can be achieved by protecting sequences

from unwanted transcription by surrounding them with chromatin who’s

transcription is preferable.

What this means in terms of replication, is that at the point where the repli-

cation machinery progresses away from the low density origins, it will plough

through this established packaging order. Thus, instead of density and acces-

sibility regulating what can be replicated, the act of replication regulates the

density of the chromatin surrounding the process. What is hypothesised from

such mechanism would be a local chromatin decompaction surrounding foci

of active replication, occurring at all stages of S phase.

5.1 Local chromatin decompaction

In this study ChaiN was applied to characterise the local chromatin de-

compaction around active DNA replication if any, and if so its magnitude

with respect to cell cycle stage. For this we utilised a third staining of DNA,

polymerase-incorporated ethynyl deoxyuridine (EdU) subsequently tagged

via Click chemistry to robust organic azide-coupled fluorophores (Kolb et al.,

2001). The methodology is described in detail in Miron et al. (2016) as well

as in §2.4. This was made into a 3D binary S phase region-of-origin (ROI)

mask, narrowing the screen volume to the immediate chromatin neighbour-

hood surrounding regions of active replication.

The results clearly back the known progression of replication from gen-

erally less dense chromatin to denser chromatin environments, but this time

with quantifiable data. The described progression is evident from the dra-

matic shift in the peak abundant class from G1 through to early, mid and late

S phase (ES, MS, LS, respectively) shown in Figure 5.2 as a proportion of the

chromatin density class over the masked environment. This normalisation is

done on a per-cell basis as each cell will have a different total volume of chro-
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Figure 5.2: S phase density per class. Proportion of chromatin density repre-
sented at each stage in S phase for each chromatin class. Ntotal= 800 cells.

matin in the masked regions. In G1 the mode class is the IC, class 1, with 37%

of the nuclear volume, the proportion of the nuclear volume take by any other

class decreases linearly with higher class number

In early S phase this distribution is already changed. In the chromatin sur-

rounding replication in ES there is a significant drop in the proportion of class

1, and a new peak at class 2 is established. This is closely followed by class 3,

with significant elevated distribution above G1, and it is not until class 5 that

the proportion drops to that observed from G1 proportions. This agrees with

the view that the most readily available origins of replication are available be-

cause they happen to be in the chromatin density environment of choice for

accessibility by transcription machinery (classes 2-3). The drop in class 1 is ex-

plainable by the very definition of the class having no detectable chromatin,

and as such replication would not be present in regions of the nucleus with

chromatin to replicate.

During mid S phase the peak shifts even further to the right, to class 3, and

the deviation above G1 remains significantly large for classes 4-6. Already at

MS, the proportion of class 1 is the lowest distribution achievable (tied with

LS). The distribution for LS mimics MS closely with a peak at class 3 and with
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some slight increase from MS in classes 5-7. However due to the many fewer

foci in LS than MS (with MS already fewer in number than ES) the width of

the variance in the population becomes too large to tell much apart between

LS and MS.

Ultimately, the rearrangements caused by the replication machinery at any

stage of S phase should be returned to the status quo of chromatin compaction.

This assumption is shown valid by prolonging the time between the incorpo-

ration of the EdU and fixation Appendix 9.1.

5.2 Rearrangement of the 3D epigenome

General effects of replication on local 3D epigenome

When considering the analysed distribution changes for all markers, regard-

less of their individual epigenetic function, it is possible to extract a general

order for the perturbation caused to the 3D epigenome through replication

progression. Grouping markers by general function still provides insight into

how each function is affected by this general and ordered change (Figure 5.3).

During ES the majority of the disruption and therefore change observed

occurs for the lower chromatin density classes (1-4). This has the highest im-

pact on the markers and functions which in G1 had their enrichment peaks

within these classes, generally, the markers for active transcription and the

proteins involved in genome architecture. There is an observable dampen-

ing of enrichment for all markers, including markers with multiple unde-

fined functions and for markers of transcription inactivation or silenced chro-

matin. Nevertheless unlike active and structural markers, which also show

some dampening combined with a left-shifted peak enrichment, the markers

of inactivity have for the most part an unperturbed right skewed distribu-

tion in ES. This phenomenon is clear when looking at the overall patterns for

H4K20me1, H3K27me3 and H3K9me2/3, where between G1 and ES the peak

enrichment classes do not change (Figure 5.3(b)).
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One exception to this dichotomy is the large effect ES has on the HP1A

marker. The new ES profile for HP1A is strikingly similar to those of most

architectural and active markers with the exceptions of both H3K4me2/3 and

H3K36me2. These mentioned markers of active promoters do not show an

enriched peak at class 1 in ES, where the structural markers and RNAPII-S2P

do. The only marker which suffers from neither a very strong dampening of

enrichment or a noticeable distribution peak shift during ES is H4K20me1.

Perhaps due to its dual purpose as both a marker of transcriptionally open

state in the highest transcribed promoters, but also its association with H3K9

in silencing.

When looking at regions with recent replication in MS the pattern of

change has a more uniform effect on all markers. In MS it can clearly be seen

that regardless the function of the marker, no enrichment is detected beyond

class 5 (Figure 5.3(c)). There is still heterogeneity comparing the enrichment

levels of all markers in these higher density classes with the majority of the

highest depletion being found in all the markers of active transcription, the

non-cohesin structural proteins, the mixed-function markers (H4K20me1 and

H4K5ac), and HP1A. All other markers are not enriched here, but their de-

pletion is not severe. It is worth noting that although both H4K20me1 and

H4K5ac show large depletion in classes 6-7, they (alongside H3K9me2) do not

show a peak enrichment in class 1 or even class 2, but have the most right-

shifted peak of all markers, in class 3. For the most part, all lower density

chromatin is now enriched relative to the higher density for each marker. Most

of the markers now exhibit a very prominent enrichment in class 1 and 2. Cu-

riously, the markers with the largest enrichment in these classes are also those

mentioned as having the lowest depletion in high chromatin classes during

MS. Finally during LS the high enrichment pattern for lower density chro-

matin classes becomes more pronounced. This is both as a result of a fur-

ther increase in the classes already enriched in MS, but new enrichment in

these classes for other markers, such as H3K36me2, H4K20me1, Macro-H2A,
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H3K27me3 and H3K9me3 (Figure 5.3(d)).

The described observations can be made sense-of when considering that

for many of the regions perturbed in MS, and for nearly all those in LS, are

mostly the highest density regions of the genome. The environment around

these foci would only have a small fraction of the volume as class 1 or even

class 2, hence any detection of markers in these regions would be much higher

than what would be expected from chance alone, giving rise to the observed

enrichment. LS would be expected to have even fewer voxels in class 1 or 2

than MS, and thus its enrichment in these classes is higher than MS.

Subsequently the general trends outlined here will be examined in relation

to selected markers in each of the major functional categories: Activity, mixed

activity and bookmarking, repression and chromatin structure.

Active markers

The markers of active transcription all follow a similar pattern of change in

response to replication. The pattern of enrichment of each marker shifts left

as replication starts. For each marker, the top row of the heatmap shows the

mean value of each marker at each chromatin class for G1, i.e: the value of the

log2-fold change bar graphs in §4.2 (Figure 4.7) represented as a colour scale

for ease of comparison in a 2D matrix of results.

For RNAPII-S2P and H3K36me3 the ES chromatin condition is enough to

shift the new peak enrichment from classes 2-3 to classes 1-2 (Figure 5.4) (Fig-

ure 5.5). Although H3K36me2 and H3K4me2/3 still have their enrichment

within classes 2-3 they, along with all others beginning to show further deple-

tion in classes 4-7 (see Figure 5.3) By the MS condition all markers have clearly

shifted to classes 1-2 (with the exception of H3K4me2 which has a broader

signature spanning 1-3). Finally when analysing LS chromatin condition the

pattern has truly shifted left for all with the highest peak being class 1.

An intriguing observation is not that the overall pattern shifts left, but that

the shift becomes progressively stronger from ES, MS and finally LS. RNAPII-
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Figure 5.4: Sphase changes to RNAP-S2P distribution. Heatmap of enrich-
ment or depletion per chromatin class for RNAP-S2P comparing G1 to S phase
stages. Profiles with error bars can be found in Figure 9.6. Ntotal= 65 cells.

Figure 5.5: Sphase changes to H3K36me3 distribution. Heatmap of enrich-
ment or depletion per chromatin class for H3K36me3 comparing G1 to S phase
stages. Profiles with error bars can be found in Figure 9.6. Ntotal= 130 cells.



130 CHAPTER 5. S PHASE 3D EPIGENOME

S2P and H3K36me3, are the markers of transcriptional elongation. H3K36me3

being deposited towards the 3’ end of actively transcribed genes, i.e: those

fully transcribed. The faster shift of these markers to lower density followed

by markers of promoters is suggestive of a disruption primarily of the lowest

density chromatin (Figure 5.5). This is because regions of active transcription

elongation would be the most accessible followed by active promoters some

which may be transcribed but others marked and poised to be. Such explana-

tion also agrees with the known general pattern of 3D replication discussed

earlier, so the shift is expected.

The reasons for the increasing strength of the shift is in part due to the pro-

portion of chromatin being sampled by the mask around replication foci. The

total voxel count for each class type in all these masked regions is used to nor-

malise the absolute count of marker occurrence to their bin volume, producing

an enrichment/depletion value from what would be expected from chance.

As replication moves to MS and finally LS the proportion of higher chromatin

density increases and lower density chromatin decreases (Figure 5.2). This is

due to the disruptive local effects of the DNA polymerase when replicating.

However on top of a decreased volume of chromatin classes 1-3, some of the

chromatin and thus the markers that used to be at class 2, become class 1 as

it decondenses, class 3 becomes class 2, and class 4 becomes class 3. However

from G1 it is clear that none of the markers are enriched beyond class 4, so

any further decondensation of denser classes (eg class 6 to class 5) cannot lead

to the replenishment of the markers that have moved from class 5 to class 4,

given that class 6 has fewer markers than class 5 to begin with.

Inactive markers

Markers for transcriptional inactivity show certain similarities in their change

with respect to S phase as shown by the markers for activity, with some subtle

differences discussed hereafter. Of all the markers, H3K27 has its G1 distri-

bution most closely resembling that of active markers, the reason for which
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Figure 5.6: Sphase changes to H3K27me3 distribution. Heatmap of enrich-
ment or depletion per chromatin class for H3K27me3 comparing G1 to S phase
stages. Profiles with error bars can be found in Figure 9.6. Ntotal= 65 cells.

are discussed briefly in §4.2 and more extensively in §8.2. Unlike active mark-

ers who’s distributions are quickly shifted in ES, H3K27me3 shows almost no

distinguishable shift in its class of peak enrichment from G1 to ES (Figure 5.6).

The only difference is a general flattening of the distribution, with regions

previously low in marker getting enriched (e.g: class 1 and class 7) and re-

gions originally enriched becoming slightly more depleted (classes 3-5). As

S phase progresses the distribution of H3K27me3 eventually follows that of

active markers. In MS it becomes more depleted than ES in classes 3-7 and

enriched in classes 1-2 (with its peak shifting from class 4 to 2). In LS the peak

in class 2 becomes stronger and is approximately equal to the enrichment in

class 1. Classes 3-7 all become further reduced in marker but only down close

to a log fold change of 0, or no change from chance alone.

The pattern of change for HP1A shows a very clear shift straight from

ES. During ES the previous right skewed distribution with peak at class 7

becomes totally inversed, peaking at class 1 and showing negative correlation

between marker enrichment and chromatin density (Figure 5.7). As with the

other markers, this shift only becomes stronger and narrower in distribution
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Figure 5.7: Sphase changes to HP1A distribution. Heatmap of enrichment
or depletion per chromatin class for HP1A comparing G1 to S phase stages.
Profiles with error bars can be found in Figure 9.6. Ntotal= 65 cells.

between classes as replication progresses. Interestingly, HP1A suffers a severe

strong depletion in classes 5-7 from MS and LS, where for other markers the

depletion here would be far more subtle (if any).

The clear strengthening of peak enrichment at lower density chromatin

from ES to MS and LS are indicative of 2 main events. First, at ES where

mostly lower density chromatin is perturbed, there are fewer of the inactivity

markers to begin with. Thus when this region is perturbed it is only classes

1-3 that see any major changes. The distribution of higher density chromatin

remains mostly untouched. After ES, when denser chromatin begins being

segmented is when the true environments holding these markers becomes

remodelled and so invariably all markers show a shift in peak distributions

to lesser density chromatin. The same is true for LS.

The second point of interest is class 1. When considering that this class is

mostly undetectable chromatin, having an enrichment here means that dur-

ing MS and LS dense chromatin becomes so remodelled that markers which

occupied inactive regions are pulled away from chromatin and can be spotted

in the IC. It is worth noting that the same is not true for ES, both because it
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perturbs chromatin of low density already but also because the sites of highest

enrichment for some of the inactive markers also concur with those of replica-

tion at these particular S phase stages (nuclear envelope, nucleolar periphery

and chromocenters).

Transcriptionally indistinct markers

The marker H4K20me1 does not show a left shift of peak enrichment from G1

to ES but rather a subtle right shift to chromatin of denser nature (Figure 5.8).

The peak enrichment is still class 4, however the enrichment profiles of classes

3 and 5 seem swapped over, class 2 is now depleted compared to G1, but class

6 has increased enrichment. What is more, unlike most other markers it is also

not as greatly dampened by ES in the levels of over or under representation

of all classes. During MS and then LS the unique combination of right shift

and decreased dampening is lost. The marker now shows a loss of enrich-

ment and depletion, flattening out during MS, but establishing a new enrich-

ment at class 2 in LS. To coincide with this the peak enriched class migrates

from class 4 in ES to class 3 in MS (subtle as described) and finally to class 2,

with a prominent enrichment at class 1 from MS to LS. Class 1 being under-

represented heavily in both G1 and ES, and more subtly but still depleted in

MS.

Structural markers

Epigenetic markers that represent genomic architecture exhibit two distin-

guishable trends in their profile change with replication, though a general

trend is also true for all. In the first instance CTCF and SAF-A behave simi-

larly, both to each other and also to the distribution described for the stronger

active markers, such as RNAPII-S2P. From the onset of ES there is already a

visible and marked left shift of the peak enriched classes from 2-3 to classes

1-2 for both (Figure 5.9 and Figure 5.10). There is, as with most markers also

an element of reduced enrichment for all previously enriched classes, which is
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Figure 5.8: Sphase changes to H4K20me1 distribution. Heatmap of enrich-
ment or depletion per chromatin class for H4K20me1 comparing G1 to S phase
stages. Profiles with error bars can be found in Figure 9.6. Ntotal= 65 cells.

Figure 5.9: Sphase changes to CTCF distribution. Heatmap of enrichment
or depletion per chromatin class for CTCF comparing G1 to S phase stages.
Profiles with error bars can be found in Figure 9.6. Ntotal= 65 cells.

most noticeable for CTCF classes 2-3 in MS. However, unlike RNAPII-S2P and

others, there is no increased enrichment in previously depleted classes. SAF-

A is the most clear example of this with no change in the values for classes 5-7

from G1 to ES and even to MS.
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Figure 5.10: Sphase changes to SAF-A distribution. Heatmap of enrichment
or depletion per chromatin class for SAF-A comparing G1 to S phase stages.
Profiles with error bars can be found in Figure 9.6. Ntotal= 65 cells.

During the transition to MS and LS both CTCF and SAF-A have a clear

shift of their peak enrichment class from 2 to 1. This enrichment at the IC

only becomes more pronounced comparing MS to LS. There is a subtle differ-

ence between SAF-A and CTCF here, with the former having a much greater

increase in class 1, reminiscent of H3K36me3 (Figure 5.5) and RNAPII-S2P

(Figure 5.4). CTCF does not reach this extreme, and has also a generally less

dramatic depletion in classes 5-7. SAF-A on the other hand not only keeps a

strong depleted profile in classes 5-7 but shows an even deeper level of deple-

tion in class 7 during LS, stronger still than the strongest marker for transcrip-

tional activation, RNAPII-S2P (Figure 5.4).

Not surprisingly both markers of the same complex, the cohesin subunits,

Smc3 and Scc1 behave most similarly to each other than to the other two mark-

ers for genome structure. Scc1 and Smc3 are also characterised by a visible left

shift of peak enriched class, as with SAF-A and CTCF, however the former two

have a stronger shift from G1 to ES, making class 1 the peak enriched in ES (as

with HP1A, Figure 5.11(a) and Figure 5.11(b)). The left shift is further estab-

lished and becomes more pronounced with increased enrichments in the peak
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(a)

(b)

Figure 5.11: Sphase changes to cohesin distribution. Heatmap of enrichment
or depletion per chromatin class for Scc1 (a) and Smc3 (b) comparing G1 to S
phase stages. Profiles with error bars can be found in Figure 9.6. Ntotal= 130
cells.

class 1 from ES to MS and finally to LS, this is most strongly exemplified by

Smc3. The key difference between the cohesin subunits and the other struc-

tural markers is the profile change in the higher density chromatin classes 4-7.

