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ABSTRACT

Large/abnormal offspring syndrome (LOS/AOS) and Beckwith-
Wiedemann syndrome (BWS) are similar congenital overgrowth syndromes
which occur naturally in ruminants and humans, respectively. The incidence of
these syndromes increases when offspring are conceived with the use of
assisted reproductive technologies (ART; i.e. in vitro oocyte maturation, in vitro
fertilization, and embryo culture). Molecular defects reported in both syndromes
include global gene misregulation, DNA methylome epimutations, and disruption
of genomic imprinting (parental-allele-specific gene expression). Although we
have reported that bovine LOS occurs spontaneously (SLOS) based on
phenotypic similarities to ART-LOS, to date no study has been conducted to
determine if SLOS has the same methylome epimutations as ART-LOS. One goal
of my dissertation research is to characterize DNA methylation profiles in bovine
SLOS and ART-LOS to determine whether there are conserved genomic loci with
DNA methylation defects between these overgrowth conditions.

In addition, while it is known that LOS is characterized by global
alterations in DNA methylation, it is largely unknown how altered DNA
methylation drives the development of LOS, as the methylation errors (i.e.,
differentially methylated regions; DMRs) observed in the syndrome only explain

<4% of the gene misregulation in short range (the flanking 20,000 DNA bases

XX



from the DMR). Therefore, another goal of my dissertation research is to
determine whether long-range regulatory mechanisms of gene expression, such
as chromosome architecture, is altered in LOS as a result of aberrant DNA
methylation.

In this dissertation, Chapter 1 is the literature review and will introduce
epigenetic regulation of gene expression including chromosome architecture and
clinical features and molecular findings of LOS and BWS. Chapter 2 and 3 are
the research chapters. In Chapter 2, | characterize allele-specific chromosome
architecture of IGF2R imprinted domain in fibroblast cells derived from control
bovine fetuses and identified disrupted chromosome architecture in LOS. | also
observed genomic location-based clustering tendency of misregulated genes in
LOS. This study has been published in the Journal iScience

(https://doi.org/10.1016/j.isci.2022.104269) (Li et al., 2022). In Chapter 3, |

determined that bovine SLOS has DNA methylation defects with some similarities
and differences when compared to ART-LOS. | also identified vulnerable genomic
loci for DNA methylation defects in LOS, which could serve as molecular markers
for the diagnosis of the syndrome during early pregnancy. This study has been
published in the journal Epigenetics

(https://doi.org/10.1080/15592294.2022.2067938). Chapter 4 is the general

discussion in which my research findings are incorporated into the general

knowledge of the field and implications and directions of future studies are
XXi
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discussed.

In Appendix 1, | briefly introduce our ongoing Hi-C (global chromosome
architecture), methylome and transcriptome project in which samples from LOS
and BWS will be analyzed together to further shed light into the etiology of these
syndromes, knowledge that will equally help Agriculture and Biomedicine. |
anticipate submitting this manuscript for peer review and publication in July of
2022, thus becoming the third primary literature manuscript from my dissertation
research. Appendix 2 is a review paper in which | am main contributor author
published in Veterinary Clinics of North America: Food Animal Practice in 2019

(PMID: 31103180, https://doi.org/10.1016/j.cvfa.2019.02.007). This review

summarized clinical and molecular findings in LOS and for the first time reported
the existence of SLOS. Lastly, Appendix 3 summarizes my contributions of five
other publications in which | collaborated with groups in the Division, at Mizzou,

and other Academic institutions in the USA during my tenure as a PhD student.

XXii
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Chapter 1: Literature review

1.1 General introduction

The process of embryo development requires fine regulation of gene
expression, and epigenetic mechanisms play very important roles in it (Chason et
al., 2011; Niakan et al., 2012). Epigenetic regulation is a broad concept including
DNA methylation, histone variants and post-translational modifications, genomic
imprinting, small/long non-coding RNAs, and chromosome architectures (Inbar-
Feigenberg et al., 2013). The disruption of epigenetic regulation during embryo
development can lead to fetal mortality or severe disorders in human infants,
such as Beckwith-Wiedemann Syndrome (BWS), Silver—Russell syndrome,
Angelman syndrome, and Prader—-Willi syndrome, and in cattle offspring, such as
large/abnormal offspring syndrome (LOS/AOS) (Elhamamsy, 2017; Osborne-
Majnik et al., 2013; Rivera et al., 2021).

