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Abstract

The three-dimensional organization of the genome within the cell nucleus has come into sharp
focus over the last decade. This has largely arisen because of the application of genomic
approaches that have revealed numerous levels of genomic and chromatin interactions, including
topologically associated domains (TADs). The current review examines how these domains were
identified, are organized, how their boundaries arise and are regulated, and how genes within
TAD:s are coordinately regulated. There are many examples of the disruption to TAD structure in
cancer and the altered regulation, structure and function of TADs are discussed in the context of
hormone responsive cancers, including breast, prostate and ovarian cancer. Finally, some aspects
of the statistical insight and computational skills required to interrogate TAD organization are
considered and future directions discussed.
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1. Topologically Associated Domains in gene regulation.

1.1. The three-dimensional organization of the nucleus

The seventeenth century development of microscopes enabled observation of biological
structures, such as the eye of a fly, at a previously unprecedented level of detail. These
observations led to Matthias Schleiden and Theodor Schwann in 1838 to spearhead the
development of cell theory (reviewed in(Franke, 1988)), which proposed that cells were the
basic unit of structure of all organisms, and that they were produced form preexisting cells.
With ever-increasing microscope power, cells were revealed to contain humerous sub-
structures, both in the cytoplasm and the nucleus, and that indeed the nucleus was a
functionally-vital structure within the cell. For example, although there is considerable
variability in the size, shape and longevity of cells in the human body, the nucleus they
contain is remarkably consistent, being approximately 6 UM in diameter, representing
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approximately 10% of the cell volume. Of course, of key importance, the nucleus contains
the same genetic material.

Given its constant shape and ubiquitous nature, the nucleus has been the subject of intense
study for the last several centuries, and led to the identification of sub-structures and
organization. For example, analyses of the cells of sea urchin and other readily accessible
model organisms revealed that the nucleus which had previously been perceived as a dark
sea of unknown function, was in fact richly detailed with sub-features. These newly
identified structures included the so-called “A/B regions” which contained the so-called
“Active” central part of the nucleus and the B inactive region at the periphery; the nucleolus;
various “speckled features” including the olfactory region; and chromosomal territories.
Thus, the nucleus actually contained structural components that were not static, but instead
the chromosomes and other features moved on currents through the cell cycle and during
differentiation. Determining how these nuclear structures and movements relate to gene
regulatory processes has been a central research focus for much of the last 100 years.

Charting the topography of the nucleus was profoundly catalyzed by the publication in 2001
of the draft human genome (Wright et al., 2001, Wolfsberg et al., 2001, Olivier et al., 2001),
which ushered in the genomics era of research. Genomic-centered research necessitated and
was further catalyzed by the development of bioinformatics and statistical approaches,
combined with sequencing technologies of ever-increasing precision and throughput. These
statistical approaches, computational developments and technology advancements all
combined to develop an unprecedented understanding of the content and structure of the
nucleus, and the diversity and regulation of nucleic acids. Arising from these
interdisciplinary efforts has been the concept the three-dimensional (3D) genome (reviewed
in (Rowley et al., 2018, Spielmann et al., 2018, Gibcus et al., 2013)).

Identification of Topologically Associated Domains

Following on from the discovery of these physical structures within the nucleus and their
movements, many workers focused on understanding gene regulation mechanisms with the
goal to understand how genic features, such as gene enhancer regions bring about
coordinated gene expression, and of which gene(s).