Here both Scc1 and Smc3 become progressively less depleted in MS compared

to ES and in LS compared to LS. The overall effect being a strong shift in the

peak with a long tail tapering off to no great deviation in enrichment from

chance from classes 3-7.
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Summary of the S phase epigenome

Taking the previous analysis of marker distribution, it is clear that despite

heavy depletion all markers can be detected in all classes. According to the

model here, those few markers of active chromatin in higher classes would

encounter the replication machinery, and after the initial fork has passed they

may now be in more accessible and favourable density to interact with their

corresponding machinery. Such interactions may prevent their subsequent re-

turn to the denser class. On the contrary, markers for inactive chromatin are

usually found in much denser chromatin (Figure 5.3(a)). Perturbation of this

chromatin does indeed lead to a decrease in enrichment. However, unlike

markers of activity, markers of inactivity do not have preferential interaction

with transcriptional machinery. As such they are not as highly enriched in

class 1 and 2 (where the transcription machinery is, see RNAPII-S2P). How-

ever, because they have been moved from the higher density classes, inactivity

markers must be in the lower density regions. These two contradicting mech-

anisms lead to the observed effect, of a broad enrichment profile enriched

between classes 1-3, but extending far into class 5 for many. Furthermore the

enrichment in class 1 and 2 is much lower than the relative enrichment ob-

served for all the active markers.

From this interpretation it should be expected that running ChaiN again

on cells fixed at longer chase times after S phase would result in the observed

heatmaps for ES, MS and LS return to a pattern closely resembling the one

obtained in G1 (Figure 5.3(a)). Each individual heatmap for each of the stages

will not look identical to Figure 5.3(a) as the masks used to select the coor-

dinates for each have a bias for chromatin density. However, averaging all

three heatmaps from fixation after all local rearrangements from replication

have passed should yield almost the same pattern as seen in Figure 5.3(a).

This might not be the case only if unknown mechanisms during G2 are at play

which may alter the 3D epigenome in comparison to the distribution analysed

in G1, perhaps in preparation for cellular division.





CHAPTER 6
Mechanisms of global

chromatin perturbation

Mechanisms affecting chromatin topology

As discussed in Chapter 5, the genome can have its 3D topology remodelled

by the action of cellular processes such as replication. This particular remod-

elling due to the progression of the denatured replication fork and DNA poly-

merase occurs at a local level, remodelling the region immediately around the

replication foci. Nevertheless, it is also known that many other endogenous

mechanism can also be conductive to an eventual rearrangement of chromatin

beyond a single genomic locus. A key example that is well known and con-

tinues to be an active field of investigation is the formation of the Barr body.

The action and spread of the Xist RNA across the X chromosome leads to the

general compaction of chromatin in the silenced inactive X (Xi). Given that

the proposed “RNA environment” of the nucleus is the IC (class 1) it is not

surprising that previous findings on the 3D coverage of the Xi by Xist occurs

from the regions of less dense chromatin (Smeets et al., 2014). Like a surfactant

covering the Xi from the outside, not as an anchoring and internal mechanism.

139
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Other cellular states also result in a dramatic change in the 3D topology of

the genome. For this investigation, the two more pertinent conditions are:

chromatin in embryonic stem cells (ESC) and chromatin in senescent (G0)

cells. According to the accessibility hypothesis, somatic adult cells have a

mechanism by which they may hide genomic regions from contacting nuclear

machineries. This simply is achieved by the occlusion caused from a dense

packing of chromatin around these regions. This environment can be thought

of as a storage compartment.

In senescent cells which are no longer replicating, the chromatin topology

is far more compact (Figure 6.11(c)), potentially leading to a larger volume of

the genome to be hidden away in storage. This can be an advantage when

cells have been driven into senescence by erroneous or harmful events. For

example, G0 driven compaction can be observed in cells along with poor seg-

ragation of chromosomes during mitosis. They can also be screened for by

the lack of expression of the Ki67 marker, as applied in this study. G0 can

be due to replicative induced senescence (RIS) or oncogene induced senes-

cence (OIS). In the former it is caused by shortening of telomeres by erroneous

telomerase repair; in the latter, as the name suggests, by the activation of a

proto-oncogene to a transcriptionally active oncogene that can lead to cancer

(Nelson et al., 2014; Cavalli et al., 2014). By halting replication and exagger-

ating the compaction of the chromatin network these cells exclude more of

the genome from interacting with the transcription machinery, decreasing the

danger posed from breaks or oncogenes.

Conversely one would expect a looser chromatin environment in cells

which do not require, or in fact would be hindered by seclusion of any part of

the genome. Such cells should have very few regions of high density storage

compartments. This is the case indeed with the morphology observed for the

chromatin network of ESC. By allowing a faster rate of replication, the con-

stant perturbation of the replication machinery keeps the genome is a more

decondensed state than adult somatic cells. For ESC the advantage is not only
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Figure 6.1: G0 chromatin. Max projection of 3D-SIM z stack of G1 and G0

nuclei. The fine structure of chromatin networks observed in G1 collapses to
large scale chromatin macro-domains. Scale bar = 5 µm

the higher rate of division, but also the effect of having the whole genome

more easily accessible. These cells have no defined lineage yet, so they need

to keep this high general accessibility until a transcriptional programme is

established. Once this is established, the hypothesised model predicts that

these cells hide the un-needed chromatin in their high density storage, and

their pattern reverts to what can be observed in adult somatic cells.

The highest levels of chromatin compaction achievable of course belong

to the nucleus of adult haploid germ line in males. During the last haploid

phase of spermatogenesis almost all nucleosomes (85%-90%) are replaced by

protamines. DNA winds around these in toroids of approximately 50kb each

(Balhorn, 2007; Brewer et al., 1999). This extreme packing confers several ad-

vantages to sperm, predominantly the decreased volume required to store

their genetic information, and so a more hydrodynamic shape for displace-

ment towards oocytes (Woop et al., 2015). Interestingly for the accessibility

model, the presence of protamines also decreases the incidence of DNA dam-

age. This may be, as with G0, cells that the majority of the genome is now not

in reach of molecular factors which may compromise its structural integrity.

The underlying mechanisms of action that compose normal physiological

chromatin topology may be elucidated by using super resolution imaging in
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conjunction with ChaiN analysis on images acquired during chromatin rear-

rangements of both ESC and G0 cells and on adult somatic cells treated to

mimic the global perturbation in ESC and G0. The results obtained from these

experiments are outlined below:

6.1 Global chromatin decompaction

A general state of chromatin decompation, as observed in ESC can also be

achieved in somatic cells by the introduction of exogenous drugs. One such

molecule with this effect is trichostatin-A (TSA), an organic antifungal com-

pound. Its mode of function in mammalian cells is the inhibition of class I and

II HDACs, histone deacetylases. Acetyl groups which coat the N terminus

of nucleosomes change their charge to neutral/negative, conferring a more

loose interaction between the nucleosome and the DNA packaged around it

(Vanhaecke et al., 2004). The change observed from this drug is a permanent

decondensation of the chromatin network. A more transient and reversible,

yet highly effective method for achieving this ESC morphology in adult cells is

by changing the osmolar state of the cell, and thus nucleus (Irianto et al., 2013).

Reduction in the osmolarity of the medium of incubation (hypo-osmolarity)

causes the desired effect.

Both TSA and hypo-osmotic treatments were tried in this investigation af-

ter their optimum effect concentrations were qualitatively defined empirically.

The experiments with these conditions resulted in the expected disruption of

the wild type chromatin topology (Figure 6.2). Furthermore, antibody detec-

tion for immunofluorescence (the basis of the raw data required by the ChaiN

workflow) was not adversely affected by the addition of these variables.

Nevertheless, the very nature of this disruption hindered its own subse-

quent analysis. As described in 1.3, super-resolution by SIM relies on the re-

construction of a structure of origin by working backwards from an observed

structure and the known structured illumination pattern (here stripes). Since
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Figure 6.2: Chromatin decompaction. 3D-SIM images comparing exogenous
methods of chromatin decompaction compatible with SYTOX and IF staining.
Increased chromatin decompation can be achieved by treating cells with TSA
or hypo-osmotic conditions as described in 2.2. Scale bar = 5 µm.

in the case of TSA and hypo-osmotic treated cells the chromatin structure is

made diffuse to a state of almost full homogeneity (Figure 6.2), there is very

little initial structure in order to generate the raw striped acquisition for recon-

struction. This means that for target cells with a general diffuse chromatin,

very poor SIM reconstruction of this chromatin could be obtained. This is

clearly observed using the Image J plugin: SIMcheck, from its modulation

contrast function (Figure 6.3). Given that the ChaiN workflow incorporates

an MCNR filter as a clean-up before processing, these stains would not yield

workable data. For ESC, this inherent issue of poor structure for SIM recon-

struction coupled to a very uneven and non-spherical nuclear envelope, is one

of the key obstacles in obtaining useful SIM data for ESC analysis.



144 CHAPTER 6. CHROMATIN PERTURBATION

Figure 6.3: Modulation contrast of different chromatin topologies. Single
z plane of 3D-SIM reconstructions of chromatin after different treatments.
Chromatin decompaction lowers the overall fidelity of reconstruction whilst
chromatin compaction increases it. Scale from SIMcheck (right). The inherent
problem is that decompaction removes the structure required for sufficient
contrast in 3D-SIM, this mimics the difficulty in imaging low-compaction em-
bryonic stem cells. Scale bar = 5 µm.

6.2 Global chromatin compaction

To achieve a general state of chromatin compaction in adult somatic cells, sim-

ilar to what can be observed during the onset of senescence, it is possible

to use the inorganic molecule sodium azide (NaN3). This compound forms

a colourless salt and was widely used in older airplane parachutes and car

airbags for its useful high-speed detonation from an electrical discharge, re-

leasing copious nitrogen gas. It is however being phased out due to safety

concerns over its other properties. NaN3 is soluble in water and makes an ex-



6.2. GLOBAL CHROMATIN COMPACTION 145

tremely potent poison (Chang and Lamm, 2003). With a lethal dose of 700 mg

for a human adult it has a toxicity on par with many cyanide compounds. The

azide molecule irreversibly binds to the heme factor of cytochrome oxidase,

a key protein in the respiratory electron transport chain, inhibiting its enzy-

matic activity. The result of NaN3 poisoning is a depletion of ATP in cells. For

organs such as the heart, liver and brain, with an elevated rate of respiration,

such depletion is enough to cause organ failure, which is the primary cause of

death by NaN3 poisoning.

The very mechanisms of its lethality makes NaN3 a useful tool for re-

searchers, primarily those concerned with metabolism. Beyond the mitochon-

dria however, ATP is still required for a variety of nuclear activities: nu-

clear transport, DNA replication, protein phosphorylation, RNA transcrip-

tion, and the synthesis of nucleobases, nucleoside triphosphates, amino acids

and loaded tRNAs. The perturbation of such a combination of elemental nu-

clear functions is unsurprisingly characterised by a major remodelling of chro-

matin architecture (Figure 6.4). Furthermore eukaryotes have a selection of

ATP dependent chromatin remodellers sharing a homologous ATPase domain

(Wang et al., 2007). The SWI/SNF complexes disorder nucleosomes while the

ISWI complex orders them with even spaces between them and has also been

implicated in higher order chromatin architecture (Lia et al., 2008). The desta-

bilising effect of the SWI/SNF complexes in chromatin packaging is proposed

to prepare chromatin for binding by transcription factors (Cristofaro et al.,

2001). Nevertheless, despite the many key processes affected by sequester-

ing ATP many known modifications to chromatin are independent of ATP

hydrolysation. In this list are most of the histone markers analysed in this

study, i.e: enzymatic methylation and acetylation of histones. The advantage

of using NaN3 therefore is the global rearrangement of chromatin without af-

fecting the markers used in this investigation to locate the distribution of the

3D epigenome (see IF signal in Figure 6.4).

As alluded to previously, a more transient and reversible method for
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Figure 6.4: Chromatin compaction. 3D-SIM images comparing exogenous
methods of chromatin compaction compatible with SYTOX and IF stain-
ing. Increased chromatin compaction can be achieved by treating cells with
NaN3 or hyper-osmotic conditions as described in 2.2. Scale bar = 5 µm.

achieving a perturbed chromatin topology is possible by changing the osmo-

lar state of the cell. In the case of chromatin compaction, an increase in osmo-

larity (hyper-osmolarity) is enough to trigger this change with the detection

of histone modification epitopes not affected by this incubation (Figure 6.4).

Quantification of network changes

In both cases, whether using the NaN3 compound or exposure to hyper-

osmolarity, the chromatin was clearly perturbed, the magnitude of said per-

turbation being large enough that the change is detectable by eye from con-

focal micrographs without requiring sophisticated image analysis. However,

using super-resolution microscopy and the ChaiN workflow, the change is
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Figure 6.5: Chromatin to nuclear volume. Ratio of chromatin volume (bi-
nary of density classes 2-7) to whole nuclear volume plotted as a violin plot
showing quartiles as horizontal lines of distribution for untreated G1 and
NaN3 or Hyper-osmotic treated C127 nuclei. Despite large chromatin mor-
phology changes observable by eye, the overall proportion of the nucleus oc-
cupied by chromatin does not seem to change. Ntotal= 960 cells.

chromatin network morphology can be quantitatively described for the first

time.

The first metric which can easily be obtained by ChaiN allows the com-

parison of the overall ratio of chromatin to whole nuclear volume. This ratio

in G1 cells had a average proportion of approximately 0.65, 65%. There is no

detectable change in these values when comparing cells treated with NaN3 or

hyper-osmolarity (Figure 6.5).

When comparing the fraction of the nuclear space taken by non-chromatin,

that is the IC or class 1 in the ChaiN segmentation, there is also no signifi-

cant difference in the average of these distributions. Although it can be noted

that variance in the distribution of class 1 volumes for NaN3 and hyper-

osmotic treatments does narrow compared to G1, with an inter quartile range

(IQR) of approximately 2% and 5% compared to 11% respectively; the pro-

portion of nuclear volume dedicated to each compartment (chromatin and

non-chromatin) remains the same.
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What does change in these cells, is the proportion of chromatin which is

in each of the density classes 2-7 (Figure 6.6). It is clearer when comparing

G1 to hyper-osmolarity that classes 2 and 3 show a progressive and marked

decrease in proportion, from an average of approximately 26% to 20% for class

2 and from 18% to 15% for class 3. Although the absolute difference does

decrease by almost half, from 6% to 3%, it is worth noting that the spread of

the distribution for these classes also decreases, yielding almost no overlap

between the IQR of each class.

Comparing the higher density end of the classification yields the oppo-

site pattern. Proportionally to the nuclear volume there is a significantly ele-

vated percentage volume occupied by classes 4-7 in NaN3 and hyper-osmotic

treated cells than in untreated cells in G1. Classes 5 and 6 having the highest

level difference with no overlap between G1 and hyper-osmotic distributions.

As with all classes, the values for NaN3 are usually between these two pop-

ulations. Furthermore, as opposed to class 1 and 2 where the variance of the

distributions was narrower for treated cells than untreated, the opposite is

true for classes 4-7. In these higher density classes, the variance from hyper-

osmolarity is always larger than that for the G1 distribution.

The dramatic shift in calculated proportions, lower for classes 2-3 and

higher for classes 4-7 is the quantified confirmation of the general interpreta-

tion from visual inspection. That cells which have been treated with NaN3 or

hyper-osmolar conditions tend to have a pattern of chromatin network with a

more dense filament and conversely far less intricate and convoluted. Using

ChaiN it is possible to quantify both such observations further.

From the modelled randomly scattered measurements fitted to a Gaussian

density curve and modelling the network as tubular filaments as described in

3.3 ChaiN can calculate the average thickness of these filaments (Figure 6.7).

The calculations confirm qualitative observations that the width of the aver-

age network filament is broader for treated cells. For the first time ChaiN can

yield a quantitative result, measuring the average radii at 263 nm, 280 nm and
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Figure 6.6: chromatin to nuclear volume. Distribution of 6.5 sub divided by
individual box plots for each chromatin class, comparing untreated G1 and
NaN3 or Hyper-osmotic treated C127 nuclei. Ntotal= 960 cells.

Figure 6.7: Network filament changes. Modelled frequencies fitted for each
cell at each nm distance to the IC boundary plotted as coloured line with 95%
confidence as coloured ribbon for untreated G1 and NaN3 or Hyper-osmotic
treated C127 nuclei. Ntotal= 960 cells.
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Figure 6.8: Chromatin surface area to volume. Surface area to volume ratio
calculated from the voxel count of boundary voxels between class 1 and 2 and
the chromatin voxels of classes 2-7 comparing untreated G1 and NaN3 or
Hyper-osmotic treated C127 nuclei. Ntotal= 960 cells.

372 nm, giving a filament width of 526 nm, 560 nm and 744 nm for untreated

G1 and NaN3 or Hyper-osmotic treated C127 nuclei respectively.

From the segmented IC-chromatin boundary, the consequence of increas-

ing filament width is seen as a decrease in surface area, given the volume of

chromatin segmented (Figure 6.8). The average percentage decreases from

~40% to ~37% to ~29%, in G1 untreated to NaN3 to hyper-osmotic treated

cells respectively. The distribution variance decreases for both treatments

compared to the untreated G1, and while there is a high degree of overlap

between NaN3 and G1 there is no overlap between chromatin affected by

hyper-osmolar conditions and chromatin in G1.

Global epigenetic perturbation

Given the ability to affect chromatin without affecting the deposition and de-

tection of the epigenetic markers analysed in the cultured G1 cells, the corre-

sponding immunofluorescence experiments were repeated with all markers

for each of the treated samples. An equal numer of 3D SIM micrographs were
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acquired and passed through ChaiN under the same parameters.

Density profiles

From the hypothesised accessibility model, one predicted effect of a global

chromatin compaction by ATP depletion or hyper-osmolarity would be dis-

tinct rearrangements of the 3D epigenome. This assumes, as the model sug-

gests, that the organisation of the epigenome in 3D space is influenced by

the organisation and accessibility of chromatin. It is important to note that

while chromatin rearrangements may correlate with a re-distribution of the

epigenome, the epigenome may also affect local chromatin such that this feed-

back stabilises the final configuration of both chromatin and the epigenome.