LOS and BWS are similar congenital generalized overgrowth syndromes,
conditions with broad spectrum of symptoms including a frequent observation of
excessive growth (i.e., 2-3 standard deviations increase in overall growth
parameters including body weight, height, and head circumference) (Elliott et al.,
1994; Lapunzina, 2005; Opitz et al., 1998). Genome wide alterations of DNA

methylation and expression of imprinted and non-imprinted genes have been
1



reported in LOS and BWS, however there is a lack of knowledge on the global
correlation between these two changes (Chang et al., 2021; Chen et al., 2016a,
2015, 2017; Krzyzewska et al., 2019; Li et al., 2019a). Recent BWS studies have
shown clues of regional changes of chromosome architectures at the megabase
scale, but it is still unknown whether genome wide alteration of chromosome
architecture is associated with LOS and BWS (Naveh et al., 2021; Rovina et al.,
2020).

Assisted reproductive technologies (ART) refer to a series of fertility
treatments used to produce offspring and include oocyte collection and in vitro
maturation, in vitro fertilization, intracytoplasmic sperm injection, embryo culture,
and embryo transfer, but do not include procedures in which only sperm is
handled, such as artificial insemination (Al) (Joao Viana, 2021; Sunderam et al.,
2020). ART is known to induce errors in the epigenome of offspring in humans
and ruminants (Fauser et al., 2014; Urrego et al., 2014).

In humans, BWS occurs spontaneously, and the use of ART is known to
increase its incidence (Mussa et al., 2017; Vermeiden and Bernardus, 2013).
Bovine LOS has long been known to be induced by ART and we recently
documented the occurrence of spontaneous LOS in cattle (SLOS; conceived by
natural mating or Al) (Behboodi et al., 1995; Farin et al., 2001; Hasler et al.,
1995; Lazzari et al., 2002; Rivera et al., 2021; van Wagtendonk-de Leeuw et al.,

2000).



1.2 Epigenetic regulation of gene expression

The epigenetic regulation of gene expression lays the foundation for cell
lineage commitment during embryo development and is the basis for studying
LOS and BWS. (Hemberger et al., 2009; Phillips-Cremins et al., 2013). This
section will introduce different aspects of epigenetic regulation - with focus on
DNA methylation, chromosome architecture, and genomic imprinting, since they

are the focus of my dissertation work (Inbar-Feigenberg et al., 2013).

1.2.1 DNA methylation and histone post-translational modifications

1.2.1.1 DNA methylation

DNA methylation is the addition of a methyl group to DNA (in most cases
at the fifth carbon of cytosine in CpG dinucleotides) and can regulate DNA
binding accessibility and gene expression in mammals (Tate and Bird, 1993). The
global DNA methylation level is about 70-80% at CpG context and is less than
1% at other contexts (i.e., CHH and CHG, H=Aor C or T) in mammals (Chen et
al., 2017; Li and Zhang, 2014). Thus, the phrase “DNA methylation” in this
dissertation refers to CpG context unless otherwise specified. Relative to the
global average level, the pattern of DNA methylation around actively transcribed

genes shows a huge reduction at promoter and transcription start sites (TSS),



equal or higher level at gene bodies, and slightly lower around transcription end
sites (TES) (Cao et al., 2020; Chen et al., 2017). DNA methylation in non-CpG
contexts shows similar enrichment in gene bodies and depletion at promoters
and enhancers (Lister et al., 2009). DNA methylation level of gene bodies is
correlated with the frequency of transcription in a parabolic pattern such that the
most highly and lowly expressed genes have low level of methylation and genes
with intermediate level of expression have high methylation level (Jjingo et al.,
2012).

The de novo establishment and maintenance of DNA methylation relies
on the DNA methyltransferases (Dnmts) (Bourc’his et al., 2001; Okano et al.,
1999; Song et al., 2011). Dnmt3a and Dnmt3b have methyltransferase activity
through their catalytic MTase domain and are responsible for de novo
methylation (Okano et al., 1999). The genome-wide distributions of Dnmt3a and
Dnmt3b have similar patterns, but Dnmt3b is more enriched at bodies of actively
transcribed genes (Baubec et al., 2015). Dnmt3L has no methyltransferase
activity but can bind to Dnmt3a and Dnmt3b to increase their activity during
gametogenesis and plays critical roles in the establishment of both maternal and
paternal genomic imprints (Bourc’his et al., 2001; Webster et al., 2005). Dnmt1
has methyltransferase activity and is responsible for maintaining DNA
methylation in the newly synthesized strand during DNA replication (Song et al.,

2011). Some studies have also shown that Dnmt1 can introduce de novo
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methylation, especially at transposable elements (Fatemi et al., 2002; Haggerty
et al., 2021).