A well-studied and revealing gene regulatory scenario has been the analyses of the
immunoglobulin (IgG) region that includes the beta and gamma-globin genes; p-globulin is
initially transcribed in the fetal liver but becomes fully active during erythropoiesis in the
adult bone marrow, whereas y-globulin is strongly expressed in fetal liver and very lowly
expressed in the adult bone marrow. The IgG region has become a well-examined model to
investigate enhancer-gene regulation relationships, due to their essential functions and
disruptions in various leukemias (reviewed in(Chenoweth et al., 2015, Heijnen et al., 1997,
Unkeless, 1989)). Initial studies reasoned that open chromatin sites within the locus,
identified by DNAase hypersensitivity, would be accessible to transcription factors and were
used to identify the key features required for these dynamic gene expression
patterns(Hanscombe et al., 1991, Blom van Assendelft et al., 1989). Subsequently, studies
by Fraser and colleagues extended this concept to reveal that enhancer-gene communication
existed across large genomic distances(Carter et al., 2002, Dillon et al., 1997).
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The concept of inter and intra-chromosomal functional interactions was supported by earlier
studies in sea urchin that had observed chromosomal co-segregation and physical contact in
an ordered manner (Arceci et al., 1980, Wang et al., 1979, Kojima, 1960). Subsequently,
non-homologous chromosomal contacts were identified in the ribosome, which includes ~
300 genes in the nucleolus from five different chromosomes. Similarly, hundreds of
olfactory genes from multiple chromosomes converge often in heterochromatic loci and are
coordinately regulated(Olender et al., 2016, Gilad et al., 2003).

However, to catalog the potential for large scale and dynamic interactions within and
between chromosomes required new technologies and development of statistical approaches.
Specifically, chromosome cross-talk was comprehensively addressed by the development of
chromatin capture techniques (reviewed in(Fu et al., 2018, Chang et al., 2018, Denker et al.,
2016)). These approaches leverage the possibly of capturing the physical proximity of
widely spaced regions and applying next generation sequencing technologies to define the
location and extent of these associations.

In this manner, and with improvements in computational power and refinements to statistical
modelling, ever more complex maps of chromatin loop formation were generated. In turn
this gave rise to the concept that these loop structures were contained within topologically
associated domains (TADs)(Nora et al., 2012, de Laat et al., 2013, Dixon et al., 2012). In
parallel, other approaches revealed that lamin-associated domains (LADs) were also
organized and were associated with movement of chromosomes to the outer lamina
membrane of the nucleus. Remarkably, TAD structure appears to be essentially invariant
across cells within a given organism, and in humans they range from ~ 100 kb to ~ 1 mb,
and across cell types there are somewhere between 500 — 1500 TADs that can cover much of
the genome. However, between cell types there is significant variation in the activity of the
contents of each TAD (reviewed in (Wang et al., 2018a, Krumm et al., 2018, Roy et al.,
2018)).

There is evidence for TAD structure to be conserved between Drosophila, mice and humans.
Indeed, TAD structure is highly conserved over syntenic chromosomal regions and it is
tempting to speculate that over evolution this has influenced how evolutionary pressures
have selected genomic changes within and outside TADs as alterations are more common
outside of TADs than inside, suggesting they are selected against when they occur(Krefting
etal., 2018, Gong et al., 2018, Harmston et al., 2017).

The precise function and significance of TAD structure is still a topic of significant
investigation but a consensus is that this is the unit of organization for the genome, and has
arisen as it gives a number of biological advantages. Namely, it allows for coordination of
gene regulation programs, and the integration of transcriptional signals (Dixon et al., 2016)
(Figure 1A). That is there are many more enhancers across the genome than there are genes
to be regulated; it is estimated that there are potentially as many as 10 enhancers for every
gene, and that these enhancers can be often exceedingly distal from target genes (Furlong et
al., 2018, Ron et al., 2017, Murakawa et al., 2016, Schmidl et al., 2014). By enclosing
multiple genes within a regulatory TAD region, promiscuous regulation is limited, and also
for those genes within the TAD coordinated regulation is more readily established. It has
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also emerged that TADs are hierarchical and contain smaller regions of looping within
them(Racko et al., 2019, Hansen et al., 2018).