Nevertheless, increased volumes of denser chromatin relative to lower density

classes coupled to an larger distance from chromatin to the nearest chromatin-

IC interphase surface (on average) should yield a higher level of marker de-

pletion in the denser classes for all markers, while the enrichment at lower

density classes remains unchanged.

Comparing this prediction to the observed results shows that the data

obtained here backs this model (Figure 6.9). Comparing G1 to NaN3 then

hyper-osmolarity (i.e: moving from the lower to higher levels of compaction

along with decreased surface area) shows a general pattern change in the dis-

tribution of the epigenome with chromatin density. For all markers of active

transcription as well as the structural markers there is an depletion (of a mag-

nitude similar to that observed in class 7 for G1) encroaching down to class

4. The same is also true for two of the three markers involved in multiple

epigenetic functions, H4K5ac and Macro-H2A. Surprisingly though, despite

hyper-osmolarity causing a significantly lower surface area to volume ratio

compared to NaN3 treatment (Figure 6.8), the strongest levels of marker de-

pletion are observed for the active markers affected through ATP depletion by

NaN3. Hyper-osmolarity does still have a higher degree of depletion overall

in class 4 than NaN3 for the active and structural markers.
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Interestingly, the marker H4K20me1 shows almost no response in its over-

all enrichment/depletion profile with respect to density when the whole

genome is redistributed in 3D. The only subtle change is the peak enrichment

value transferring to class 3 from being previously at class 4. Nevertheless

The value at class 4 remains almost unchanged. There is a small drop in en-

richment in class 5, 6 and 7. A similar observation can be made for half of the

inactive markers, H3K27me3 and H3K9me2. Increasing compact chromatin

and decreasing surface area very subtly decreases their enrichment in classes

5-7 but does not shift the enrichment pattern for the lower density classes.

This is in stark contrast to the changes that are forced on the active and

structural markers, where not only is there a very large depletion in the high

density classes, but also the peak enrichment class gets progressively shifted

from an average of class 2-3 in G1, to unequivocally centred around class 2. It

is in fact very important to highlight the major contributor to class 2 being the

average for both types of markers just described. The structural markers are

in effect progressively pushed further and further to lower density chromatin

(average at class 2-3 in G1, 2 in NaN3, and 1 in hyper-osmotic conditions).

Yet, the markers of active chromatin, are depleted in class 4 and progressively

enriched in class 2 and also in class 3. They are still on average still equally

depleted in class 1.

This division makes sense in light of this model. With a reduction in the

available surface area to act upon, nuclear machinery concentrate the depo-

sition of active markers on the fewer remaining volumes of lower density

chromatin which they are able to access. This leads to an enrichment in the

normalised distributions for the active markers in class 2 and 3. However

all these histone modifications are still by definition part of chromatin and so

cannot be enriched in class 1 which also by definition and segmentation has

non-detectable levels of chromatin. The only active histone marker to show a

similar pattern to RNAPII-S2P is H3K36me3. This is mechanistically sugges-

tive of loops of chromatin being extruded from the surface outward as tran-
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scription progresses, with the 5’ end of genes (marked by H3K36me3) being

at the zenith of the extrusion, while promoters (even active, see H3K4me2/3)

remain closer to the chromatin network. Non-chromatin proteins, such as the

structural markers analysed here, do not follow the pattern of the active pro-

moter markers, even though they are initially highly correlated to the low

density chromatin classes 2-3 as well. When the volumes of these classes be-

comes smaller an increased proportion of these molecules will be found in the

IC, similar to the effect shown by the RNAPII-S2P protein. However, given

that these proteins are not intrinsic to transcription, their enrichment does not

require underlying chromatin. Therefore the peak enrichment for the struc-

tural markers shifts all the way to class 1.

The final pattern of interest to discuss is the two opposing extremes to

which the H3K9me3 and HP1A markers shift to. Both of these markers

are functionally cooperative, with H3K9me3 binding preferentially to HP1A

(Lehnertz et al., 2003). This is clearly visible being the only two markers with

the same, fully-right skewed distribution in enrichment to the densest chro-

matin classes (Figure 4.8). Despite these clear supporting facts, both of these

markers react very differently in their distribution with respect to compaction.

The strongest class 7 enriched of the two, HP1A, shows a progressive deple-

tion in classes 4-7, with the only mild enrichment detected in classes 2-3. Con-

versely H3K9me3, shows increased enrichment in almost all classes (3-7), with

a prominent jump in enrichment from classes 4-7. This enrichment persists

despite depletion of HP1A from the same densities. It is worth pointing that

this enrichent is also coupled to a stronger depletion in class 1 and 2 and that

the peak of the enrichment remains almost unchanged, being symmetrically

centred around class 5.

It is important to note that despite making the assumption that both

NaN3 and hyper-osmotic disruption would cause a similar effect despite

their different mechanisms of action, this assumption can be shown to be cor-

rect by the pattern of change for all markers. The downstream effects on the
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epigenome can’t be too dissimilar between NaN3 and hyper-osmolarity as all

markers show similar progression in a single direction. Whatever change is

shown in NaN3 (with mid-range compaction) changes in the same direction

and to higher degree in hyper-osmotic conditions (which causes a higher de-

gree of compaction). If ATP depletion only caused a particular effect on a sec-

tion of the epigenome then these markers would act differently upon NaN3 to

G1 but then either return back to the same G1 profile for hyper-osmotic treat-

ment, showing a regressive profile. But that is not the observed result.

Distance measurements

Using the analysis of distance ChaiN provides, between the position of the

segmented marker and the boundary between the IC and chromatin, it is also

possible to back up the previously alluded-to changes. Here there is no as-

sumption between the density of chromatin and its actual three-dimensional

relation to its surface area. Yet, both the distribution based on density as that

based on distance depict the same broad changes based on marker function-

ality. Of course, as with the first analysis of G1 distances (§4.2), the relatively

broad error bars from the calculated CI95 of each distribution are unavoid-

able. At the level of SIM resolution, the fact that the CI95 can be brought so

low as to within half the maximum diagonal of a voxel is a testament to the

power of high-throughput analysis.

In spite of this limitation, it is possible to use a priori knowledge to show

certain trends. This can be done both with the knowledge of grouping mark-

ers by their epigenetic function to get an overview of how this function is af-

fected, and also by knowing the progressive magnitude change in chromatin

compaction from NaN3 and hyper-osmolarity. Thus, despite large overlaps in

CI95, a shift in one direction from G1 to NaN3 followed by another progres-

sive shift in the same direction from NaN3 to hyper-osmotic condition is a

clear indicator of an underlying mechanistic truth. More so when this pattern

can be replicated and confirmed over multiple markers, as the probability of
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Figure 6.10: Compaction effect on distance to IC. Calculated mean sub-voxel
distance of all IF markers to the IC comparing untreated G1 and NaN3 or
Hyper-osmotic treated C127 nuclei. Positive distance is equivalent to marks
within the chromatin network. Markers are grouped by function from left to
right: Structural, Active, Mid, Inactive. Bars show 95% confidence. Ntotal=
960 cells.

all markers showing progressive movement in only one direction is extremely

low.

A clear example of this is the distance change that occurs in the markers

of genome architecture; SAF-A, CTCF and the cohesin subunits (Figure 6.10).

Here the average distance moves from close to the surface but within chro-

matin, to close to the surface but found in the IC. There is not a large change

in SAF-A, a marker which starts in G1 close to the surface. However for Smc3,

the difference between its G1 value and its value after hyper-osmotic shock

is large enough to have almost no overlap in both of the CI95 for each aver-

age. The overall trend for structural markers is evident and supports what

is shown by the density distribution. Increased chromatin compaction causes

these epigenetic functions to take place on average further outside of the chro-

matin network.

Of the markers of transcriptional activity, RNAPII-S2P shows almost no

difference in distance. However markers for active promoters, H3K4me2/3
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and H3K36me2 follow a very similar shift both for NaN3 and hyper-

osmolarity (compared to their G1 averages), being still within chromatin but

closer to the network surface. As was observed for the density class shifts,

H3K36me3 is the only chromatin marker whose average position during ex-

treme chromatin condensation by hyper-osmotic conditions is found just out-

side of the network. This marker is only enriched at the 5’ end of transcribed

genes and its similar behaviour to the elongating RNAPII-S2P mark is thus

mechanistically understandable.

It is worth noting that neither of the H3K4 methylations follows

H3K36me3, and that their CI95 tightens comparing the treated versus un-

treated cells. Thus supporting, prior evidence to suggest that RNAPII-S2P

transcribes primarily at the same distance relative to the network, regardless

of the internal composition of the network, and that it may do so by loops

of active genes extending away from the network surface. Markers of active

chromatin are affected by the internal composition of the chromatin network

and may be pushed to a narrower band closer to the network surface by in-

creased volumes of dense chromatin in the network interior.

A mixed distance change can be observed for markers with ambivalent

functions and those of inactive chromatin. These changes follow closely those

changes outlined previously for the density distribution profiles. The key af-

fected markers are H4K20me1, macroH2A and H3K9me3. Of these H3K9me3

has the largest difference between G1 and treated cells, moving the average

distance to the boundary further away towards the inside of the network,

matching the increased enrichment in the higher density classes (Figure 6.9).

Surprisingly the overall distance for HP1A is not changed, though the CI95

now protrudes more outside the IC.

Other markers such as H4K5ac, H3K27me3 and H3K9me2 also show very

limited shift in average calculated distances from the surface, and the overlap

of their CI95 remains almost full. It is difficult to interpret from this metric

only how the chromatin compaction may affect these markers. However, by
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coupling this with data from the density distribution (Figure 6.9) it is possi-

ble to say that although these markers do not migrate far from their G1 po-

sition in terms of absolute distance they all become further enriched at the

same densities in which they showed enrichment in G1. In fact of these three

markes, H3K27me3 has the largest change in density distribution profile pro-

gressively from G1 to hyper-osmotic perturbation. This is also the case in

the changes shown by its distance measurements, with its average distance

moving further internally in the network where higher density chromatin is

usually located.

G0 global chromatin compaction

Of course it is also possible to induce actual senescent phenotypes in cultured

cell lines as opposed to trying to mimic the morphological effect via chemical

or osmolar treatments. Senescence cannot be achieved by any particular cell

line, so the ChaiN analysis was re-done at G1 for the IMR90 cell line. These

human lung fibroblasts are known to undergo cellular division with a high

proportion of errors. Errors during the separation of sister chromatids leads to

aberrant chromosome segregation and double stranded breaks in the genome.

In this cell line, this often leads not to apoptosis but to the induction of a senes-

cent programme, thus following the previously described replicative induced

senescence (RIS) pathway.

To maintain a consistent comparison between these results and those for

C127 the same antibodies were used. The specificity of some antibodies was

not translatable from the mouse to the human system, yielding no or little

detection. The targets of these antibodies are CTCF and Scc1 for the struc-

tural markers, H4K20me1 and Macro-H2A for the ambivalent markers, and

HP1A for markers of repressive chromatin. No active markers were lost from

detection by changing to the human system.

The density distribution of IMR90 cells at G1 shows a similar pattern to

that of untreated C127 cells (Figure 6.11(a), Figure 6.11(b)). Meaning, that for
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markers of 3D genome architecture and markers of actively transcribed chro-

matin, the most enriched classes are classes 2-4. C127 distribution was nar-

rower and mostly around classes 2-3, however most of the peak enrichments

for IMR90 are also in class 3. Other relative patterns here are also preserved.

Of the active markers, both RNAPII-S2P and H3K36me3 the ones enriched at

lower density chromatin, just as they are for C127 at G1. The markers of in-

active chromatin are all found enriched from class 3 up to the highest density

classes. H3K27me3 and H3K9me2 still have a peak enrichment distributed

around class 4. H3K9me3 shows a very strong preference to classes 5-7, much

more so than that for C127. Despite some differences between the two cell

lines, the general pattern is maintained (Figure 6.11(b)). This suggest a con-

served mechanism of 3D epigenome organisation between different cell types

and species.

The largest changes occur after senescence, G0 (Figure 6.11(c)). The main

difference between the G1 and G0 density profiles for IMR90s is the massive

enrichment of all markers (save SAF-A) by several log2 units. There is a subtle

resemblance of the change from G1 to NaN3 treatment profiles here, partic-

ularly for the extra depletion observed in many of the structural and active

markers for classes above 4. The most similar of these being RNAPII-S2P

which also yields a level of depletion close to 30 times less than what is ex-

pected by chance alone in class 7.

However, one key difference between G0 and biophysical perturbation is

that most of the markers have not undergone a shift in their peak enrichment

towards lower density classes. And none, not even the non-chromatin pro-

teins such as SAF-A, cohesin or the elongating RNA polymerase are found

enriched in class 1. This is in stark contrast to these very observations de-

scribed for both NaN3 and hyper-osmolar conditions in C127 cells.

The markers of inactivity also show a very marked difference in their en-

richment profile compared to the chemical and osmotic chromatin compaction

induced in C127 cells. Here, under RIS, both H3K27me3 and H3K9me2 be-
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come massively enriched in classes 3-7, though still keeping the order of en-

richment tail-off as with G1. This is to say that H3K27me3 decreases its en-

richment crossing to depletion one density class lower than H3K9me2. This is

both true in G1 and G0.

What may be gained from comparing the downstream effects of com-

paction by different methods: NaN3, hyper-osmolarity and G0, is that not all

of the 3D epigenome is affected to the same degree and simultaneously when

differing mechanisms may be at play. One being from exogenous remodelling

of a G1 transcriptional programme in a very small time frame, while the sec-

ond is established by a slower rewiring of the transcriptome to a G0 state.

While the observed chromatin topology may be morphologically similar even

under super-resolution micrographs, the two rates of change may well cause

the large differences observed in comparing true G0 to chemically induced

compaction in G1.





CHAPTER 7
Single TAD labelling

developments

Single TAD imaging

This investigation focused primarily on the global patterns of the 3D

epigenome, both in relation to chromatin density and the surface of the chro-

matin network. The use of super resolution microscopy with ChaiN , yielded

new insights into the nature of the chromatin landscape as well as the distri-

bution of different epigenetic markers with regards to this landscape. Further-

more by exposing cells to different exogenous conditions and using ChaiN to

measure these metrics again, this study has shown how deep-content image

analysis can be used to shed light on the molecular mechanisms of this system.

Measurements at a global chromatin scale however can be subject to skew,

and is therefore important to challenge the boundaries of imaging and la-

belling technologies in order to label individual genome loci. This would not

only provide evidence that the model described here is indeed correct at the

single TAD level, but may begin to untangle sub-TAD architecture. The abil-

ity to label single TADs or sub-TAD regions is therefore imperative to this

163
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Figure 7.1: Imaging TAD. 1Mb TADs labelled with FISH and imaged with
SIM from recent publications: Fab (Fabre et al., 2015) left, Nora (Nora et al.,
2012) centre and right.

goal. Such labelling technique must be capable of labelling a single TAD with

high efficiency, little-to-none cross labelling of other loci, and be amenable

to multi-wavelength experiments. Furthermore, its dye must be robust and

compatible with the demands of super resolution microscopy, as experiments

probing these very small regions would be wasted on any other conventional

microscopy technique unable to resolve structures at the 3D TAD-size scale

or smaller. Recent publications have made use of FISH to label single TADs

as defined by Hi-C in order to image them in super resolution microscopy

(Figure 7.1). Both publications have suggested a TAD size of approximately

1 µm to 2 µm in diameter from SIM imaging (Fabre et al., 2015; Nora et al.,

2012). Nevertheless combinatorial labelling of different sub-TAD regions in

Nora et al. (2012) or the use of higher resolution STORM imaging in (Fabre

et al., 2015) have also shown than the 3D structure of TADs is more complex

than single spherical globules (although often depicted as such in renderings

from in silico simulations).

In addition, this technique should be compatible with other techniques

that label not chromatin but nuclear proteins or molecules of interest. This is

important for analysing the location and function of these molecules in rela-

tion to the TAD architecture. Finally, for the eventual widespread use of such

technique, it should be simple to perform, with reduced costs whenever pos-

sible, both economically and in the time taken for researchers to conduct the
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experiment from start to finish.

Throughout the span of this investigation, several novel labelling tech-

niques were implemented, optimised and or developed, in order to meet the

aforementioned criteria. Their development along with their limitations are

discussed subsequently.

7.1 LAD-ID imaging

Dam-ID is a technique developed for the identification of chromatin se-

quences which have undergone transient interactions with a particular target

protein of interest (§2.5). Parallel studies to Hi-C using a variant Dam-LaminB

fusion of the Dam-ID paradigm have shown that interactions between chro-

matin and the peripheral nuclear lamina also occur preferentially in domains

of ~1Mb, termed lamina associated domains (LADs). Correlative bioinfor-

matic studies on these datasets revealed a clear correlation between the do-

main boundaries of LADs and TADs, further supporting this modular archi-

tecture (Figure 1.6).

Imaging of LADs was performed using an adapted DamID system gener-

ated by Jop Kind who previously demonstrated LADs labelling by expressing

a fusion of the bacterial m6a-binding protein domain to enhanced GFP (Fig-

ure 7.2, Kind et al. (2013), see §2.5).