The removal of DNA methylation can be either through an active or
passive process (Wu and Zhang, 2017). Passive DNA demethylation is caused
by a lack of maintenance of DNA methylation on the newly synthesized strand
during DNA replication. Active DNA demethylation is accomplished by enzymes
from the ten-eleven translocation (TET) family (Tahiliani et al., 2009). TET
proteins can iteratively oxidize DNA methylation (i.e., 5-methylcytosine; 5mC)
through 5-hydroxymethylcytosine (5hmC) and 5-formylcytosine (5fC) to 5-
carboxylcytosine (5caC) which can be converted back to cytosine by other
enzymes (He et al., 2011; Ito et al., 2011; Tahiliani et al., 2009). Three members
of the TET family have been found, which are tet methylcytosine dioxygenase 1
(TET1), TET2, and TET3 (lto et al., 2011). Although they all have the catalytic
activity to oxidize 5mC, TETs have different affinities for different forms of
cytosines as their substrates (Hu et al., 2015; Ito et al., 2011). The oxidized forms
of 5mC can also be passively lost during DNA replication, as the affinity of Dnmt1

for this modification is lower (Hashimoto et al., 2012; Otani et al., 2013).

1.2.1.2 Histone post-translational modifications

DNA interacts with histone proteins to form nucleosome and



chromatosome (Maeshima et al., 2010). Each nucleosome consists of a linker
histone H1, a nucleosome core particle which is an octamer of core histone H2A,
H2B, H3, and H4 (two for each), and about 200 base pairs (bp) of DNA (145-147
bp in the nucleosome core particle) (Maeshima et al., 2010). Post-translational
modifications of histone regulate chromatin compaction and accessibility and
include acetylation, phosphorylation, methylation, ubiquitinylation, sumoylation,
deamination, propionylation, and butyrylation (Goudarzi et al., 2016; Kebede et
al., 2017; Shilatifard, 2012). The majority of modifications occur on the N-terminal
regions of histone H3. Acetylation and phosphorylation generally mark
transcriptionally active genomic regions (Lawrence et al., 2016).

Methylations of histone H3 lysine 4 (H3K4) mark active promoters and
enhancers (Shilatifard, 2012). Particularly, mono-methylation of H3K4
(H3K4me1) is enriched at active and poised enhancers (Heintzman et al., 2009).
H3K4me2 and H3K4me3 are enriched at promoters of active genes (Santos-
Rosa et al., 2002). Methylations of histone H3 lysine 9 (H3K9) mark
transcriptionally repressed regions (Becker et al., 2016). For example, H3K9me2
marks facultative heterochromatin which is developmental stage/cell type specific
heterochromatin and H3K9me3 marks constitutive heterochromatin which forms
at gene poor regions and is enriched for repetitive sequences. Mono-methylation
of histone H3 lysine 27 (H3K27me1) is accumulated in actively transcribed genes

(Ferrari et al., 2014). H3K27me2 is the major form of H3K27 modifications and is
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widely distributed in the genome to protect H3K27 from unspecific acetylation
(Ferrari et al., 2014). H3K27me3 marks facultative heterochromatin and poised
enhancers (Jamieson et al., 2016; Zentner et al., 2011).

During active transcription, the SET domain containing 2, histone lysine
methyltransferase (SETD2/SET2/HYPB) binds to the hyperphosphorylated C-
terminal of the large subunit of RNA polymerase Il through its SET2—-RPB1
interacting (SRI) domain and tri-methylate histone 3 on lysine 36 (H3K36me3)
(Rebehmed et al., 2014; Sun et al., 2005). This process can be enhanced by the
RNA splicing event through binding of the SETD2-hnRNP interaction (SHI)
domain of SETD2 to the heterogeneous ribonucleoproteins (hnRNPs) which are
RNA binding proteins during RNA splicing (Bhattacharya et al., 2021; De Almeida

et al.,, 2011).

1.2.1.3 Interplay between DNA methylation and histone post-translational

modifications

The cysteine enriched ATRX-DNMT3-DNMT3L (ADD) domain of DNMT3
plays regulatory roles on its activity and specificity through three-dimensional
structural changes of the protein (Guo et al., 2015; Ooi et al., 2007; Otani et al.,
2009; Zhang et al., 2010). When there is no histone 3 present, ADD domain

binds to the catalytic domain (i.e., MTase) and inhibit its activity (Guo et al.,



2015). When H3K4 is unmethylated (me0), the ADD domain can bind to
H3K4meO0 and release the activity of the MTase domain, with higher affinity of
DNMT3A than DNMT3L (Ooi et al., 2007; Otani et al., 2009; Zhang et al., 2010).
The binding of the ADD domain to H3 N-terminus is mutually exclusive to the
binding of HP1 to H3K9me3, which indicates the process of de novo DNA
methylation requires loose chromatin structure (Otani et al., 2009). The binding
affinity of ADD domain is reduced by methylation of H3K4 and is negatively
correlated with the number of methyl groups (Ooi et al., 2007; Otani et al., 2009;
Zhang et al., 2010).