Thus, in general terms the TAD structure allows for the coordinated regulation of genes,
although as with all complex biological phenomena, there is diversity in the level of
organization and response. That is, the TAD structure is not the mammalian equivalent of a
bacterial operon. There are strong examples of co-regulated genes within a TAD, and
specific TADs are beginning to be characterized by investigators. For example, the
regulation of ~1 Mb TAD on chr 5 containing the proto-cadherins has emerged as a well-
investigated example (Jiang et al., 2017, Symmons et al., 2014, Dixon et al., 2012, Nora et
al., 2012). Whilst these individual loci are informative, it is clear there remain areas of
ambiguity in terms of how TADs are formed and regulated that suggest other mechanisms
participate in gene regulation(Luo et al., 2018, Barutcu et al., 2018, Rodriguez-Carballo et
al., 2017).

Therefore, the view has emerged that the TAD can be considered as the functional unit of the
genome being strongly conserved between cell types. A significant focus of TAD research
has been to establish what mechanisms drive TAD boundary formation, and how these
processes are disrupted in diseases, including cancer.

1.3. CCCTC-Binding Factor roles in TAD structure and genomic functions.

Principal amongst the proteins that organize TAD boundaries and therefore define TAD
structure is the DNA binding factor CCCTC-Binding Factor (CCTF), which contains 11 zinc
finger motifs and binds across the genome. Human CTCF was cloned by Filippova and
colleagues in 1996 by examining regulatory sequences proximal to the MYC gene, and used
these regions as bait to identify binding proteins(Filippova et al., 1996). This revealed the
significant relationship between CTCF and MYC, in which CTCF is able to repress MYC
expression. Analyses of the multiple CTCF zinc finger motifs that revealed differential
binding abilities, and suggested significant dexterity in binding and function(Filippova et al.,
2002). Of course, this intimate relationship with MY C directly implicated CTCF in cancer
development, and catalyzed an intense arena of subsequent investigation.

Again, the p-globin gene locus offered further clues to the function of CTCF binding
identified sites and supported the concept that CTCF could regulate gene expression, but
also act to insulate and therefore control regulation (Bell et al., 1999). These discoveries
suggested that these CTCF functions maybe common and conserved through vertebrates and
necessary for precise gene regulation. Subsequently, Chromatin Conformation Capture (3C)
technologies applied to the histocompatibility complex genes also revealed the coordination
and insulation roles that were dependent on CTCF(Majumder et al., 2010, Majumder et al.,
2008). Chromatin immunoprecipitation and microarray approaches (ChlIP-chip) initially
demonstrated that at promoters chromatin states and CTCF binding sites were highly similar
across cell types, whereas binding at enhancer regions was highly variable and correlated
with cell type specific gene expression(Heintzman et al., 2009, Smith et al., 2009).

These findings supported the concept that CTCF functions were in part dependent upon the
genomic context of binding. Indeed, CTCF was shown to interact with numerous other

Endocr Relat Cancer. Author manuscript; available in PMC 2020 November 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Campbell

Page 5

proteins, and principal amongst these are members of the Cohesin complex(Katainen et al.,
2015, Guo et al., 2012, Wendt et al., 2008). Cohesin-dependent TAD folding can bring
distant enhancers into play with genes, and many known genomic binding factors including
the Polycomb complex and YY1 all play a role in these functions(Donohoe et al., 2007).
One process where CTCF has been extensively examined is during X inactivation(Donohoe
et al., 2009), which has revealed that CTCF also interacts with noncoding IncRNA including
TSIX and XIST to bring about silencing in part mediated by the repressor YY1. Indeed,
YY1 heterozygote mice have altered TSIX and XIST expression which was pheno-copied
by knockdown of CTCF(Yang et al., 2015, Spencer et al., 2011, Pugacheva et al., 2005).
Similarly, FIRR IncRNA plays a role in X-chromosome inactivation and shown to be
dependent on NCOR2 and SHARP binding(McHugh et al., 2015). CTCF also demonstrates
very significant flexibility in terms of the interactions it undergoes with a wide array of other
proteins(Shin, 2018, Ghirlando et al., 2016). Furthermore, there are multiple CTCF isoforms
ranging from 55 to 130 kD and can modify each other’s behavior(Li et al., 2019b), and
furthermore they are the target of a variety of post-translational modifications(de Wit et al.,
2015, Holwerda et al., 2013, Del Rosario et al., 2019, Wang et al., 2012b). Analyses of
CTCF genomic binding patters and chromatin organization has identified several patterns of
looping(Handoko et al., 2011) including active and repressive loops that are functionally
dependent upon size.