Transient transfection of the LAD-ID system in C127 cells produced bright

signals from high expression (Figure 7.2). However, overexpression of Lam-

inB1 has been shown to change nuclear lamina morphology (Volkova et al.,

2012). Despite starting IF staining protocol within 24 hours after transfec-

tion, the signal from GFP alone was not robust enough for high-quality SIM-

reconstructions. These are limitations of the photochemistry of the fluo-

rophore used, rather than expression efficiency. Alexa-488 conjugated anti-

bodies with affinity to an GFP epitope were used to counter the bleaching and

increase reconstruction fidelity. Phenotypes not characteristic of these cells



166 CHAPTER 7. TAD LABELLING

Figure 7.2: LAD-ID. Schematic of LAD-ID showing deposition of methyl-
6 marker by Dam methyltransferase fused to lamin B on chromatin within
molecular interaction to the nuclear periphery (left). A GFP-fused m6A
marker tracer is then able to attach to the marked chromatin even when no
longer in contact with the periphery (centre). Adapted from Kind et al. (2013).
Right: 3D-SIM image of LAD-ID transfected C127 cell expressing the LAD
detection system fixed and stained with DAPI, and directly conjugated A488-
Mouse-anti-GFP primary antibody (to boost GFP signal) and two-antibody
detection of LaminB1. Nucleus shows morphological lamina aberration such
as invaginations and micronuclei.

such as: multiple micronuclei, a distorted lamina and numerous invagina-

tions were observed, suggesting a state in which labelled chromatin may not

reflect chromatin networks in physiological conditions (Figure 7.2, right).

A stable line of human LS174T colon adenocarcinoma cells (provided by

Jop Kind) were used. As expected, stable integration decreased the relative

expression levels of the LAD-ID system compared to transient transfections,

but these cells did not show abnormal nuclear morphologies. Nevertheless

this cell line presented new challenges. Firstly they were highly extended in

shape away from the coverslip (10 µm to 15 µm in height), and secondly they

did not form single monolayers on coverslips, but stacks of clonal colonies.

A LAD-ID stable line of HT1080 cells were ultimately chosen, as they are less

z-extended (7 µm to 12 µm) and form monolayers. Thus the HT1080 cell line

was more suitable for 3D-SIM imaging with enhanced stripe modulation and

decreased out of focus blur.

However, in spite of the optimisation for SIM imaging of these LAD-ID

labelled domains, the key limitation of using such method is its stochasticity.

It is known that certain genome regions have a higher propensity to interact
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with the lamina, yet in single cells it is not possible to define which regions of

the genome will be lamina associated. This is confounded by the calculation

that the internal surface provided by the nuclear envelope is not sufficient

to accommodate all LADs identified by averaging a large pool of cells from

the Dam-ID methodology. As such, in single cells it is impossible just with

this stain to ascertain whether a full LAD is being labelled, as opposed to sub

regions of a LAD, and if the full LAD is indeed labelled which LAD/TAD it

might be on the genomic linear scale. The latter is required to link 3D position

to the genomic function of this chromatin domain.

Co-localisation of LAD-ID labelling with mid S phase EdU pulse replica-

tion labelling can be used to confirm such stochasticity. Replication firing has

been demonstrated to be tied to TAD architecture with multiple origins of

replication synchronously firing from within the single megabase range size

scale of TADs (Pope et al., 2014; Chagin et al., 2016). LADs and mid S phase

replication domains are enriched in facultative heterochromatin and both are

found at the nuclear periphery. LADs can also be found at the nucleolar pe-

riphery where a subset of these replication domains are also found. Using 30

min EdU pulses as a measure for the extent of LAD labelling is useful as a

replication pulse length of 30 minutes is enough to label an individual TAD-

size foci. It is clear that although labelling with LAD-ID can closely mimic

the pattern observed for replication domains, it does not do so to the same

extent (Figure 7.3). Ultimately the shortfall in reproducible coverage of full

genomic domains places a severe-enough limitation on this approach to be a

viable method for single TAD labelling.

7.2 CRISPR imaging

The clustered regularly interspaced short palindromic repeats (CRISPR) tech-

nology is a two component system of bacterial adaptive immunity (Barran-

gou et al., 2007). The mechanism of the type II CRISPR system involves the
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use of a single nuclease protein (Cas9) which is able to bind specific DNA se-

quences when in complex with a single guide (sg)RNA molecule. sgRNAs are

a construct of the fusion of target-complementary RNA and the tracer RNA

(Deltcheva et al., 2011). As such they have a 5’ end complementary to the tar-

get sequence, a conserved hairpin loop secondary structure used to bind the

Cas9 nuclease.

The ability to target a nuclease to loci of interest has significantly increased

our ability to manipulate chromatin and perform precise genome engineering.

Accurate deletions and knock out experiments have been undertaken with the

use of two flanking RNAs to the genomic region of interest, in combination

with in vivo expression of active or partially altered Cas9 for double strand

cuts or single strand nicks respectively. These tuneable active Cas9 varieties

along with fully inactive “dead” (d)Cas9 mutants in combinations with toler-

ated protein fusions have made CRISPR a multipurpose tool for investigating

eukaryotic chromatin structure and function. Current applications span tra-

ditional genome engineering, transcriptional interference, recruitment of his-

tone modifiers and transcription factors, and an imaging tool with potential

for in vivo labelling of single loci (Sander and Joung, 2014; Barrangou and

Doudna, 2016).

Proof of principle for a CRISPR-based imaging modality has been de-

scribed using a GFP-fused construct on the dCas9 nuclease, targeted to telom-

ere and pericentromeric satellite repeat regions (Chen et al., 2013; Anton et al.,

2014). The current CRISPR imaging methodology is non-denaturing but the

technique suffers from the inherent photo-physical limitations of GFP, as well

as a low signal-to-noise ratio with only few binding events decreasing its

capacity to discriminate single loci. Furthermore, multiplexing CRISPR la-

belling with different colour wavelengths is not possible without transfection

of multiple fusion constructs of Cas9 orthologues (Chen et al., 2016; Ma et al.,

2015). This is because each Cas9 orthologue has a specific recognition to a

guide RNA. Thus using multiple guides for different targets generated from
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the same guide RNA type will only lead the same Cas9 to both loci mak-

ing them indistinguishable microscopically. Other Cas9-based labels have

been generated by replacing the fluorescent protein fusion with a HALO tag

(Knight et al., 2015). This is useful in order to detect single binding events

with super resolution as the HALO fluorophore is more stable than fluores-

cent proteins.

In this study, an alternative CRISPR based imaging modality was tested.

This relies on the in vitro incorporation of fluorescent moieties in the guide

RNA (Figure 7.4). Multiple labels per binding would increase the signal-to-

noise ratio and allow low-copy and non-repetitive loci to be imaged. The pur-

pose for developing such technique would be the ability to specifically label

individual TADs in a manner non-denaturing to all chromatin, thus preserv-

ing both the chromatin network’s structure as well as the proteome for mul-

tiplexing IF signals of the epigenome around single TADs. A similar adapta-

tion of CRISPR using the RNA as the labelling molecule has been published

utilising an extended sgRNA (Qin et al., 2017). The extension does not inter-

fere with Cas9 recognition or binding and is comprised of multiple MS2 RNA

loops. A fluorescent protein fusion construct with the MCP protein able to

recognise MS2 renders a high density and specificity of labelling. Although

this method still relies on fluorescent proteins, the density of labelling allows

imaging of non-repetitive loci in confocal microscopy (Qin et al., 2017).

To be able to label single TADs this investigation required four major mile-

stones: sgRNA design, synthesis of labelled constructs (Figure 7.4), in vitro

control of sgRNA:protein function and in situ delivery to live cells (§2.5). Ini-

tial developments were made using a sgRNA against mouse major satellite

repeats (MSsgRNA), as used to publish the previous CRISPR labelling system

with FISH validation (Deng et al., 2015). This allowed multiple iterations of

tests on label incorporation, labelling densities and delivery protocols with

comparable data.

During in vitro synthesis of the MSsgRNA (as described by Bassett et al.
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Figure 7.4: CRISPR methodology. Schematic of protocol used for in vitro
synthesis of labelled and unlabelled sgRNA for combination with GFP-fused
or non-fused Cas9 protein respectively. Adapted from Bassett et al. (2013).

(2013)) the sgRNA was labelled with a selection of NTP homologues (§2.5).

Afterwards, an in vitro cleavage assay was used to control the viability of the

labelled sgRNA molecule population (Figure 7.5). The labelled RNA by T7

RNAP transcription should not affect secondary structure of the sgRNA or its

5’end as these are key for Cas9 recruitment or hybridisation respectively.

Running an agarose gel of the in vitro cleavage assay results shows which

of the incorporated labels (and at which concentration) are still compatible

with Cas9 function (Figure 7.6). The expected result is that the sgRNA should

be able to bind and guide the Cas9 to two sites on a plasmid, flanking a frag-

ment of DNA of known size, here the open reading frame (ORF) of GFP. Thus

when a band at 700bp is detected (the size of the GFP ORF) the sgRNA is

successfully compatible with Cas9 function despite its label.

The concentration of sgRNA is sufficient to be detected as a smear at the

bottom of the gel. If this smear is not present, the T7 polymerase was not

able to conduct sgRNA synthesis, meaning the size of the dye/label or its

concentration was detrimental to RNA synthesis. A good control showing this
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Figure 7.5: in vitro cleavage methodology. Protocol for controlling the viabil-
ity of labelled sgRNA. Using catalytically active Cas9 nuclease in conjunction
with sgRNA and a plasmid with two sgRNA target sites allows a fragment of
known size to be excised if the viability of sgRNA is not affected by in vitro
label incorporation.

can be performed by incubating the Cas9 and target plasmid with a sgRNA

that does not base pair to the flanking target sequences. In such lane, the

smear is present but no fragment can be detected (Figure 7.6, negative). From

this assay, a 1:6 dilution ratio of labelled NTP was found to be the limit for

sgRNA synthesis and Cas9 function while still yielding detectable sgRNAs.

Not all labels were incorporated equally, possibly limited by their size and

by their moiety’s chemistry. Thus out of all the tested labels, EU, Biotin and

Alexa 488 labels could produce sgRNA (Figure 7.6).

After the synthesis of labelled MSsgRNA, these were transfected into cells

after pre-complex formation in vitro with purified dCas9. However, none of

the large RNA-protein complexes could be successfully transfected with high-

enough efficiency for fluorescence detection (after fluorescent Click reaction of

the EU labelled MSsgRNA or fluorescent streptavidin detection of the Biotin

MSsgRNA). The issues with delivery of dCas9-RNA complex with cationic
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Figure 7.6: Results of cleavage assay. Electrophoresis gel results of a range
of tested labelled sgRNA. First and last lanes show controls of plasmid + Cas9
only or with a sgRNA not homologous to the flanking target sites in the plas-
mid, black arrow shows excess sgRNA bands. White arrowhead shows size
of excised band in wells whose sgRNA is still viable, of these, the labelled
sgRNA are highlighted in bold font.

transfection reagents was surprising given previous studies showing the ef-

ficiency of this method when evaluated by the downstream genome editing

of active Cas9 (Zuris et al., 2015). However, to observe the effects outlined in

such studies, a single Cas9 molecule and a single sgRNA molecule are techni-

cally required, given days of incubation. However for labelling, many multi-

plexed protein and RNA molecules are needed.

Large quantities of the labelled complexes were found in the cytoplasm,

by this method but not in the nuclear volume. To ascertain whether this was

due to the chemistry and size of the label or that of the dCas9 protein, two

stable cell lines were created expressing variants of dCas9. One cell line ex-
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pressed a dCas9-GFP used as a control for the transfection of unlabelled MSs-

gRNA and the second line expressed unlabelled dCas9 to allow detection of

the tagged MSsgRNAs. Furthermore, simple cationic lipid based transfections

were replaced by an optimised commercial electroporation protocol “Nucle-

ofection”, from Lonza. A range of cell line specific electroporation reagents

can be browsed and purchased, each accompanying a dedicated electrical

pulse protocol for achieving an empirically defined highest electroporation

efficiency. This however is also dependent on the proprietary hardware for

electroporation a “Nucleofector”.

Nucleofection can be achieved for cells suspended in solution, as well as

for adhered cells on coverslips. Both approaches were tested and found to

work for the electroporation of fluorescently labelled dUTP, with nucleofec-

tion for cells in solution yielding a higher nucleofection efficiency. Adherent

cell nucleofection should be used preferentially over nucleofection in solution

when subsequent live cell imaging is required immediately after electropo-

ration as there is a minimum amount of time taken for cells to re-adhere to

the coverslip for imaging. However in this investigation requiring fixed cell

imaing, the higher efficiency of incorporation, reduced cost and higher prac-

ticality were sufficient reasons to proceed with nucleofection in solution.

The results from these experiments were as follows. Unlabelled MSsgRNA

was successfully transfected to the nucleus of dCas9-GFP cells, causing their

GFP enriched nucleoli pattern (Figure 7.7, Fix top) to migrate to a GFP en-

riched chromocentre pattern (Figure 7.7, Fix middle). This control showed

that a sufficiently efficient transfection of sgRNA was possible via this method

in order for enough labelled molecules to localise at the target sites (major

satellites at chromocentres) and be detected. For the A488-MSsgRNA labelled

sgRNA the same successful chromocentre labelling pattern was detected af-

ter transfection into unlabelled-dCas9 expressing cell line (Figure 7.7, Fix bot-

tom). Neither Biotin or EU labelled MssgRNA could be successfully trans-

fected to the nuclear interior in order to replicate the positive control.
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Figure 7.7: CRISPR-delivery. Fixed: Top panels: Mouse C127 somatic cell sta-
bly overexpressing dCas9-eGFP localised at nucleoli (control). Middle panels:
Positive control of same stable line transfected with plasmid encoding MS-
sgRNA with signal colocalised to chromocentres. Bottom panels: C127 sta-
bly expressing dCas9 nucleofected with A488-MS-sgRNA showing positive
results of pericentromeric colocalisation. Live: live cell imaging of same ex-
periment as fixed bottom panels 4 hours after nucleofection also reveal peri-
centromeric pattern. All images are Z-projected from widefield data, decon-
volved. Scale bar 5 µm.

As mentioned previously, adherent cell nucleofection can be performed

if subsequent live cell imaging is required immediately after electroporation.

This nucleofection protocol was used to check the viability of a CRISPR la-

belled live cell imaging experiment. In principle, labelled sgRNA could be im-

aged in live cells if directly labelled with a fluorophore, not requiring fixation

and antibody based epitope detection. Indeed, when A488-MssgRNA was

nucleofected into adherent dCas9 expressing cell line the labelled chromocen-

tre pattern was replicated, characterised by more labelled foci of smaller size

than the few and larger nucleoli (Figure 7.7, Live). However, the efficiency of

labelling by this approach was far lower than required for live cell imaging. A

small signal to noise ratio could be detected, even with confocal microscopy.
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Attempts at super resolution SIM imaging of these datasets proved futile in

yielding useful images.

Major satellites are large tandem repeats of the same target sequence, over

several tens and hundreds of magabases, making for an ideal target to test the

development of this labelling technology. Nevertheless, labelling of individ-

ual TADs would require multiplexing many thousands of sequence specific

sgRNAs in order to label only a 1 Mb region. Given the results obtained from

MSsgRNA the likely outcome of labelling a region at least one or two orders of

magnitude smaller would not produce samples of high-enough label contrast

for SIM.

The development of CRISPR based tools for genome editing, epigenetic

control and in situ labelling are all still at their infancy. Although the contin-

ued optimisation of this particular sgRNA-labelled approach was beyond the

scope of this investigation it is possible that this may be the way to achieve

non-denaturing single TAD labelling for super resolution imaging in the near

future. A way to bypass some of the major delivery issues could be by the

chemical synthesis of sgRNA with a wider fluorophore palette selection. Here,

the limitations of the T7 RNA polymerase could be lifted so that larger dyes

may be used. Chemical synthesis is also independent of template plasmids

thus the cost and effort of generating thousands of sequence-specific sgRNA

for multiplexing would be significantly lower. Another advantage of the

chemical synthesis route is the ability to know with precision the location of

the incorporated tag as well as the number of tags incorporated per sgRNA.

With this information it would be easier to control the viability of labelled

sgRNA but more importantly, the known number of molecules allowes their

titration and to work out, given relative brightness, how many sgRNAs are

found at target regions.

Another possibility is the use of this method in bacterial systems. Bacteria

lack nuclear envelopes and therefore would not suffer the problems encoun-

tered for delivery of the sgRNA-protein complex to cells via electroporation.
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7.3 Raser FISH imaging

After the limitations of both LAD-ID and CRISPR based labelling for imaging

single TADs in SIM, another method was required. FISH labelling of individ-

ual TADs has already been shown to be a viable approach (Nora et al., 2012).

However, FISH, even at its mildest, involves the large scale denaturation of

DNA. DNA denaturation is of course unavoidable for selective labelling of

the genome as the double stranded molecule must be separated in order for

probes to bind to their complementary sequences by base pairing. However,

for FISH this DNA denaturation step is often done in a way which also irre-

versibly denatures the proteome of cells, therefore affecting the target epitopes

for antibody detection. Thus the use of all such disruptive FISH protocols was

not compatible with mapping the 3D epigenome by immunofluorescence as

has been shown in this investigation.

What would be required in order to use the known labelling capabilities

of FISH at the TAD level in combination with the ChaiN protocol would be

a FISH DNA denaturation that is non-disruptive to the proteome. Fortu-

nately, one such “non-denaturing” FISH variant has recently been developed

by Dr Jill Brown in the lab of Professor Veronica J Buckle as a combination

of the interests of the Molecular Medicine and Wolfson Imaging groups of

the Weatherall Institute of Molecular Medicine, Oxford. Originally developed

with the aim of understanding the relevance of nuclear organisation to gene

expression during erythropoiesis, this FISH variant uses light at the ultravi-

olet end of the visible spectrum to induce nicks in double stranded DNA,

which is then made single stranded by a specific exonuclease. This tech-

nique is also compatible with super resolution imaging and as such has been

termed RASER-FISH, for “resolution after single-stranded exonuclease resec-

tion” FISH (§2.5).