The Pro-Trp-Trp-Pro (PWWP) domain of DNMT3A/B can also regulate
their functions through interacting with H3K36me3 (Baubec et al., 2015;
Dhayalan et al., 2010; Gong et al., 2020). Binding of PWWP domain to
H3K36me3 increases the activity of DNMT3A/B and maintains their subnuclear
localization as enriched spots instead of homogeneous distribution (Dhayalan et
al., 2010). Global loss of H3K36me3 by mutation of Setd2 leads to loss of the
original enrichment at H3K36me3 (Baubec et al., 2015). In addition, H3K36me3
of both histone H3 protein in a nucleosome affects the de novo methylation
efficiency in a cumulative manner in yeast (Gong et al., 2020).

Like DNMT3, the activity of DNMT1 is also self-regulated by its
replication foci targeting sequence (RFTS/RFD) and Cys-X-X-Cys (CXXC)

domains (Song et al., 2011; Syeda et al., 2011; Takeshita et al., 2011). When
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DNMT1 is by itself, the RFTS domain is deeply inserted into the DNA binding
pocket of its catalytic domain and inhibits its MTase activity (Syeda et al., 2011;
Takeshita et al., 2011). Ubiquitin like with PHD and ring finger domains 1
(Uhrf1/Np95/1cbp90), which is a E3 ubiquitin ligase, binds specifically to hemi-
methylated CpG sites through its SET and RING associated (SRA) domain and
recruits DNMT1 to the loci of DNA replication to maintain DNA methylation in the
newly synthesized strand (Bostick et al., 2007; Sharif et al., 2007). This
recruitment is accomplished between the ubiquitin-like (UBL) domain of UHRF1
and RFTS domain of DNMT1 (Li et al., 2018a). The plant homeodomain (PHD) of
UHRF1 binds to unmodified N-terminus of histone H3, including H3R2me0 and
H3K4me0, and the tandem Tudor domain (TTD) of UHRF1 can recognize
H3K9me2 and H3K9me3, which leads to a enriched nuclear localization of
UHRF1 and DNMT1 at heterochromatin (Arita et al., 2012; Nady et al., 2011;
Rothbart et al., 2012, 2013). The really interesting new gene (RING) domain of
UHRF1 has the activity to ubiquitylate H3K18 and H3K23, which then can be
bound by the RFTS domain of DNMT1, resulting in the release of catalytic
domain from self-inhibition and increased MTase activity of Dnmt1 (Ishiyama et
al., 2017; Nishiyama et al., 2013; Qin et al., 2015). In addition, when both strands
of DNA are not methylated, the CXXC domain of DNMT1 specifically binds to
unmethylated CpG and insert the linker after CXXC domain into the DNA binding

pocket of its catalytic domain to prevent de novo DNA methylation (Song et al.,
9



2011).

Active DNA demethylation is associated with histone modifications
through the gene developmental pluripotency associated 3 (Dppa3/Pgc7/Stella)
(Bian and Yu, 2014; Nakamura et al., 2012). DPPAS interacts with TET2 and
TET3 and can suppress their enzymatic activities (Bian and Yu, 2014). DPPA3
binds specifically to H3K9me2, which allows its regulation to be locus specific
(Nakamura et al., 2012). In addition, DPPA3 can interact with UHRF1 to direct its
subcellular localization from the nucleus to the cytoplasm and indirectly regulates
the maintenance and de novo DNA methylation mediated by DNMT1, thus is also
involved in passive DNA demethylation (Du et al., 2019; Funaki et al., 2014; Han

et al., 2019; Li et al., 2018b; Mulholland et al., 2020).