Together these findings support models of diverse interactions between CTCF and its
isoforms, other repressors and IncRNA in a manner that is heavily influenced by genomic
context. The complexity of these interactions, and their potential genomic impact, is
heightened by the discoveries that the human genome contains approximately 30000 to
40000 CTCF binding sites(Narendra et al., 2015, Sanyal et al., 2012). Therefore, CTCF is
biologically impactful as a result of the frequency and diversity of its genomic interactions.

In parallel to studies in cell models, transgenic murine studies have been undertaken and
have revealed that homozygous CTCF deletion is embryonically lethal, whereas
heterozygotes are viable but poor breeders. In CTCF heterozygote animals there is clear
evidence for changes in TAD structure that impact enhancer promoter interactions(Kemp et
al., 2014, Splinter et al., 2006). For example, one of phenotypes in these mice is disruption
of glucose homeostasis due to loss of insulation around the Pax6 locus (Tsui et al., 2012).

The boundary function of CTCF was conclusively demonstrated in 2015 by Narendra and
colleagues by examining regulation on the HOX locus, and established that CTCF insulates
between regions of opposite HOX gene activity during development leading to activation of
normally repressed members(Narendra et al., 2015, Ing-Simmons et al., 2015). In the
context of this locus, CTCF insulates heterochromatin from euchromatin. More generally, it
appears that TAD boundaries limit spread of activity across the genome, and in this way
limit transcriptional noise from bidirectional enhancers. More recently, genome-editing
approaches have allowed incremental removal of CTCF binding sites associated with the
well-established Sox9-Kcnj2 TAD on chr 11 of the murine genome. These approaches
demonstrated consistent gene regulation, but subsequent gene inversions and repositioning
of boundaries led to disease phenotypes suggesting that boundary erosion is required but not
always sufficient for aberrant gene expression and phenotypic consequences(Despang et al.,
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2019). Therefore, the early proposition for TAD structure to limit the spread of repressive
heterochromatin is probably not a universal function. Rather it now appears that the TAD
structure constrains whatever is contained, be it active or repressive chromatin, and for

aberrant transcriptional function other genomic distortion mechanisms may need to occur.

1.4. Mechanisms of TAD boundary formation

Although ChIP-Seq reveals that ~90% of TAD boundaries contain CTCF binding, there are
many more CTCF binding sites that are not contained within boundaries(Zhang et al., 2018,
Lobanenkov et al., 2018), and TAD boundary seems to be initiated and maintained by
multiple proteins(Huang et al., 2018, Marques et al., 2015, Wang et al., 2012a). A caveat to
this is that all these structures are identified in large bulk cell populations, and single cell
studies will need be applied (and technologies refined and developed) to address this issue
accurately.

Although genetic and biochemical approaches have implicated different proteins in the
formation of TAD boundaries, questions remain over how the protein complexes form, how
are they guided, and how do they sustain boundary structure. Various models have been
proposed to address this challenge including so-called “handcuff” and “extrusion”
models(Dixon et al., 2016, Racko et al., 2018, Hansen et al., 2018). In the handcuff model
CTCF and Cohesin have a common association, as is established with ChlA-Pet, which
shows CTCF spanning TAD boundaries. That is, the Cohesin ring encircles chromatin fibers
in a 30—40 nm ring and in this way, holds sister chromatids together.