The FISH probes used to test RASER-FISH for full TADs were the same

probes previously published by the research group of Professor Edith Heard
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for covering neighbouring TADs in the X chromosome (Nora et al., 2012). By

using these, the specific sequence required for full coverage of TADs has al-

ready been verified The probes were generated with incorporated digoxigenin

for subsequent anti-digoxigenin detection IF as described in §2.5. Although

denaturing FISH has been used for full TADs before, the combination of this

labelling method with super resolution is still in its early days. A recent pub-

lication using both SIM and STORM microscopy was able to reconstruct indi-

vidual TADs of 1Mb to approximately 2 µm in diameter (Figure 7.1,left)(Fabre

et al., 2015).

The initial result from the combination of Raser-FISH and SIM on single

TADs was very promising. Comparing the same TADs from prior publica-

tions as well as other TADs of the same size it is clear that the labelling, SIM

acquisition and reconstruction in this investigation give a much higher reso-

lution image of these TADs (Figure 7.8). The overall size of TADs is reduced

from what has been reported in other studies, with TADs being approximately

500 nm in length and down to 200 nm at the narrowest. This is in agreement

with the reported average network filament width of 526 nm from previous

ChaiN parameters (Figure 4.4). This resolution critically reveals a sub-TAD

organisation (eluded to in Fabre et al. (2015)). TADs are not just amorphous

round or oval signals, but display intricate 3D patterns, as well as a high level

of diversity in their 3D structure between TADs, even for those in the same cell

(Figure 7.8). This is very likely due to the different compaction of the active

and inactive X chromosome where these different TADs reside.

The original Raser-FISH protocol was developed for detection using the

FITC dye. However, more robust dyes are now available (eg Alexa 488) and

these are generally chosen over FITC. Here, Raser-FISH was trialed with op-

timised A-488 detection. The results show a much higher signal to noise ratio

can be achieved as theorised (Figure 7.8, bottom left). This extended dynamic

range translates to a cleaner background, of lower intensity, for the same sig-

nal brightness of the TAD in question.
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Figure 7.8: Raser FISH. Top left: A higher resolution can be achieved from
3D SIM in combination with Raser-FISH. Here the same FISH probes for the
TAD labelled on Figure 7.1 (right) have been used to have a direct comparison.
Zooming in and displaying max projections and montages expanded from on
the white boxed regions from top image (and displayed to the same scale as
TADs in Figure 7.1) show much better structural resolution for image analy-
sis. The TADs take many intricate 3D shapes but maintain a radial diameter
no larger than 500 nm. The Raser-FISH can be optimised with organic dye la-
belling to achieve a higher contrast benefiting 3D SIM (bottom left). This is
clearly observed by comparing the bottom left inset of max projection with
any of the three non-optimised max projections (centre column) magnified to
the same scale.

Finally Raser-FISH was attempted in combination with IF (Figure 7.9).

This is a requisite in order to make this labelling method compatible with clas-

sification of the epigenome around TADs. The results confirmed the hypothe-

sised preservation of the proteome and epitopes by the Raser-FISH approach.

a successful IF of transcription factor Islet1 (ISL1) shows a clean IF pattern for

this transcription factor in combination with Raser-FISH TAD labelling of the

X chromosome TAD (Figure 7.9). It is worth noting that the ISL1 transcription

factor was chosen for its relatively high abundance without being too highly

concentrated that individual spots could be resolved. ISL1 is not known to
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Figure 7.9: Raser FISH vs IF. Raser-FISH (left) does not disrupt the proteome
(right, IF) when denaturing DNA for FISH probe incorporation. This means
epitopes are preserved for detection by IF. Here Raser-FISH is demonstrated
in combination with an IF for the ISL1 TF in a single cell to demonstrate proof
of principle.

have any interactions with the genomic region labelled in this TAD as it is

a factor for the expression of the Mnx1 gene in motor neuron differentiation

from embryonic stem cells (Lee and Pfaff, 2003). Therefore it is not expected

that the signals from the IF correlate strongly, if at all, to the interior or surface

of this TAD.

Although the implementation of this developed technique is beyond the

scope of this thesis, its future application with super resolution microscopy

has potential to impact the field of chromatin biology and epigenomics. The

structure of TADs, which are still shown in diagrams as an amorphous blobs

of disorganised DNA or chromatin, will begin to be understood. Large-scale

quantitative experiments like the ones performed in this investigation, but at

the single TAD level should reveal the differences in position between consti-

tutively active or inducible promoters within the same TADs, as well as how

the proportion of active versus inactive chromatin within TADs affects their

overall shape, size and density. Dual labelling of TADs and their sub-regions,

such as promoters, gene bodies and intergenic regions would give a clearer

understanding of how these regions of diverging function interact within the
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3D constraints of a single TAD. Multiplexed labelling of TADs and nuclear

machineries, such as transcription factors and RNA polymerase, but also the

epigenetic writers of the histone code (eg: methyltransferases) as well as the

progression the replication machinery during S phase should yield an even

deeper understanding of the accessibility model proposed from this global

study at the TAD scale.

The answers to these questions can be asked at the single cell level and not

as an average ensemble of contact probabilities from a pool of cells. With the

development of single-cell Hi-C variant approaches, this deep image analysis

method would be ideally suited for complementary investigations of individ-

ual loci of interest at a scale and resolution never before achieved.





CHAPTER 8
Discussion

8.1 Aims and ChaiN developments

Three principal goals were attempted in this thesis. First and most crucial, the

development of a high-throughput semi-automated image analysis pipeline

for the quantitative analysis of super resolution micrographs. Second, the

implementation of this pipeline to analyse the mammalian nuclear volume.

Specifically, using SIM to resolve the chromatin landscape in conjunction with

immunofluorescence detection of histone modifications and key epigenetic

markers. From hundreds of such datasets, to obtain the average attributes of

both chromatin and the 3D epigenome in single cells. Comparisons of these

metrics in the G1 state versus a variety of factors for the perturbation of chro-

matin (both exogenous and endogenous) could in principle lead to a better

understanding of the architecture of chromatin at the TAD size-scale with re-

lation to its genomic function. Finally, methods for the labelling of individual

TADs for super resolution studies were developed and optimised.

Many of the aims set forth for this thesis were achieved, being success-

fully completed in the given timeframe. A semi-automated image analysis

pipeline termed ChaiN (for ChaiN analysis of the in situ nucleome) was de-

183
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veloped. ChaiN is able to capitalise on the increased spatial information from

super resolution micrographs. By employing automation, it also boasts high-

throughput rates for the rapid analysis of hundreds-thousands of 3D datasets

with overall millions of datapoints. The capacity to process large numbers

of samples allows for the first time a robust statistical analysis of the spa-

tial environment acquired. One major choke-point of this investigation was

the individual acquisition of thousands of micrographs. Despite the speed

of SIM acquisition, the acquisition and reconstruction of thousands of nuclei

still amounts to hundreds of man hours at the microscope. As automated ac-

quisition for super resolution becomes optimised and more established, this

rate-limiting step will have a decreased impact on the overall workflow.

The ultimate purpose for the development of ChaiN was not solely for the

results obtained in this investigation. The measurements and metrics which

can now be obtained as shown in this study demonstrate that ChaiN and

ChaiN -modified pipelines can be effective to explore super resolution three-

dimensional datasets for characterising nano-scale environments, both inside

and outside of the nucleus.

8.2 Chromatin landscape

Attempts at describing chromatin depend on the resolution and labelling

methods employed. Studies using electron microscopes, at a much higher

resolution than their fluorescence counterparts, have shown that chromatin

may be bundled as fibres of 30 nm in diameter (Figure 1.1)(Robinson et al.,

2006). These “30 nm” fibres served to highlight that at the nano scale chro-

matin may be organised in higher order 3D architecture. This posed the

question of how would such higher order organisation accommodate all the

known (and yet unknown) genome functions described by traditional linear-

genome biochemical assays, such as Chromatin immuno precipitation (ChIP).

The presence of these “30 nm” fibres in situ under physiological conditions is
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now debated (Maeshima et al., 2010) by many studies which support the view

that these fibres are a crystalline product of the fixation methodology used for

EM. The field is still not in consensus as to what the true model for higher

order chromatin folding is, but chromatin is mostly portrayed as disordered

strands which may exhibit fractal patterns (fractal globule) of local cohesion

(Mirny, 2011). Some in the field have also begun to question how such globule

domains of chromatin interact not just with other regions of the genome but

with other non-chromatin molecules of the nuclear volume.

When considering these interactions, the general accessibility of chromatin

is an important factor. A droplet model of chromatin with a gradient of den-

sities has been proposed from in silico modelling of chromatin as a melted

polymer (Maeshima et al., 2016). It is important to remember that although

chromatin may be remodelled locally to small individual “10 nm to 11 nm,

beads-on-string” fibres, DNA is an extremely large molecule overall. As such,

any proposed higher order organisation not only requires a high-enough effi-

ciency of packing (for the whole genome to fit inside the nucleus of each cell)

but also balance the constraints on flexibility. Much like rope and cordage,

multiple iterations of winding individual small fibres yields a structure which

has decreased flexibility and higher tensile strength.

Recent work combining electron microscopy tomography (EMT) and a

novel chromatin dye has also failed to visualise ”30 nm” fibres in situ (Ou

et al., 2017). Instead it has shown DNA organised as disordered chains of

5 nm to 24 nm in diameter. Notably, they have found that these chains, pu-

tatively composed on nuclosomes (as beads-on-string), are flexible at various

lengths and can achieve many leves of chromatin compaction by their pack-

ing density. Such EM studies are not without their limitations as they must

have strong fixation in gluteraldehyde followed by dehydration and embed-

ding at room temperature. Lack of cryo conditions in EM can lead to alter-

ation of the chromatin structure. Furthermore, it is clear that in this technique

nucleoli are densely stained despite containing no DNA. This calls into ques-
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tion whether much of the non-nucleolar signal is indeed purely chromatin or

a mix of chromatin with coagulated ribonuclear proteins. CryoEM work by

the lab of Herald Hess have also produced imaging of chromatin in situ (Fig-

ure 8.1(a)). Through cryogenic preservation the results show chromatin in a

network approximately 200 nm to 500 nm wide. The discrepancy between the

two EM techniques may be due to loss of ultrastructure preservation in non-

cryogenic conditions, leading to an unravelling of this large-scale network

into a more homogenous nuclear environment where the highest chromatin

folding structure is beads-on-strings.

A model that reconciles the single TAD view, the holistic “droplet of chro-

matin” model (Maeshima et al., 2016) and the observations of disorganised

5 nm to 24 nm chains would be one in which the chromatin compartment is

made up of strung-up TAD domains. Each TAD organised within itself as

the fractal globule predicts made from loops of beads-on-string 5 nm to 24 nm

chains. The areas in which TADs contact each other would maintain a high

chromatin density and many TADs together would start to form long fila-

mentous structures with a high surface area (Figure 8.1(a)). This surface be-

tween chromatin and non-chromatin environments would be composed of

decreasing chromatin density, with increased accessibility, as hypothesised by

the melted polymer.

From the results obtained by ChaiN in this thesis, chromatin in single cells

can be thought of as a convoluted network taking up approximately 65% of

the nuclear volume and with filaments ~526 nm in diameter on average (Fig-

ure 8.1(b)). From whole-chromatin labelling experiments, chromatin shows

a gradient of intensities with the majority being less compacted at the inter-

phase region between chromatin and non-chromatin regions. This is in agree-

ment with a droplet model of varying density. Results from the single TAD

labelling developments produced evidence in support of single TAD based

architecture. TADs maintained a singular domain no larger than 500 nm in

maximum diameter. However single TADs showed not a simple spherical
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(a) CryoEM image of chromatin

(b) Proposed arrangements of TADs

Figure 8.1: TAD filament network model. (a) Cryo electron microscopy slice
of a nucleus of a U2OS cell showing chromatin in situ. A network of ~200 nm
to 500 nm wide compact chromatin regions can be seen, predominantly at the
periphery of the nucleus next to the double nuclear envelope (also visible). In-
terestingly, chromatin domains of the approximately similar size can be seen
in the nuclear interior surrounded by large volumes of non-chromatin (IC)
space. This image is reproduced courtesy of Herald Hess. Scale bar = 500 µm.
(b) Binary image of a C127 cell with all non-chromatin voxels as white. From
the metrics obtained by the ChaiN analysis of hundreds of super-resolution
3D SIM micrographs the G1 chromatin network can be described as a com-
posed of filaments which are on average 526 nm in diameter. Single TAD la-
belling with the most optimised FISH staining (Raser-FISH) and super resolu-
tion also shows TADs have a maximum diameter of approximately 500 nm. A
feasible combination of both observations would be the hypothesis that chro-
matin in single cells is arranged in a filamentous network of TADs strung one
after the other. The predicted partial overlap between neighbouring TADs in
single cells yields a continuous core of dense chromatin as the backbone for
the chromatin filament. Scale bar = 5 µm.
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globular shape, but mostly a distorted globule stretched into sub domains.

The width of these being approximately 200 nm. Such architecture of TADs

fits with the previous filamentous network description. TADs are still entities

of high 3D spatial contact predominantly within a radial volume of 250 nm,

yet their shape often shows a finer filament-like arrangement.

How this network of adjacent TADs with decondensed-surface to the IC

reacts to global change also provides insight on chromatin architecture. From

compaction perturbations followed by ChaiN analysis carried out in this the-

sis, a marked and biased change was quantified. Increased levels of chromatin

compaction collapsed the finer filament network into broader filaments with

average widths of 744 nm. These changes did not affect the proportion of nu-

clear volume occupied by chromatin. However it is worth pointing out that

the whole nuclear volume is inferred from the chromatin stain §9.4. This is

a limitation of the technical set up as all light-paths where used in a quadru-

ple stain, see §9.3. For a truer representation of the entire nuclear volume a

lamina-stain should also be used. Nevertheless, as expected, broadening fil-

aments lead to a marked decrease in the surface area to volume ratio of the

chromatin network. Because lower density chromatin (classes 2 and 3) was

primarily found at this interphase boundary, classes 2-3 made up a decreased

proportion of chromatin during compaction compared to G1. As mentioned,

the overall proportion of chromatin remained constant and as no DNA is lost

during compaction, the higher density classes increased in volume. Interest-

ingly the increase was most notable for the lower end of these classes (4 and

5), supporting the notion that the addition % for these is due to a direct result

of the loss of the lower density classes in the vicinity. In other words, chro-

matin in classes 2-3 becomes compacted to the point of becoming classes 4-5

but there are no mechanisms pushing more of classes 4-5 to classes 6-7

From the current model it is possible to interpret these observations as

TAD filaments that had previously been kept apart, now forced together, de-

creasing the available surface area of each filament (Figure 8.2). Regions in
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Figure 8.2: Perturbations of the TAD filament network model. Schematic of
chromatin network as described in Figure 8.1 with added chromosome back-
bone highlighted in blue and orange for chromatin in trans. Exogenously in-
duced compaction of the chromatin network is possible from the proposed
TAD filament network by creating overlaps of TADs in orthogonal directions.
This could be from tighter packing of genomically neighbouring TADs, high-
lighted by the change in the orange backbone. This creates a new, wider,
filament network of 744 nm (right, to scale) at this degree of overlap. The
exogenous methods of chromatin compaction used in this investigation do
not directly affect cohesin or CTCF so presumably individual TAD architec-
ture is preserved. Therefore single TADs in the network filament fibre are not
themselves compacted but multiple TADs are brought closer together. Other
chromatin perturbations such as overloading cohesin should be expected to
cause similar change and affect the whole network as a consequence, since
TADs are the base unit of the filament. Indeed this is the observed result from
the knock-out of the cohesin removing factor Wapl whereby interphase chro-
matin forms thick network bundles which look like small worms ”vermicelli”
(Tedeschi et al., 2013). It is worth noting in the condensed filament the surface
area to volume ratio is decreased as observed and the volume of denser chro-
matin hidden inaccessibly inside the network is increased which would lead
to the depletion of markers in more chromatin. This is exactly what the ChaiN
analysis has shown in Figure 6.9.
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the periphery of these TADs which would have held low density are now oc-

cluded from access to action by the nuclear machinery due to being flanked

on either side by whole filaments.

Decreasing chromatin compaction by the action of TSA, hypo-osmolarity

or even in ESC is not likely to function as a direct reversal of the mechanisms

induced by compaction. In the G1 state, individual TADs are already shaped

to the width of the chromatin network filaments. When imaging cells with

decondensed chromatin, a network of finer filaments is not observed despite

SIM being able to resolve down to 120 nm in x and y. As compaction is hypoth-

esised to occur from bringing single TAD filaments together decompaction

cannot pull single TAD filaments apart (unless denaturing DNA to two single

strands). TADs represent a unit of contiguous chromatin in cis. Thus, decom-

paction from G1 state most likely occurs from a breakdown of the TAD sub

structure into a more homogenous and accessible state. This would decrease

the level of high contrast structure which would cause poorer SIM reconstruc-

tion, a fact that is observed when attempting to image these datasets.

8.3 The 3D epigenome

One of the key questions that immediately emerges from any proposed model

of chromatin higher order organisation is the way in which this model affects,

or is affected by, the functions of the genome. Overall this study has shown

that a striking distribution bias can be observed for multiple histone markers

at the global scale. Primarily this is relative to the underlying chromatin den-

sity where the marker is found, but to some extent the absolute distance from

the network surface. Although most histone modifications demonstrated a

statistical significant preference to a chromatin density class, the magnitude

of this bias changed dramatically between epigenetic marks and chromatin

states. Yet regardless of the individual differences in magnitude, grouping

several classes by a priori known function yields a striking organisation. In-
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terestingly a general correlation was found between the molecular size of the

complexes involved in the deposition of the epigenetic markers analysed and

their enrichment with respect to chromatin density (Figure 4.6). The relation-

ship being that with increased size of complex, lower enrichment (or greater

depletion) was found with higher density chromatin.