1.2.2 Chromosome architecture

The genomes of human, cattle, mouse, and rat have similar length which
are about 2.6-2.8 billion nucleotides (O’Leary et al., 2016). The linear DNA in the
genome is heavily folded and fits in the cell nucleus of ~6 um diameter (Alberts,
2002). This three-dimensional organization process includes wrapping DNA
around an octamer of histone proteins to form nucleosomes and
chromatosomes, folding into a 30 nm fiber, and ultimately looping and

compressing into chromatin (Maeshima et al., 2010). During the interphase of
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cell cycles, different chromatin loci interact to form functional structures which are
referred to as topologically associating domains (TAD) (Pope et al., 2014). Based
on the level of condensation, chromatin can be divided into two types, namely
euchromatin and heterochromatin, which are transcriptionally active and silent,
respectively. Euchromatin is characterized by low condensation, high
accessibility, and the presence of active genes and histone modifications
including acetylation, H3K4me3, and H3K36me3 (Lawrence et al., 2016). On the
contrary, heterochromatin is characterized by high condensation, low
accessibility, and the presence of silent genes and histone modifications
including H3K9me3 and H3K27me3 (Lawrence et al., 2016). Euchromatin and
heterochromatin are often spatially separated to form different chromosome
compartments (Lieberman-Aiden et al., 2009). Further, the non-random
positioning of chromosomes within the nucleus, namely chromosome territories,
permit specific functional interactions to occur between chromosomes (Cremer et
al., 1993).

This section will review higher-order chromatin structures, in other words,
chromosome architecture, including TAD, chromosome compartments, and
chromosome territories. Chromosome architecture of large scale (i.e.,
megabases) is generally constant across different cell types within the same
species, and many conformational features have been conserved during

evolution in mammals (Dixon et al., 2012; Lieberman-Aiden et al., 2009; Rudan
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et al., 2015; Tanabe et al., 2002). However, the local chromosome architecture
can be dynamic across different cell types or even between different individual
cells of the same type, as revealed by single cell studies (Nagano et al., 2013;

Stevens et al., 2017).

1.2.2.1 Technologies used to study chromosomal architecture

Technologies used to study chromosomal architecture include
fluorescence in situ hybridization (FISH), chromosome conformation capture
(3C), circular 3C or 3C on chip (4C), 3C carbon copy (5C), Hi-C, chromatin
interaction analysis with paired-end tag (ChlA-PET), and some other variants of
these technologies (Xie et al., 2016).

For FISH studies, DNA or RNA probes with fluorescence attached are
used to specifically bind to and show target sites, and followed by detection of
the fluorescence signal by microscopy or flow cytometry to view the localization
of targets (Levsky and Singer, 2003). FISH can be used to detect physical
interaction with high specificity, but has limitations on the number of target sites
to study in one experiment (Levsky and Singer, 2003).

3C is used to study interactions between two regions with known
genomic locations (Dekker et al., 2002). For 3C studies, remote chromosomal

interactions through proteins are crosslinked using formaldehyde before cell
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lysis, then the genomic DNA is digested with a restriction enzyme to release
crosslinked DNA-protein complexes (Dekker et al., 2002). Next, the two
fragments of DNA within one DNA-protein-DNA complex are ligated together
(referred to as 3C library). After decrosslinking, quantitative polymerase chain
reaction (QPCR) is performed with a pair of primers such that each primer binds
to one target region to verify hypothesized interactions between the two regions.
3C is the basis for 4C, 5C, ChlIA—-PET, and Hi-C technologies.

4C is used to study interactions between a region with known genomic
location and unknown genomic regions (Simonis et al., 2006). For 4C, the 3C
library is digested again with a different restriction enzyme to shorten the length
of ligated DNA and increase resolution (Simonis et al., 2006). After the second
DNA ligation, circular DNAs are used as templates for PCR with both primers
binding to the known region to amplify the unknown regions (4C library). The
primers usually contain adaptor sequences and the 4C library can be sequenced
by microarray or high-throughput sequencing to determine the unknown regions
that interact with the known region (i.e., the bait) (Simonis et al., 2006; Splinter et
al., 2012).

5C is used to study interactions between many but not all unknown
genomic regions (Dostie et al., 2006). For 5C, the 3C library is incubated with a
mixture of thousands of different 5C primers, each containing the upstream or

downstream restriction enzyme sequence followed by random sequences and
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ended with an adaptor sequence (Dostie et al., 2006). During ligation, only the
pair of 5C primers annealing to the 3C library at restriction enzyme cutting sites
can be ligated. The ligated 5C primer pairs will be PCR amplified with universal
primers that bind to the adaptor sequences (5C library). Then the 5C library can
be analyzed by microarray or high-throughput sequencing.

Hi-C is used to study all chromatin interactions (Lieberman-Aiden et al.,
2009). For Hi-C, during the 3C library preparation, prior to ligation, biotin labelled
DNA oligos are added to fill in the sticky ends generated by restriction enzyme
digestion (Lieberman-Aiden et al., 2009). After ligation, biotin from not ligated
ends will be removed. Biotin serves to pull down interactive DNA with streptavidin
beads which have high affinity for biotin. Then the library is sheared to increase
resolution, ligated with universal adaptors, and sequenced using high throughput
methodologies. ChIA—PET is similar to Hi-C with an additional step of chromatin
immunoprecipitation to enrich chromatin interactions mediated by proteins of

interest (Zhang et al., 2012).