Alternatively, a loop extrusion model has been proposed whereby DNA binding complexes
scan along DNA whilst also being tethered to an anchor CTCF site and do not close until it
finds another CTCF motif in a convergent orientation. This process would explain why
CTCF motif orientation at boundaries are convergent(de Wit et al., 2015) and that loss of
one CTFC motif interacting and TAD bounds shift to next one and in this manner gives a
degree of inherent stability. However, this model is also incomplete. For example,
fundamentally, it remains unknown what protein complex is able to scan large genomic
distances of 100s of kb in opposite directions and what happens to the supercoils that would
be arise in the wake.

Most likely, there is contribution from all these forces with looping from enhancer to
promoter that is stabilized by protein complexes and topological changes trigger activation.
Loops can be further coordinated in transcription factor hubs, which has been appreciated
for several years. Pre-looped topologies give hubs that provide liquid phase
transitions(Strom et al., 2017) to promote stabilize the hub. In this manner, the enhancer-
promoter interactions have a higher diffusion rate and faster transcriptional responses.

Finally, it is interesting to note that TAD boundaries are often enriched for highly active
housekeeping genes, and the nucleosome spacing is shorter resulting in greater stiffness(Hug
etal., 2017). It is possible that changing the flexibility can impact boundary and the affinity
of CTCF, and that these physical properties help to illuminate CTCF-independent
boundaries.
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2. Disruption to TAD structure and CTCF in hormone responsive cancers

2.1. Altered TAD structure and enhancer usage in hormone responsive cancers.

Given these important relationships between genomic organization and coordinate gene
regulation, it is not surprising that disruption to TAD structure is strongly implicated in a
wide variety of diseases. One of the clearest and earliest identified examples was of the
WNT6/IHH/EPHA4/PAX3 TAD on chr 2. Disruption and variation in boundary regions can
result in the ectopic expression of these powerful developmental transcription factors in
developing limb buds and leading to profound phenotypes in mice and humans (Fabre et al.,
2017, Koch, 2016, Lupianez et al., 2015, Cutrupi et al., 2018, Wu et al., 2017).

Similarly, epigenetic mechanisms can impact boundary formation. One of the earlier clues
that de-regulated CTCF function was profoundly impactful was revealed through the altered
DNA methylation at CTCF sites. Specifically, CpG methylation can impede CTCF binding
and therefore remove insulator function as a driver of myotonic dystrophy (Lopez Castel et
al., 2011, Filippova et al., 2001).

Altered CTCEF status and function is strongly associated with cancer(Kemp et al., 2014,
Splinter et al., 2006, Filippova et al., 2002). Murine modelling of its actions revealed that
hemizygous deletion predisposes to cancer(Kemp et al., 2014). Indeed, CTCF deletion is
associated with deregulated and increased levels of CpG methylation, and therefore directly
links changes in CTCF function to both genomic and epigenomic disruption. Given the wide
diversity of genomic and epigenomic alterations that occur in cancer it is not surprising that
they can combine with mechanisms that control TAD boundary formation and can act as
cancer-drivers (Figure 1B). Loss of the cohesin complex member, RAD21, leads to reduced
intra-TAD chromatin interactions, and as a result increases TAD volume (Poterlowicz et al.,
2017, Rodriguez-Carballo et al., 2017, Fudenberg et al., 2016). Targeted disruption of CTCF
leads changes TAD sizes and is antagonized by cohesin changes(Sima et al., 2019, Luo et
al., 2018, Barutcu et al., 2018).