During G1 the chromatin network seems to organise as follows. Mark-

ers of active transcription have high affinity for lower density chromatin and

are strongly biased against deposition at density classes beyond classes 2-3

(Figure 8.3, left, green). Their density distribution profile is mirrored closely

by all markers of chromatin architecture, adding further evidence to suggest

that lower third of chromatin density (two classes out of the 6 total chromatin

classes) makes up the bulk of the active genome region. Given that these

markers are also predominantly at the network periphery it makes logical

sense in 3D space. The non-chromatin IC makes up the highways of trans-

port to and from nuclear pores. RNA and nuclear enzymes may use these

channels to manoeuver unimpeded, and Occam’s razor dictates that the chro-

matin with preferential interaction to these processes would also be the closest

to where they are found.

This however does not imply that just being a surface boundary is enough

to cause local decompaction of chromatin. Although some Brownian motion

is expected to affect chromatin once encountering a chromatin void region it

is worth remembering that the IC is not devoid of all steric hindrances and

other molecular moieties. In fact, given the hypothesised challenge that chro-

matin poses to molecular accessibility, the IC may very well have a high local

concentration of non-chromatin entities, forced there by the 3D barrier of the

chromatin network.

A likely explanation for the concurrence of low density chromatin at the

network periphery is also the enrichment of markers signalling active tran-

scription. Transcription requires the local remodelling of chromatin where

histones immediately surrounding the transcription fork are displaced by the
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Figure 8.3: Epigenetic functions on the TAD filament network model.
Colour coded schematic of the regions of distinct epigenetic functions with
relation to chromatin density as shown by ChaiN analysis. The exogenous
compaction of chromatin as suggested in Figure 8.2 is compatible with obser-
vation of the changes in epigenetic marker enrichments and depletions Fig-
ure 6.9.

action of chromatin remodellers. Immediately behind the fork, chromatin is

also modified to reflect the transcriptional event, with certain markers being

more prominent in the bodies of active genes (eg H3K36me2/3).

The fact that markers of chromatin architecture regulation are in such high

correlation to markers of transcriptional activity in lower density chromatin

is very interesting. A previous investigation on the correlation between TAD

boundary and architectural elements found also a very strong correlation in

these genomic regions to many transcription factors (Dixon et al., 2012). Some

previous interpretation of these results suggested that the fact that architec-

tural proteins bound to these regions, created non-TAD decondensed areas

which were more susceptible and accessible to binding by transcription fac-

tors. However, together with our results, an alternative interpretation gains

backing. In a network of large filaments of TAD-size, chromatin at the in-

terphase of the network to the IC can be read and remodelled by chromatin

readers/ remodellers. This leads to active transcription at these sites, favour-

ing the density equilibrium to less dense chromatin. Proteins involved with

TAD architecture are also found in the IC and bind to sequences at the lower

density surface, acting as stabilising surfactants of the network surface. Their
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action may controls the lower density chromatin from becoming too unwound

to the point of revealing or making accessible chromatin that should not be ac-

cessed by such processes (Figure 8.4).

Some epigenetic marks that don’t have a clear cut distribution bias were

also observed. These are linked to multiple diverse genomic functions which

may take place at different chromatin densities. Furthermore it has been

shown that some of these histone modifications may play a role in epige-

netic memory and the establishment of poised environments for activation

after major chromatin remodelling in a cell cycle dependent manner. How-

ever without the ability to label these markers in a way that also allows the

segmentation of their diverse functions it is not possible to say with certainty

what fraction of these markers is involved with what function at each chro-

matin density. From the two extremes of unambiguous active and inactive

markers it can be assumed that when these markers of multiple functions are

found in less dense regions their functions may be due to genome activity,

whilst their population in higher density chromatin classes could correlate to

epigenetic bookmarking of repressed chromatin poised for activation.

Markers of repressed genome functions have a right-shifted density pro-

file compared to active markers. That is to say that, for the most part, these

markers are found in the denser two-thirds of the chromatin density classes

(classes 4-7)(Figure 8.3, red). Unlike the architectural markers and markers of

active transcription, there is far more variability in the profiles of inactivity

markers during G1. The heterochromatin marker, aHP1, and its associated

histone modification H3K9me3 were found to have a strong linear relation-

ship between enrichment and chromatin density. These markers are strong

for genome inactivity because they also correlate strongly to genome regions

poor in genes. On the other hand, H3K27me3, while also being a strong and

well studied marker of heterochromatin, has strong correlation to gene pro-

moter (silent genes). Therefore, its mid-range density profile is indicative

that although transcriptional activity occurs in the lower third of chromatin
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density, inactive genes are mostly present in the densities immediately and

slightly higher, and not buried deep in the higher density core of the net-

work (Figure 8.4(a), top middle red, right). Non-genic regions are enriched

in the highest density chromatin, which suggest an architectural function for

many “junk” DNA and pseudo genes which make up a significant portion

of the genome with no known function. Under this model, these regions are

kept despite their replicative burden on cells as chromatin that can be densely

packed to make up a stable core of the network. As these regions do not

have the potential for transcription, markers of transcription silencing (such

as H3K27me3) are not required (Figure 8.4(a), top middle blue, right). Hav-

ing the lowest frequency of interaction with transcriptional machinery also

makes these chromatin regions recurrently packed as dense chromatin, and

most likely include what is known as constitutive heterochromatin.

Work using STORM imaging on active, inactive or repressed (tissue spe-

cific) domains has also shown that chromatin of different function and epige-

netic marker composition can be packed at different densities (Boettiger et al.,

2016). They showed active domains to be the least densely packed, but with

high locus-specific variation in packing which may be linked to the specific

histone modifications and interactions at these loci. The least dense of all be-

ing the active domains with highest CTCF interaction. An observation which

matches the distribution of CTCF by ChaiN in this investigation. In inactive

domains (characterised by H3K27 methylation) higher levels of compaction

where found, as much as would be expected from the fractal globule model

of TAD formation (Mirny, 2011; Fudenberg et al., 2016). The repressed tis-

sue specific domains showed the highest level of compaction, more so than

expected from the fractal globule model. In Drosophila cells polycomb pro-

teins where found to be enriched in these domains and shown to be required

for their increased compaction. Ultimately they suggest that the epigenome

helps delineate 3D environment which may work in concert with biochemical

processes in the nucleus to regulate genomic function. In the latter, repressed
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tissue specific regions, the addition of polycomb to compact chromatin even

further may impose very low accessibility to chromatin to ensure aberrant

transcription of developmental genes is not feasible. They suggest this might

also explain the clustering observed for many developmental loci (eg: Hox

genes), ie: these may all be packaged efficiently into a single repressed do-

main once cells are differentiated. Furthermore repressed chromatin domains

strongly exclude active chromatin with very little mixing between them de-

spite some being relatively close in the genome. This may avoid bystander ac-

tivation from the histone modifications of active chromatin domains in trans.

Epigenome rearrangements

Support for the network model with decondensed surface area also comes

from the analysed changes in the epigenome from perturbation of chromatin.

As discussed in each relevant chapter, chromatin can be perturbed by both

endogenous and exogenous mechanisms. The most dramatic examples of en-

dogenous chromatin remodelling occur at two different stages of the cellu-

lar cycle: S phase and mitosis, in order of increasing cellular rearrangement.

Whilst the mitotic breakdown of the nuclear envelope and the condensation of

chromosomes and sister chromatids looks dramatic under the microscope, ge-

nomic processes must be halted making this stage less interesting for the study

of genome function. Thus in this thesis, the actions of the replication machin-

ery during the 3 main stages of S phase (early, mid and late) where analysed

with ChaiN . As S phase limits its remodelling around the active replication

forks, exogenous global chromatin remodelling was also employed. This was

achieved by different chemical or osmolar changes in the growth medium.

For decompaction hypo-osmolar conditions or TSA were used, however this

effect was found to yield poor reconstructions from SIM imaging. Thus the

focus shifted to chromatin compaction. In the C127 cell line this was achieved

by hyper-osmolarity or the addition of sodium azide (NaN3).

During ES, lower chromatin density classes (1-4) were disrupted. This was
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manifest as a higher impact on the markers and functions which in G1 had

their enrichment peaks there, i.e: the active markers. The markers of inactivity

have for the most part an unperturbed right skewed distribution. In MS the

pattern of change has a more uniform effect on all markers; many of them

exhibiting a prominent enrichment in class 1 and 2. During LS the highest

density regions of the genome were perturbed and so mostly the markers of

inactive chromatin had a decrease in their density profile enrichment at high

density classes. These changes to the epigenome are what would be expected

from the model where low density chromatin harbours active transcription

markers but it is also the most accessible to the replication machinery and so

it becomes affected by replication first, in ES. This rationale means that the last

part of chromatin to be affected by replication, LS, should be the dense core of

the chromatin network, and thus the markers here should only be affected at

this stage.

For chromatin compaction, the network proposed collapses so that the

average filament width is no longer that of single TADs. For this model,

increased volumes of denser chromatin relative to lower density chromatin

means a higher level of marker depletion in the denser classes for all markers

and larger marker to surface distances for markers of inactive chromatin (Fig-

ure 8.3, right), the latter caused by larger distances on average to the nearest

chromatin-IC interphase surface. As the levels of compaction increase, this

becomes more pronounced. While one might expect that the enrichment of

markers at lower density classes might remain unchanged, it is worth noting

that with a reduction in the available surface area, nuclear machinery con-

centrate the deposition of active markers on the smaller remaining volume of

lower density chromatin which they are able to access. This leads to an en-

richment in the normalised distributions for the active markers in class 2 and

3. Unlike the structural markers where this mechanism leads to an increase in

class 1 almost as prominent as classes 2 and 3, the active markers are mostly

histone modifications and so are by definition still part of chromatin and so
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(a) Density-function characteristics of TAD model

(b) TAD alignment of Histone PTMS

Figure 8.4: TAD functional model. (a) The relationship between chromatin
density (left) and epigenetic function (centre) can be explained in single cells
by focusing on the basic subunit of the proposed filament model, the TAD
(right). Whereby the action of ATP dependent processes at the lower density
TAD-IC boundary keep this region decompacted. Genomic loci (dark purple)
beyond a certain threshold of density (dashed yellow circle) are excluded from
interaction with nuclear machinery by the steric hindrance imposed from nu-
cleosome crowding. In the event that, through Brownian motion, one such
locus becomes exposed at the TAD-IC boundary its histones are modified
with gene specific repressive markers followed by the non-genic markers at
slightly denser chromatin. This explains the similar density distribution be-
tween active and repressive promoter markers (eg: H3K4me3 and H3K27me3
respectively). The same accessibility issue also predicts the observed deple-
tion of all markers at very dense chromatin. Both due to the inaccessibility
of the histone remodeller protein (proportional to the size of each remodeller)
and because no marker (even for repression) is required where there is no
chance of interaction with nuclear machinery. The model proposed here is
also backed by recent alignments from genomics techniques of histone PTMs
and TAD boundaries (b). Adapted from Dixon et al. (2012).

cannot be enriched in class 1. This is what can be observed for NaN3 and

hyper-osmotic conditions for both structural and active markers respectively.

These conclusions are not drawn from a single metric of density. Although

distances measurements even with SIM resolution were inconclusive from
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marker to marker in G1, it was clear that a pattern was visible when group-

ing markers by function. The problem lies in the fact that the average fila-

ment of the chromatin network during G1 is at the limit of SIM resolution

(§4.2). However, by artificially enlarging the filament widths from chromatin

compaction experiments, these hypothesised functional zones become even

more clear. The difference between these markers grouped by function be-

come larger, and though not fully without overlap of the CI95 the trends are

hard to ignore (Figure 6.10).

The subtle differences between the enrichment of structural markers and

active markers between the IC and class 2 become clearer when in the context

of distances. As described, only the structural makers being by definition not

an integral part of chromatin should respond to a decreased surface area by

accumulation in the IC and low density chromatin. Histone markers could

only really be found enriched more in low density chromatin as a response to

the same compaction. Distance measurements of the group of each of these

functions backs this up (Figure 6.10). The active histone markers do show a

small shift in their distance distribution to chromatin closer to the surface, but

it is the structural markers that all display a large shift in the same direction,

with the mean distance of all the structural markers now lying in the IC.

The RNAPII-S2P epitope shows the strongest dense-chromatin depletion

from compacted chromatin (followed by the strongest markers for active pro-

moters, H3K4me2/3). Its enrichment in the IC and density classes 2 and 3 in-

creases with increased compaction and filament widening. Yet it is clear from

distance measurements that its distance distribution shows the least amount

of variation of any of the markers analysed, both in in/out shift or widen-

ing/narrowing of the CI95 (Figure 6.10). This is a strong indication that, as

predicted by this model, the interphase between the IC and chromatin (re-

gardless of the compaction of the chromatin network beyond the surface) is

the main site of transcriptional elongation (Figure 8.4, top right).

One final surprising result, which may have mechanistic implications is
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the reciprocal interplay between aHP1 and H3K9me3. Analysing the posi-

tion of these markers in G1 cells leads to an unsurprising strong correlation

of increased enrichment with increases in chromatin density. This is true both

because these are strong markers of heterochromatin, and also because the

presence of H3K9me3 has been linked to the prior occupancy of aHP1 in

chromatin (Lehnertz et al., 2003). Thus, it is strange to see a major decou-

pling between these two markers after the onset of compaction. The distance

measurements reveals for aHP1 hardly any change in the maximum depth

achieved by this marker into the chromatin network (a very subtle increase

in the distance away into the IC progresses with increased compaction which

pulls the average distance closer to the surface). Given that there is a decrease

in enrichment of aHP1 in the dense chromatin classes, but the distance mea-

surements shows almost no change it can be assumed that the same depths

for compacted chromatin do not reach the same densities.

All these changes are still small compared to the large shift in H3K9me3

distance deeper to the network interior for both types and magnitudes of chro-

matin compaction. Concurrently, the H3K9me3 density profile becomes sig-

nificantly enriched in classes 3-7 and depleted in classes 1 and 2.

With increased width of the chromatin network it appears that aHP1 can-

not penetrate further than its usual range, which keeps it away from denser

chromatin at the core of the network. H3K9me3 remains in dense chromatin

which is now further away from the network surface, leading to a deeper

distance measurement. The increased enrichment of H3K9me3 in the denser

classes implies little hindrance of marker deposition, pointing to the smallest

of the tri-methyl methyltransferase complexes SUV39H1/2 (KMT1A/KMT1B;

48 kDa, 50 kDa) as the most likely complex. With a molecular weight smaller

than the antibodies used for detection, the deposition of H3K9me3 at the dens-

est and deepest chromatin can still be expected from the proposed accessibility

model. What genome regions and what function is undertaken by H3K9me3

present in an aHP1-independent manner are still to be investigated, although
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from the accessibility model the predicted nature of chromatin at this depth

would most likely be non-genic repetitive tandem sequences.

8.4 Concluding remarks

The development of the ChaiN workflow and the results obtained from it

in this thesis provide strong evidence for an intricate organisation of the

epigenome in single cells with regards to a filamentous network of chromatin

composed of TADs (Figure 8.1). The TAD network interior is composed of

denser chromatin and its exterior is comprised of a surface of less dense chro-

matin (Figure 8.2) that acts as the interphase between the large chromatin

molecule and the enzymes and nuclear machineries that mostly inhabit the

channels of the IC. This lower density chromatin is therefore the functional

genome region (Figure 8.3) with a variety of genome activities, such as tran-

scription, relying on protein-chromatin non covalent interactions and ATP

driven chromatin remodelling (Figure 8.4). Taken together, similar studies of

chromatin architecture using electron microscopy (see §8.2, Ou et al. (2017))

and of the epigenetic relationship of chromatin packing by STORM (see §8.3,

Boettiger et al. (2016)) are in line with results from the ChaiN analysis. The ad-

vances on these and the major implication of the results from this work is the

concept of a TAD-based filament network (Figure 8.1(b)) which also provides

a framework for understanding the distribution of epigenetic markers at this

scale (Figure 8.3) while still keeping the known TAD-based distribution of the

same markers (Figure 8.4).

Although this study focused primarily on wild type cells under physio-

logical and non-physiological conditions, the development of ChaiN also has

far-reaching applications. The chromatin of retina cells of nocturnal mammals

has been shown to have a macro-morphology inversed from other somatic

cells, with high-density chromatin at the nuclear interior and less dense chro-

matin at the periphery (Solovei et al., 2009). It is hypothesised that this acts
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as a lens to focus light at photoreceptors in low-light conditions. How the 3D

epigenome is arranged in these cells would shed light on the robustness of

the system able to tolerate such structural inversions and maintain genome

regulation. Furthermore, many diseases are characterised by abnormal nu-

clear or nuclear lamina morphology, eg: progeria. These laminopathies are

hypothesised to directly interfere with genome architecture and thus deregu-

late downstream function in somatic and embryonic cells (Perovanovic et al.,

2016). By employing ChaiN to characterise the 3D epigenome rearrangements

in these pathologies we may elucidate the epigenetic link between physical

perturbations of the nuclear structure and genetic output. As noted previ-

ously, novel studies employing ChaiN with large nuclear morphology alter-

ations should incorporate a dedicated nuclear lamina stain to bypass current

limitations whereby the nuclear volume is estimated solely from chromatin

staining. This is particularly true for laminopathies where the quantification

of interactions from chromatin at the periphery is of highest importance.