1.2.2.2 Topologically associating domains

TADs refer to self-interacting genomic regions within a chromosome and
constitutes the primary units of interphase chromosome folding (Dixon et al.,

2012; Pope et al., 2014). TADs were initially known as topological domain of
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kilobases (kb) scale in late 20th century (Kramer et al., 1999; Sinden and Ussery,
1992). Over 90% of the mammalian genome is folded by TADs and the size of
TADs can range from tens of kb to 2 megabases (mb) (Dekker and Heard, 2015;
Dixon et al., 2012). TADs exist in multiple layers in which a larger TAD (referred
to as metaTAD) may contain many smaller TADs (refer to as sub-TADs) within it,
and this structure is referred to as a metaTAD tree (Fraser et al., 2015; Phillips-
Cremins et al., 2013).

Architectural proteins, such as CCCTC-binding factor (CTCF) and
cohesin protein complex, are the building blocks for TAD formation, and deletion
or mutation of these proteins will lead to major loss of TADs (Li et al., 2020b;
Nora et al., 2017; Phillips-Cremins et al., 2013; Rao et al., 2017; Zuin et al.,
2014). The process of TAD formation by CTCF and cohesin can be illustrated
with the extrusion model (Sanborn et al., 2015). In this model, the looping of
chromatin is initiated by two cohesin complexes at a genomic locus, and the loop
will extend along with the two cohesin complexes moving towards opposite
directions of the chromatin. A pair of CTCF proteins bind at their binding sites to
define the boundaries of the TAD (Sanborn et al., 2015). The cohesin complexes
can be trapped by CTCF through physical binding between the N-terminus of
CTCF and two subunits of cohesin complexes, namely RAD21 cohesin complex
component (RAD21/SCC1) and stromal antigen 2 (STAG2/SA2) (Li et al.,

2020b). In this case, an opposite orientation of the two CTCF binding sites with 3’
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side towards the loop of TAD is required (Rao et al., 2014; Sanborn et al., 2015).
The maintenance of TADs is a dynamic process as studies have shown that
disrupted TADs caused by temporary CTCF degradation can be rapidly restored
after CTCF recovery (Nora et al., 2017). Loss of CTCF may lead to gain of DNA
methylation at originally unmethylated regions (Davalos-Salas et al., 2011;
Fedoriw et al., 2004) and DNA methylation can inhibit CTCF binding to the DNA
(Lai et al., 2010; Rodriguez et al., 2010; Wiehle et al., 2019).

In addition to CTCF and cohesin, other architectural proteins have been
identified in mammals, including structural maintenance of chromosomes flexible
hinge domain containing 1 (SMCHD1) (Wang et al., 2018). SMCHD1 functions
specifically during the X chromosome inactivation process, which occurs in
female mammals to achieve equal levels of gene expression between males
(XY) and females (XX) (Gdula et al., 2019; Wang et al., 2018). SMCHD1
suppresses CTCF and cohesin binding on the inactive X (Xi) chromosome and
facilitates the merging of chromosome compartments for complete silencing of
gene expression (Gdula et al., 2019; Wang et al., 2018). Other architectural
proteins have also been identified in Drosophila, including ELL-associated factor
(EAF), suppressor of Hairy wing (Su(Hw)), and centrosomal protein 190kD
(CP190) (Hou et al., 2012). TADs in Drosophila are divided into active and
repressive TADs based on their enrichment of epigenetic marks and architectural

proteins around the boundaries. The repressive TADs are further subdivided into
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Polycomb-associated, HP1/Centromere-associated, and null-associated TADs
(Sexton et al., 2012).

Although CTCFs are enriched in majority of the TAD boundaries, CTCF-
free boundaries exist in mice and humans (Dixon et al., 2012). The enrichment of
other factors such as H3K4me3, H3K36me3, transcription start sites,
housekeeping genes, tRNA genes, and repetitive elements such as short
interspersed nuclear element (SINE), and exclusion of H3K9me3 have also been
identified at the boundaries of TADs (Dixon et al., 2012).

The formation of TADs can either facilitate or block spatial interactions
between different chromosomal loci (Doyle et al., 2014). The facilitating effect is
achieved by looping-induced reduction of spatial distance between two loci inside
or outside of a TAD (Doyle et al., 2014). Indeed, the chromosomal interactions
within a TAD were found much more frequent than between two TADs by Hi-C
studies (Dixon et al., 2012). High resolution DNA FISH studies also validated
these chromosomal interactions detected by 5C and Hi-C studies (Giorgetti et al.,
2014; Williamson et al., 2014). The blocking effect of TADs on chromosomal
interactions is achieved by physical insulation of the TAD loops from the rest of
the genome (Doyle et al., 2014). By manipulating the genome to alter the relative
location of a locus to a TAD, many studies have shown this insulation effects of
TADs (Andrey et al., 2013; Lupianez et al., 2015; Tsujimura et al., 2015).

The abilities of TADs to regulate spatial interactions further lead to their
17



functions in gene expression regulation. Enhancers and silencers are DNA
sequences that can be bound by transcription factors to facilitate or repress
expression of other genes, respectively (Maston et al., 2006). The capability of
enhancers and silencers to regulate their target genes’ expression is decided by
their physical availability to the target genes (Della Rosa and Spivakov, 2020;
Ong and Corces, 2011). Many studies have shown that TADs are responsible for
restricting physical interactions between enhancers/silencers and promoters
within the TAD (Anderson et al., 2014; Lupiafez et al., 2015; Pang and Snyder,
2020; Symmons et al., 2014). Disruption of TADs may lead to aberrant
expression of genes by gaining or losing interactions with active enhancers, and
can cause severe diseases in human (Lupiafiez et al., 2015).

A genome-wide conservation of TADs has been found among some
mammalian species (Rao et al., 2014; Rudan et al., 2015). This conservation of
TADs is paralleled with the conservation of CTCF binding sites (Rudan et al.,
2015). However, many sub-TADs have been found to be different between
species, suggesting evolutionary adaption to changes in the genome (Rudan et
al., 2015). In addition, TADs have some level of flexibility, as seen in changes of
TADs during cell differentiation and lineage commitment (Fraser et al., 2015;

Phillips-Cremins et al., 2013).
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1.2.2.3 Chromosome compartments

When considering chromosomes in a linear manner, euchromatin and
heterochromatin organize in alternating positions throughout the chromosome
(Boyle et al., 2008; Buenrostro et al., 2013). However, Hi-C and DNA FISH
studies demonstrate that the spatial organization of each chromosome allows the
separation and grouping of euchromatic or heterochromatic regions into
chromosome compartments (Boyle et al., 2011; Lieberman-Aiden et al., 2009).
As defined by Lieberman-Aiden and others (the first report on this topic),
compartment A refers to the chromosome compartment that is enriched in
euchromatin, and compartment B refers to the one enriched in heterochromatin
(Lieberman-Aiden et al., 2009). Similar to the localization of heterochromatin and
euchromatin in the nucleus, compartment B mainly localizes in the peripheral
regions and the regions surrounding the nucleoli, while compartment A mainly
localizes in the interior of nucleus between two compartment B regions, as
revealed by single cell high resolution Hi-C data (Stevens et al., 2017).
Corresponding to the chromatin status, unique genetic and epigenetic features
are associated with each chromosome compartment (Lieberman-Aiden et al.,
2009; Rao et al., 2014). Compartment A is enriched in highly accessible
chromatin, highly expressed genes, and activating histone modifications such as

H3K36me3, H3K79me2, H3K27ac, and H3K4me1 (Lieberman-Aiden et al., 2009;
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Rao et al., 2014). In addition, chromosome compartments are correlated with
replication timing of DNA during S phase, in that compartment A is replicated
earlier than B (Ryba et al., 2010).

The existence of subcompartments within compartment A and B have
been reported in human and mice (Rao et al., 2014; Robson et al., 2017; Yaffe
and Tanay, 2011). Subcompartments A1 and A2 belong to compartment A, and
their differences are exhibited by replication timing, in which A1 finishes at the
beginning of the S phase while A2 finishes replicating at mid S phase (Rao et al.,
2014). In addition, A2 contains more repressive histone modification H3K9me3,
lower GC content, and longer genes than A1 (Rao et al., 2014). Silent genes
being released from B compartments are more likely to become part of the A2
subcompartments rather than A1, as demonstrated to occur during lymphocyte
activation (Robson et al., 2017). Subcompartments B1, B2, B3, and B4 belong to
compartment B (Rao et al., 2014), the heterochromatin containing compartment.
B1 is enriched for H3K27me3 histone modification and replicates during the
middle of S phase (Rao et al., 2014). B2, B3 and B4 replicate at the end of S
phase. B2 is enriched for pericentromeric heterochromatin, localized in both
peripheral and near nucleoli regions, B3 is localizes only in the peripheral region,
and B4 is enriched for KRAB-ZNF superfamily genes, and contain both activating
and repressive histone modifications H3K36me3, H3K9me3, and H4K20me3