Lastly, as the scientific community moves towards higher automation,

throughput and machine learning, the core analysis performed by ChaiN

could in future form one of many characterisation readouts in a much larger

epigenetic fingerprinting workflow. Even now, efforts are being made to col-

late data at the single cell level from super resolution STED imaging to quan-

tify the total levels of certain epigenetic marks and correlate these to the tran-

sition stages of stem cells before arriving at a particular lineage (Kim et al.,

2017). The unique combination of markers deposited at different quantities

acts as an identifier for that particular cell stage. A higher level of fingerprint-

ing precision could be gained by incorporating measurements from ChaiN

which can also show the subtle changes in marker distribution to chromatin

density and not just the total marker deposition.

Future studies will also need to employ equally powerful automatic image

analysis pipelines in conjunction with super resolution imaging plus stain-

ing of single TADs, multiple neighbouring TADs, and sub-TAD regions along
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with IF stainings of epigenetic markers. As shown in this study, such com-

bination of state-of-the-art imaging, chemical staining and high-throughput

processing are the minimum requirements to begin to elucidate the structure-

function duality of the genome in single cells.



CHAPTER 9
Appendix

9.1 Controls

The primary focus of this investigation was the screening of spatial relation-
ships between IF labelled histone modifications, phosphorylated RNA poly-
merase II (RNAPII) variants and key TAD architectural proteins, (all linked to
diverse genomic functions) to chromatin density in the entire nuclear volume
as characterised by an unbiased global SYTOX counterstain. When passed
through the ChaiN workflow, these 3D SIM datasets allowed the spatial or-
ganisation of the functional epigenome to be overlaid onto the 3D global chro-
matin landscape. In order to make such comparisons several assumptions
must be made, the validity of which were tested.

3D SIM is capable of resolving sufficient structure in both the
genome and immunofluorescence for segmentation

The use of super resolution microscopy in this investigation is predicated on
the shortcomings of diffusion-limited widefield microscopy for the resolu-
tion of chromatin. Under optimal conditions, widefield images are able to
resolve chromatin beyond a single amorphous stain, hinting at a more intri-
cate distribution clearly revealed by SIM (Figure 9.1(a)). It should then be
asked whether the mapping of epigenetic markers may be achieved under
non-super-resolved conditions.

To assay whether super resolution is indeed required for the characterisa-
tion of the 3D epigenome, the ChaiN output for the distribution of RNAP-S2P
and the proportion of chromatin under each density class were compared in
either super resolution or pseudo-widefield (PWF, Figure 9.1). PWF can be
achieved by the ImageJ plugin SIMcheck (Ball et al., 2015). Furthermore as
both the chromatin and IF channels are affected by resolution limits, I have
generated a hybrid image with super resolved IF spots but with widefield
chromatin (PWF-SIR). The results from this analysis shows that for the RNAP-
S2P (the most strongly correlated marker for transcriptional activity) only

203
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fully super-resolved imaging yields a distribution by which it is enriched in
the low density chromatin and consistently under-represented in higher den-
sity chromatin in agreement with ChIP-Seq data of RNAP-S2P. PWF images
have the distribution of RNAP-S2P enrich as the class density increases with a
massive depletion in class 1, and strong depletion in class 2 (Figure 9.1(c)). It
could be argued that as distribution is measured as a fold change normalised
to class size, then a high depletion in class 1 may be due to an increase in the
volume of class 1 segmented in both PWF and PWF-SIR. However, the relative
class volume for each of these is in fact lower in both class 1 and 2 and higher
in classes 4-7 than the values observed for SIM (Figure 9.1(b)). This shows
that without super-resolution microscopy, the fine detail of the IC channels
and low-density chromatin throughout the nucleus is lost to the overwhelm-
ing out-of-focus blur from diffusion-limited widefield imaging (Figure 9.1(a)).
Thus, super-resolution microscopy is essential for the accurate characterisa-
tion of the in situ 3D epigenome.

Of the super resolution techniques SIM is nominally the one with the least
resolvable power at a 2 fold increase in resolution in axial and lateral di-
mensions, constituting an 8 fold increase in volumetric resolution compared
to diffusion-limited microscopy. This amounts to a resolution of 120 nm in
xy and 300 nm in z. In comparison, other techniques such as 3D STED or
PALM/STORM(in TIRF) boast of 60 nm to 30 nm in xy and 200 nm to 100 nm
in z respectively (Schermelleh et al., 2010).

However the advantages of SIM are: its speed, as well as the ability to use a
palette of all standard dyes (as long as they are robust enough to photobleach-
ing). This makes SIM amenable to experiments requiring the acquisition of
many wavelengths, such as 3 or 4 channel images required in this investiga-
tion. Furthermore for immunofluorescence of epigenetic targets, where the
image is comprised of distinct foci, the lower resolved elliptical point spread
function can be mathematically modelled and its centre pin-pointed with a
high degree of accuracy (§3.2). For stainings such as chromatin, where this
method cannot be used SIM only has its nominal resolution. Yet, due to the
high density and therefore out of focus blur of chromatin labels, neither of the
more powerful techniques is able to resolve chromatin to a significantly higher
degree than SIM (Figure 1.12). A case has been made for the detection of sin-
gle nucleosome clutches via single molecule localisation (Ricci et al., 2015).
However when taking into account various chromatin epitopes these individ-
ual clutches merge to give the same nebulous network pattern observed with
both SIM and STED (Figure 1.12, a). SIM is clearly not at a significant dis-
advantage for fulfilling the technical requirements of this investigation and
boast of greater practicality when considering experimental design of multi-
ple wavelengths, and acquisition of thousands of samples needed for statisti-
cal power.

Chromatin stains used are linearly proportional to the density of the
underlying chromatin

One potential assessment of the environment where diverse genome functions
are found would be chromatin density. In the model proposed in this study,
chromatin density plays a role in the accessibility of chromatin to machinery
found in non-chromatin regions (the interchromatin compartment, IC). How-



9.1. CONTROLS 205

(a) Resolution of widefield vs 3D-SIM

(b) Resolution in chromatin segmentation

(c) Resolution in RNAP-S2P distribution

Figure 9.1: Resolution controls. Control for the need of super-resolution
microscopy for characterising the 3D epigenome. (a) Gallery comparing the
same cell imaged as widefield or 3D-SIM micrographs for both the chromatin
or IF detection of RNAP-S2P. Position of insets are outlined by a white box.
For chromatin the loss of segmentation quality is highlighted. Scale bar =
5 µm. (b) Proportion of chromatin density represented for each chromatin
class pseudo widefield (PWF), structured illumination reconstruction (SIR)
or a hybrid of PWF chromatin and SIR IF channels (PWF-SIR). (c) Log2 fold
enrichment and depletion of IF marker abundance for RNAP-S2P relative to
chance in each chromatin class in the different resolution micrographs.
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ever, as SIM is based on fluorescence microscopy, direct values for chromatin
density cannot be measured. Instead, the intensity of fluorescence from chro-
matin labelling dyes can be measured and a scale of relative density inferred
from such values. This requires that the label is specific only to chromatin and
is distributed evenly across chromatin without bias, such that the relationship
between intensity scale and density scale be linear. Furthermore chromatin is
DNA wound around nucleosomes, so it is important to link chromatin to the
epigenome and not loose DNA.

Thankfully many dyes for DNA labelling exist with both strong specificity
and almost 100% genome cover (given excess stoichiometry of label to nu-
cleotide when incubating). DAPI (4’6-Diamidino-2-phenylindole) is one of
the most regularly used. Using GFP fused histones in a dual stain experiment
with DAPI DNA stain there is a strong correlation to chromatin in situ With
an average Manders’ Correlation Coefficient of M1=0.8655 and M2=0.8700 for
the fraction of voxels of H2B overlapping DAPI and vice versa respectively.
However DAPI labelling is not entirely unbiased, with a preference for AT
rich sequences (Smeets et al., 2014). This would make the relationship non-
linear. To avoid this confounding effect, SYTOX green dye was used. This
dye has no base bias but does have a weak affinity to RNA, requiring a prior
RNAse incubation.

Density of chromatin does not hinder antibody detection

Since the final aim of this study is to compare the distribution of epigenetic
markers as identified by immunofluorescence, it is important to make sure
that the density of chromatin does not affect the penetration of IgG based an-
tibodies. DNA density does not hinder introduction of fluorophores on the
scale of 300 Da. Nevertheless IgG antibodies have a molecular weight several
orders of magnitude larger at ( 150 kDa). Using ChaiN to map the distribution
of an immunofluorescence stain against the ubiquitous H2B protein (which
correlates to chromatin density) it is possible to control for antibody accessi-
bility. Results from this analysis (Figure 9.2) show no significant accessibility
hindrance across the chromatin density classes with a generally flat profile
centered at zero log2 fold change.

Local chromatin density is reversibly disrupted by replication
during S phase

One of the key assumptions in Chapter 5 is the temporal local perturbation
of chromatin by the replication machinery. In the aforementioned chapter,
the IF experiments were performed immediately after staining for replication
as this would theoretically represents maximum disruption to the local chro-
matin environment. To check whether this is indeed the case, a 10 minute EdU
incorporation was followed by a chase period before fixation and staining.

The expected results were observed at each stage of S phase, with the
strongest decompaction of chromatin seen at 0 minutes after EdU incorpora-
tion, then reverting to more dense chromatin the longer the chase (Figure 9.3).
That is, as the replication machinery moves away from these loci. For ES the
peak shifts from class 2 to class 3 as the chase length continues (Figure 9.3(a)).
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Figure 9.2: Antibody penetration. log2 fold enrichment and depletion of IF
marker abundance for H2B relative to chance in each chromatin class. Error
bars = 95% Confidence interval.

For MS the peak shifts from class 3 to class 4 as the chase length continues (Fig-
ure 9.3(b)). And for LS the peak shifts from class 3-4 to class 4-5 as the chase
length continues (Figure 9.3(c)). This work was conducted by Miss P. Oldach
as part of her post-graduate rotation research position in the laboratory of Dr
L. Schermelleh, under my supervision.

Immunofluorescence is not compromised by exogenous chromatin
rearrangements

One of the core assumptions in comparing the distribution of epigenetic mark-
ers as chromatin landscapes change in Chapter 6, is that the deposition of
said markers or their IF detection should not be adversely affected by these
changes. Taking the average spot number per cell for each marker type under
each chromatin condition compared to G1 reveals that for the most part this is
the case (Table 9.1). CTCF shows an increase with from G1 and hyper osmotic
treatment, as does Smc3 between G1 and both NaN3and Hyper osmolarity.
Although the numbers of final coordinates assayed per cell is low compared
to some ChIP approaches, it is worth noting that stringent cut-offs are in place
to discard low quality data from poor reconstruction or labelling.
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Marker G1 NaN3 Hyper-os

aHP1 2462.4 3663.8 3706.55
CTCF 5396.1 4096.45 8032.15
H3K27me3 2426.4 2076.45 3692.65
H3K36me2 3259.75 2951.8 3391.55
H3K36me3 969.35 1334.2 825.9
H3K4me2 2707.7 4105.4 3030.75
H3K4me3 4900.65 5814.05 5591.7
H3K9me2 4949.9 4124.4 4658.25
H3K9me3 811.4 2725.6 1504.6
H4K20me1 2850.1 3699.9 2604.5
H4K5ac 5177.45 5228.1 4999.55
Macro-H2A 4406.75 6115.55 4143.05
RNAP-S2P 4360.5 6263 6160.6
SAF-A 4654.95 4031 3418.6
Scc1 1271.5 1271.5 1046.3
Smc3 614.7 3016.25 3138.25

Table 9.1: Spot numbers. Average spot numbers after MCNR
cleanup for each marker under each exogenous chromatin pertur-
bations used in this thesis compared to endogenous, G1 numbers.

9.2 Statistical analysis

Sampling, replicates

To achieve statistical power for detecting significant differences in datasets it
is often desirable to acquire as large a sample as possible. Measuring the true
value the epigenetic distribution is not only highly impractical technically, but
downright impossible, as the value for all cells not just on the coverslip, but in
existence must be measured. The correct method is to calculate the minimum
number of samples that must be gathered to have a large enough statistical
power to detect significance. This can be achieved through estimation and the
following relationship: N = (σZαx̄ )2 where N is the desired number of cells, α
represents the statistical power ( the probability of committing type II errors
subtracted from unity, 1 − β), Z is the z score from the normal distribution
at the confidence required, ie the multiple of standard deviations that encom-
pass your confidence (eg: 1.96 for 95%) and finally σ and x̄ are taken as the
best approximations of the true standard deviation and mean (µ) of the pop-
ulation. When using this formula the values of σ and x̄ are those that must
be estimated empirically from preliminary results and also dependent on the
N of these first results. The more precise they are preliminary, the better the
approximation. Here a preliminaryN of 10 cells where used yielding a prefer-
able sample size between 10-25 cells on average (dependent on the marker). A
value of 20 cells was used, informed from this estimation, split into 2 technical
replicates to avoid a technical bias.



210 CHAPTER 9. APPENDIX

Error calculations

In this investigation several parameters where extracted (see §3.3). For the
density distribution analysis each cell produces an absolute value of spots
found in each of the 7 segmented classes. So no sample error is introduced by
averaging for each cell. However when pooling the results of measurements
on multiple cells then the mean of these cell is generated. This incurs a stan-
dard error SE = ± σ√

N
, where σ is the standard deviation from the mean, and

N is the number of cells. From these values the error bars used in the graph-
ical representations are derived. Only 95% confidence intervals or standard
errors are plotted and not just the standard deviation. The rationale behind
this is that both confidence interval and standard error take into consideration
N . Plotting σ as error bars cannot account for N and therefore does not give
enough information to judge statistical significance from overlaps. It would
only show the spread, ie: the variation of effects within that sample, and so
was not used as a value for plotting error bars.

Confidence intervals and standard error estimate how far the mean x̄ of
this sample might be from the true mean of the population, µ. When using
standard error as error bars, the bars may not overlap, yet that does not al-
ways mean the difference between the two datasets is significant. Alterna-
tively, when plotting confidence intervals as error bars, the bars may overlap
and the difference between the two datasets still be statistically significant.
In this study 95% confidence intervals where used in preference to standard
error, as this means that when two bars are not overlapped there must be
significant difference. This decision is a conservative one, risking possibily
missing statistically significant values in order not to call significance when
none is there. Essentially, potentially increasing type I errors (rejecting true
positives), to avoid type II errors (retaining false negatives).

When performing the distance measurement analysis, each cell gives a dis-
tribution of values, with its own mean, standard deviation and standard er-
ror. Here also a measurement error must be taken into account. In SIM with a
60x magnification used in this study, the pixel size accounts for 41 nm in both
x and y and 125 nm in the z dimension. Using simple Pythagorean algebra
the maximum distance d between the opposing vertices can be calculated as
d =

√
x2 + y2 + z2, 137.8 nm. Given that measurements from sub-voxel points

to the nearest voxel surface are a half max voxel distance, d/2, this makes the
maximum error E expected from each measurement at least 68.9 nm. The er-
ror of the mean in each cell would then be inversely proportional to n the

number of spots segmented in that cell, Ec =
√

E2

n , or 0.81 nm. Thus the error
from the limitations imposed on the pixel size by SIM can become negligibly
small due to the thousands of spots measured per cell.

Once the mean from each cell are pooled together, the errors must be prop-
agated. Pooling each individual distance measurement for all spots regardless
of cell and having one single mean for all is a statistical fallacy known as pseu-
doreplication. The general formula for propagation of errors used is:

Ef =
√

(((
δf
δxi

)∆xi)
2)
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Given that our function f is the mean of means:

µ =
x̄1 + x̄2 + . . . x̄N

N

Therefore:
δf

δµ
=

1

N

So:

Ef =

√
((

1

N
∆xi)∆xi)2 + . . .

Given ∆xi is SEi

Ef =

√
((

1

N
SEi)∆xi)2 + . . .

Where the best estimate of the true distribution will have a mean µ± Ef.
For distance calculations after pooling this means that n drops from a few

thousand spots per cell to N , just 20 cells sampled per marker. The total stan-
dard error for each marker SEm becomes proportional to both the calculated
error per cellEc and the standard error of the mean SE from the cells samples:

SEm =
√
Ec + SE2

N . As shown for the density distributions, the measurement
error per cell is often negligible given such a large n of spots, so a condensed

formula SEm =
√

SE2

N can be used. Thus to decrease the SEm, the total
number of cells sampled per marker must increase. Of all super resolution
techniques SIM has the highest acquisition speed. However, this still has a
limit at approximately 10 minutes per acquisition (with reconstruction) in this
experimental set up. Just doubling N from 20 to 40 would increase the time
required for human-based acquisition from 3 Hours 20 minutes to 6 hours 40
minutes per marker, or approximately 4 days, 5 hours for all markers. In-
creasingN by just one whole order of magnitude to 200 cells per marker takes
the acquisition time to 2.5 days per marker, and by extension 40.5 days for all
marker. Without automated acquisition, continuous acquisition beyond a few
hours is the limit for human-based high-throughput quantitation.

9.3 Optical set up

The 3D SIM microscope used in this study was the OMX V3 from Oxford
Micron advanced bioimaging unit. The optics drawer configuration for the
acquisition of data from four wavelengths was kept as outlined in Figure 9.4.
The objective used was a 60x magnification, 1.42 NA Oil immersion objective
from Olympus.

9.4 Supplementary data

Nuclear volumes

Using the ChaiN algorithms the volume of the entire nucleus can be estimated
from the chromatin stain. These volumes can be compared in cells exposed to
different conditions (Figure 9.5).
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Figure 9.4: Lightpath. Schematic of lightpath from both laser sources for the
acquisition of SIM data in four wavelengths. Figure adapted from Oxford
Micron https:micron.ox.ac.uk/microngroup/facilities/OMXV3.
php.