(Rao et al., 2014).
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The formation of chromosome compartments and subcompartments has
been proposed to be the result of separation based on physicochemical
properties (i.e. phase separation mechanisms) (Erdel and Rippe, 2018;
Hildebrand and Dekker, 2020). These mechanisms include polymer-polymer
phase separation (PPPS), liquid-liquid phase separation (LLPS), and liquid—solid
phase separation (LSPS) (Erdel and Rippe, 2018; Hildebrand and Dekker, 2020).
PPPS can be induced by bridging factors, mainly proteins, binding to different
chromosome segments with similar properties and forming a phase that
separates from other phases (Erdel and Rippe, 2018; Hildebrand and Dekker,
2020; Michieletto et al., 2016). LLPS is achieved by enrichment of factors with
multivalent interactions at chromosome segments with similar properties and
forming a liquid-like phase, which will be separated from other phases based on
their physical properties, like oil and water (Erdel and Rippe, 2018; Hildebrand
and Dekker, 2020; Larson et al., 2017; Strom et al., 2017). The factors function in
LLPS are mainly proteins with intrinsically disordered regions, such as the
chromobox 5 protein (CBX5/HP1A) (Erdel and Rippe, 2018; Hildebrand and
Dekker, 2020; Larson et al., 2017; Strom et al., 2017). LSPS is the spatial
separation of a liquid-like phase, as in LLPS, and a solid-like phase, as in PPPS
(Hildebrand and Dekker, 2020).

Different genes at discrete chromosomal sites with similar transcription

requirements can be recruited to the same nuclear region including the nuclear
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matrix (Karki et al., 2018). These stabilized loci, namely transcription factories,
contain multiple RNA polymerases and high concentration of transcription factors
(Papantonis and Cook, 2013). Transcription factories are associated with
concurrent transcription of multiple loci although the existence of transcription
factories can be independent of transcriptional activity (Karki et al., 2018; Larkin
et al., 2013; Mitchell and Fraser, 2008; Osborne et al., 2004, 2007; Papantonis et
al., 2012). Organization of chromosome compartments has been associated with
transcription factories (Karbassi et al., 2019; Papantonis and Cook, 2013). It has
been proposed that the compartment A is more associated with transcription
factories than B, and when genes translocated from compartment B to A, they
may gain accessibility to transcription factories (Karbassi et al., 2019; Robson et

al., 2017).

1.2.2.4 Chromosome territories

Chromosome territories refer to a phenomenon in which different regions
of the nucleus are preferentially occupied by particular chromosomes during
interphase (Cremer et al., 1993). This concept was first introduced by Carl Rabl
(1885) and Theodor Boveri (1909) based on cytological examination of the cell
nucleus of salamander and roundworm, respectively (Cremer and Cremer,

2006a). The idea of chromosome territories was abandoned during 1950s to
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1970s due to the failure of identification of chromosome territories by early
electron microscope (Cremer and Cremer, 2006b). However, more recently, FISH
and 3C based technologies have shown chromosome territories do exist (Bolzer
et al., 2005; Boyle et al., 2001; Kalhor et al., 2012; Lieberman-Aiden et al., 2009;
Tanabe et al., 2002). The specificities of these territories for particular
chromosomes vary between datasets depending on whether single cells or
millions of cells were used for the analyses. Even though studies in which
millions of cells have been used propose static positioning of chromosomes
(average position based on probabilities), single cell studies show that
chromosome territories are dynamic in nature and can vary between similar cells
(Meaburn and Misteli, 2007; Nagano et al., 2013; Ramani et al., 2017; Stevens et
al., 2017).

Chromosome territories aid or restrict interactions between specific
chromosomes based on their spatial proximity (Handoko et al., 2011; Kalhor et
al., 2012; Lieberman-Aiden et al., 2009). Largely, interchromosomal interactions
occur among regions with similar transcription activity, and are more frequently
observed for active rather than repressive regions (Belyaeva et al., 2017; Kalhor
et al., 2012). Nevertheless, specific interchromosomal interactions with regulatory
roles in gene expression have been reported (Lomvardas et al., 2006; Spilianakis
et al., 2005). When compared to interactions within a chromosome,

interchromosomal interactions were found to be generally much weaker (less
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frequently observed) (Handoko et al., 2011). In addition, these interactions are
restricted to specific loci on each chromosome, such as CTCF binding sites, and
most of these interactions have been shown as random events with frequencies
that are low yet above exper