Figure 9.5: Nuclear volumes. Volumes of C127 nuclei in voxels comparing
untreated G1 and NaN3 or Hyper-osmotic treated cells. One voxel represents
~210 nm3. Ntotal= 960 cells.

https:micron.ox.ac.uk/microngroup/facilities/OMXV3.php
https:micron.ox.ac.uk/microngroup/facilities/OMXV3.php
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Single marker profiles

In this section are the individual density distribution profiles for each epige-
netic marker in all conditions. These have been condensed into heatmaps for
ease of comparison in the main text of this work however by doing so data
is lost (Figure 5.3, Figure 6.9 and Figure 6.11). Particularly it is important to
have a visual representation of the statistical comparisons by showing error
bars of 95% confidence interval as displayed in this section.



214 CHAPTER 9. APPENDIX
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Figure 9.8: Senescence distributions. Single marker density distribution pro-
files in wild type IMR90 G1 and senescence (G0). Error bars show 95% confi-
dence intervals, Ntotal= 660 cells.
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9.5 Materials

This section outlines the reagents, solutions, equipment and antibodies (both
primary and secondary) used in this investigation and their respective man-
ufacturers and suppliers when known. Whenever possible, item/stock codes
are also given for ease of identification and experimental replication. Where
this is not noted, it is demarcated by “N/A”. Furthermore, where common
laboratory equipment was used from various manufacturers this is demar-
cated by “multiple” as these are not brand/stock dependent.

Reagents

Table 9.2: Reagents. Table of reagents used throughout this thesis.

Item Source

Competent E. coli bacteria DH5α Invitrogen, 18258-012
SOC solution Invitrogen, 18258-012

Kanamycin Sigma-Aldrich Co Ltd
Chloramphenicol Sigma-Aldrich Co Ltd

C0378-5G
Neomycin Sigma-Aldrich Co Ltd

Puromycin Sigma-Aldrich Co Ltd P8833
DNA purification kit Insight Biotechnology Limited

NP100024
Taq DNA Polymerase Sigma-Aldrich Co Ltd

11647679001
Reaction buffer for Taq polymerase Sigma-Aldrich Co Ltd

dATP, dTTP, GTP, dCTP, 0.5 mM New England Biolabs
N0446S

Nuclease-free H2O Thermo Fisher Scientific
750023

Agarose, analytical grade Sigma-Aldrich Co Ltd
Ethydium bromide (10 mg/ml) Sigma-Aldrich Co Ltd

DNA loading dye New England Biolabs
LB media Oxford, biochemistry

Culture media (DMEM) Life Technologies, 21969035
Culture media (DMEM F-12) Life Technologies, 21331046

Culture media (Glutamax) Life Technologies, 35050038
Trypsin TrypLE Express Enzyme (1X) Life Technologies, 12605036

DMSO Sigma-Aldrich Co Ltd
Hydrochloric acid Sigma-Aldrich Co Ltd

Thymidine Sigma-Aldrich Co Ltd
Lipofectamine, 2000 Invitrogen

Lipofectamine, RNAiMAX Invitrogen
Fuse-It Ibidi

TransIT-X2 Mirus
Triton X-100 Sigma-Aldrich Co Ltd

MEGAshortscript T7 Kit Ambion, Life Technologies
AM1354
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Maxblock Active Motif, 15252
DAPI Sigma-Aldrich Co Ltd

D9542-5MG
SYTOX (green) Life Technologies, S7020

Glycerol Sigma-Aldrich Co Ltd
Vectashield Vector Laboratories, H-1000

Prolong-gold/diamond Thermo Fisher Scientific
RNAseI Life Technologies, EN0601

Chloroform Sigma-Aldrich Co Ltd
EdU Life Technologies, A10044

F-ara-EdU Sigma-Aldrich Co Ltd
T511293-5MG

EU Life Technologies, E-10345
Sodium ascorbate Sigma-Aldrich Co Ltd

Copper sulfate Sigma-Aldrich Co Ltd
CF405M azide Cambridge Bioscience Ltd

BT92092
Alexa Fluor 594 azide Life Technologies, A10270
Alexa Fluor 488 azide Life Technologies, A10266
4D Nucleofection kit Lonza

Doxycycline Sigma-Aldrich Co Ltd
PHR1145-1G

Shield 1 Takara Clontech, 632189
βMercaptoethanol 100 mM Life Technologies, 21985023

DNAse (2000 U/ml) New England Biolabs, M0303S
DNA polymerase I (10 000 U/ml) New England Biolabs, M0209S

MgCl2, 50 mM Sigma-Aldrich Co Ltd
Cot1 DNA (m/hCot) Thermo Fisher Scientific

18440-016/15279-011
Salmon sperm Sigma-Aldrich Co Ltd, D-7656

Sodium acetate Sigma-Aldrich Co Ltd
BrdU Sigma-Aldrich Co Ltd

B7166-5MG
BrdC Sigma-Aldrich Co Ltd

Ammonium chloride Sigma-Aldrich Co Ltd
Hoechst 33258 Sigma-Aldrich Co Ltd, 94403

Exonuclease III New England Biolabs
MO206L

Exonuclease III buffer 10x New England Biolabs
MO206L

Solutions

Table 9.3: Solutions. Table of solutions used throughout this the-
sis.

Solution Constituents
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PBS (phosphate buffered saline) 10 mM sodium hydrogen phos-
phate (Na2HPO4), 137 mM
sodium chloride (NaCl),
1.8 mM potassium hydrogen
phosphate (KH2PO4), 2.7 mM
potassium chloride (KCl)
adjusted to pH 7.4 with hydro-
gen chloride (HCl) in double
distilled water (ddH2O)

PBST 0.02 % Tween-20 in PBS
Permeabilization solution 0.2 % Triton X-100 in PBS

Fixation solution 2% or 4% formaldehyde/PBS
freshly made either from
electron microscopy grade
16 % formaldehyde ampules
(Thermo Scientifi c) or from
molecular biology grade 37 %
solution stabilized with 10 %
methanol.

Click reaction solution (per 100 µl) 55 µl ddH2O, 10 µl
Tris– HCl buffer (1 M, pH
7), 10 µl sodium ascorbate
(500 mM), 5 µl copper sulfate
(100 mM), 20 µl fl uorescent
azide dye (0.1 mM)

Equipment

Table 9.4: Equipment. Table of equipment used throughout this
thesis.

Item Source

Pipette Gibson
Pipette tips StarLab, TipOne

Serological pipettes (1/5/10/25ml) Falcon
Reaction tubes (0.5/1.5/2ml) Eppendorf

Ice bath Multiple, N/A
Heatblock Techne DB-2P

Heated incubator, dry Thermo Fisher Scientific, X5
Inoculation loop Multiple, N/A

Ethanol burner Multiple, N/A
Heated shaker incubator New Brunswick Scientific

Innova 44
Centrifuge Eppendorf

5430R/5804R
Spectrophotometer Nanodrop 2000

PCR tubes Qiagen, 981105
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PCR thermocycler Techne 3Prime
Weighing boat Multiple, N/A

Balance Multiple, N/A
Bottle (100 ml to 250 ml) Schott-Duran
Beaker (50 ml to 100 ml) Schott-Duran

Microwave Multiple, N/A
Gel boat mold BioRad

Gel well comb mold BioRad
Electrophoresis tank BioRad

UV illuminator AlphaInnotech
Gel extraction kit Qiagen, 28704
Plasmid midi kit Qiagen, 12943

Large construct kit Qiagen, 12462
Heated water bath Grant

Tissue culture dishes (10 ml) Nunclon
Tissue culture dishes (6 ml) Nunclon

Tissue culture dishes (6 well, 2 ml) Nunclon
Centrifuge tube (15 ml to 50 ml) Falcon

Microcentrifuge Eppendorf
Tissue culture incubator Thermo electron corporation

HeraCell 150
Microscope slides Thermo Fisher Scientific

Superfrost
High precision cover slips Marienfeld Superior

18mm2 or 22mm2 No 1.5H
170±5 µm

Stainless steel forceps Multiple, N/A
Sonicator Multiple, N/A

Desktop pump Thermo Fisher Scientific
Paraffin based film Parafilm
Nail varnish (clear) Multiple, N/A

Humidified dark chamber Multiple, N/A
Hypodermic needles BD Microlance

4D Nucleofector Lonza
Illustra G-50 columns VWR International Ltd

GE healthcare 27-5330-01
UV crosslinker Spectrolinker XL-1500
Rubber cement Multiple, N/A

Antibodies

Table 9.5: Antibodies. Table of antibodies used throughout this
thesis.

Primary Antibody Source, working dilution

Rabbit mAb anti-CTCF Cell Signalling Technologies
3418, D31H2

Mouse mAb anti-SCC1 Merck Millipore, 05-908
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Rabbit pAb anti-SMC3 Bethyl Laboratories Inc.
A300-060A

Rabbit pAb anti-SAF-A Abcam, ab20666
Rabbit pAb anti-RNAPII Ser2P Abcam ab5095

Mouse mAb anti-H3K27me3 Active Motif, 61017
Mouse mAb anti-H3K4me2 Active Motif, 39679
Rabbit pAb anti-H3K4me3 Active Motif, 39159

Rabbit pAb anti-H3K36me2 Active Motif, 39255
Rabbit pAb anti-H3K36me3 Active Motif, 61021
Mouse mAb anti-H3K9me2 Abcam, ab1220
Mouse mAb anti-H3K9me3 Active Motif, 61013

Mouse mAb anti-H4K20me1 Abcam, ab78513
Rabbit mAb anti-H4K5ac Merck Millipore, 04118

Rabbit pAb anti-macroH2A1 Abcam, 39593
Rabbit pAb anti-HP1a Sigma-Aldrich Co Ltd

H2164-200UL
Mouse mAb anti-Ki67 Abcam, ab8191
Rabbit pAb anti-Ki67 Abcam, ab15580

Mouse mAb anti-Cas9 Merck Millipore, MAC133
Rabbit mAb anti-GFP Life Technologies, G10362

Rabbit pAb anti-LMNB1 Abcam, ab16048

Secondary Antibody Source, working dilution

Alexa-488 Goat pAb
anti-Mouse-IgG

Life Technologies, A11029

Alexa-488 Goat pAb
anti-Rabbit IgG

Life Technologies, A11034

Alexa-594 Donkey pAb
anti-Mouse-IgG

Thermo Fisher Scientific
A21203

Alexa-594 Donkey pAb
anti-Rabbit-IgG

Thermo Fisher Scientific
A21207

Alexa-647 Goat pAb
anti-Mouse-IgG

Abcam, ab150115

Alexa-647 Donkey pAb
anti-Rabbit-IgG

Abcam, ab150075

Cell lines

Table 9.6: Cell lines. Table of cell lines used throughout this thesis.

Cell line Description

C127 Mouse female. Mammary
gland tumour, adherent ep-
ithelial.

IMR90 Human female. Lung, adher-
ent fibroblast.
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HT1080 Human male. Connective sar-
coma tissue, adherent epithe-
lial.

9.6 Code

Subsequently are the outline of the major scripts employed throughout this
thesis, both during the ChaiN workflow but also for pre-processing and clean-
up before ChaiN as well as data mining post-ChaiN . Filenames, input ar-
guments and output arguments throughout ChaiN have been controlled au-
tomatically through recipes in the Makefile for the Make build system. A
schematic representation of the relationship between the input and output of
each script is given in Figure 3.4. All code for the running of ChaiN as well as
for compiling this thesis has been version controlled through Git and can be
accessed via public repositories in Github:

ChaiN

https://github.com/ezemiron/Chain

Thesis

https://github.com/ezemiron/thesis

Scripts for Pre-processing clean-up

16thrMCNR.imj

ImageJ script - not Makefile managed.

• Requirements:

– Bioformats importer plugin (silent).

– SIMcheck plugin.

– Directory of reconstructed and aligned SIM image “_SIR_EAL.dv”.

– Directory of aligned RAW SIM image “_EAL.dv”.

• User Inputs:

1. Choose target directory (from GUI).

2. Choose destination directory (from GUI).

• For every “SIR_EAL.dv”:

– Opens and get dimensions.

– Finds its corresponding RAW.

– Runs SIMcheck 16 bit threshold and saves “_SIR_EAL_THR.tif”.

– Opens RAW, and removes negative pixel values if any.

– Runs SIMcheck modulation contrast map, then closes RAW.

https://github.com/ezemiron/Chain
https://github.com/ezemiron/thesis
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– Thresholds MCNR output (5-100, HC) and makes binary mask.

– Removes overlays if present and scale output to the size of
SIR_EAL.dv.

– Saves as “_EAL_MCNR-mask.tif” and closes all images.

Scripts for ChaiN pipeline

Nucleus_mask.m

Octave script - Makefile managed.

• Requirements:

– Image pkg for octave.

– Assumes 2 channels.

• Makefile inputs:

1. Channel of chromatin (HC by makefile).

2. Path to “_SIR_EAL_THR.tif”.

3. Path to “_SIR_EAL_THR_mask.tif” (to save it).

• For every argument 2:

– Opens argument 1 channel.

– Applies Gaussian blurring.

– Creates 3D structural element (HC: shape -disk, diameter, z).

– Thresholds image with ”Otsu” algorithm.

– Dilates it with structural element.

– Fills holes.

– Closes the dilation to better match chromatin.

– Filters out particles lower than 10000 voxels (HC).

– Writes mask to argument 3.

Foci_centroids.m

Octave script - Makefile managed

• Requirements:

– Image package.

• Makefile inputs:

1. Channel of foci (HC by makefile).

2. Path to “_SIR_EAL_THR_mask.tif”.

3. Path to “_SIR_EAL_THR.tif”.

4. Total number of channels in arg 3 (HC by makefile).

• For every argument 3:
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– Opens argument 1 channel.

– Mask it with argument 2.

– Threshold with ”Otsu”.

– Watershed.

– Generate weighted centroids.

– Converts sub-pixel centroids to nm using voxel size (HC 41 41 125).

– Save to standard output: results/.. ../*_SIR_EAL_THR_centroids.csv.

Chromseg.R

R script - Makefile managed

• Requirements:

– EBImage package.

– Bioimagetools package.

• Makefile inputs:

1. Channel of chromatin (HC by makefile).

2. Path to “_SIR_EAL_THR_mask.tif”.

3. Path to “_SIR_EAL_THR.tif”.

4. Path to “_SIR_EAL_THR_SEG.tif” (to save it).

• For every argument 3:

– Opens argument 1 channel.

– Use ”segment” HMM from bioimagetools (7classes, 30 iterations;
HC).

– Scale to 8bit so imageJ can display output properly.

– Save to argument 4.

distribution.R

R script - Makefile managed

• Requirements:

– EBImage package.

– Bioimagetools package.

• Makefile inputs:

1. Path to “_SIR_EAL_THR_centroids.csv”.

2. Path to “_SIR_EAL_THR_SEG.tif”.

3. Path to “_EAL_MCNR-mask.tif”.

• Reads arguments 1, 2 and 3 and checks 2 and 3 have same dimensions.

• For every argument 2:
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– Makes mask logical.

– Rounds centroids using voxel (HC 41 41 125).

– Generates 3D linear index using voxel dimensions and dimensions
of mask (x,y,z -> a).

– Index mask to cut out centroids that indexed NULL (outside mask).

– Use trimmed list to index SEG.

– Tabulate SEG to find number of voxels in each class (required for
normalisation).

– Count how many spots were index in each class (absolute distribu-
tion).

– Remove class 0 if any.

– Normalise distribution, make log2 and compile in single
dataframe.

– Save to standard output: results/.. ../*_SIR_EAL_THR_distn.csv.

bound.m

Octave script - Makefile managed

• Requirements:

– Image package.

– Statistics package.

• Makefile inputs:

1. Number of reference class, IC.

2. Path to “_SIR_EAL_THR_SEG.tif”.

3. Path to “_SIR_EAL_THR_bound.tif”.

• For every argument 2:

– Turn SEG to binary, either voxels of the IC or non IC.

– Use “bwperim” function to find the boundary voxels between the
previous binary volumes.

– Save binary image of boundary voxels to argument 3.

d2bound.m

Octave script - Makefile managed

• Requirements:

– Image package.

– Statistics package.

• Makefile inputs:

1. Number of reference class, IC.
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2. Path to “_SIR_EAL_THR_SEG.tif”.
3. Path to “_SIR_EAL_THR_centroids.csv”.
4. Path to “_SIR_EAL_THR_bound.tif”.
5. Path to “_SIR_EAL_THR_mask.tif”.
6. Path to “_SIR_EAL_THR_md2bound.tif”.
7. Path to “_SIR_EAL_THR_rd2bound.tif”.

• Reads arguments 1, 2 and 3 and checks 1 and 3 have same dimensions.

• For every argument 2:

– Turn SEG to binary, either voxels of the IC or non IC.
– Rounds centroids with voxel dimensions.
– Turn all boundary voxels to xyz coordinates.
– Find all distances between all marker centroid and boundary coor-

dinates.
– Find minimum distance for each marker centroid.
– Index SEG and turn all distances from centroids in the IC to nega-

tive.
– Save distances to standard output CSV in argument 5.
– Generate random spots (used for normalisation controls).
– repeat distance finding and IC indexing.
– Save distances from random to standard output CSV in argument

6.

Scripts for post-analysis data mining

summary.R

R script - not Makefile managed

• Requirements:

– Correct data architecture. A directory for each marker (M), under a
directory for each chromatin condition (X).

• For every condition directory X:

– Makes list of marker directories (M) under X.
– Makes first M directory the working directory.
– Gets list of all its files.
– Filters only files ending in “_distn.csv”.
– For each of these reads 7th column (HC) and adds this column to a

new dataframe.
– Gets average of all columns.
– Gets log 2 of the average.
– Saves all columns in one dataframe in the M directory as:

M_distn_summary.csv.
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