There are strong examples of so-called “enhancer hijacking” in which genomic disruptions
to TAD boundaries allows previously insulated enhancers access to neighboring genes and
changes in expression(Haller et al., 2019, Martin-Garcia et al., 2019, Cuartero et al., 2018,
Zimmerman et al., 2018, Ryan et al., 2015, Northcott et al., 2014). This has been observed
on chromosome 3 in AML where changes in CTCF expression weakens boundary and allow
oncogenes to be regulated by nearby enhancers(Luo et al., 2018). Deletion of the CTCF
motif at a boundary can shift the TAD structure and change gene-regulation for example as
has been shown for the HOX locus(Luo et al., 2018). Similar examples of such oncogenic
hijacking of transcription factors is seen with NOTCH signaling in breast cancer(Petrovic et
al., 2019), the nuclear receptor NR4A3 in acinic cell carcinomas (Haller et al., 2019) and in
a similar manner Cyclin D highjacks enhancers from IgG locus in mantle cell
lymphoma(Martin-Garcia et al., 2019). In other hijacking events a ~ 1.8 Mb TAD of chr 8
containing the MYC gene (Hyle et al., 2019) is extended to recruit enhancer regions that are
themselves amplified in pediatric neuroblastoma (Zimmerman et al., 2018) by mechanisms
that include insulator erosion. The net result is that enhancers associated with the INCRNA
PVT1, downstream of MYC, are activated (Cho et al., 2018, Ren et al., 2019, Parolia et al.,
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2018). Pan-cancer approaches have identified altered regions containing enhancers that
changed genes expression and provided integrative framework to begin to classify these
events (Weischenfeldt et al., 2017).

TAD:s are enriched for specific histone modifications such as H3K37me3, and mutations to
EZH2 change its ability to govern this histone modification within a TAD. As a result, they
occur more frequently than expected by chance, and therefore a single mutation in an
epigenetic regulatory protein can impact the regulation of multiple genes within a TAD. This
has been demonstrated in lymphoma cells with wild-type or mutant EZH2, in EZH2 should
normally target inactive TADs, and limit multiple genes to control differentiation but mutant
EZH?2 selectively target these genes and therefore disrupts this capacity(Donaldson-Collier
etal., 2019).

Amongst hormone responsive cancers there are examples of altered TAD regulation and
structure. One of the most extensively studied is in the case of prostate cancer (PCa). In
normal murine prostate development there is clear evidence that the developmental
transcription factor, TBx18, is important for prostate development (Negi et al., 2019) and the
use Circularized Chromosome Conformation Capture (4C) was used to find interacting
regions that were stage- and tissue-specific in normal prostate development. In this manner
the authors were able to show enhancer interactions within a 1.5 Mb TAD on chr 9 that
controlled TBx18, and reveal how dynamically these interactions change during
differentiation.

To identify aggressive PCa phenotypes investigators in the Cancer Genome Atlas (TCGA)
(Cancer Genome Atlas Research et al., 2013, Cancer Genome Atlas Research Network.
Electronic address et al., 2015) consortium and other groups(Fraser et al., 2017) have
applied integrative genomic approaches. These and earlier studies(Tomlins et al., 2005)
identified common translocations between TMPRRS2 and ETS genes in PCa (Sanda et al.,
2017, Tomlins et al., 2005). The TMPRSS2 gene is androgen responsive, and its
translocation leads to androgen-driven overexpression of the ETS transcription factor ERG,
or other ETS family members, and acts as a cancer-driver(Ulz et al., 2016, Wang et al.,
2014, Wang et al., 2011). TMPRSS2:ERG fusions are being assessed as biomarkers(Tomlins
et al., 2015) for precision medicine efforts that combine genomic information in algorithms
to define disease state and predict treatment responses. This frequent translocation of ERG
in prostate leads to significant changes in chromatin organization(Rickman et al., 2012,
Rickman et al., 2010).

Susan Clark and coworkers have focused on dissecting how this translocation and other
events drive PCa. In the first instance they demonstrated changes in enhancer interactions as
a result of the TMPRSS2 translocation that may re-wire cancer signaling and lead to
dysregulation of gene expression programs(Taberlay et al., 2014). Subsequently they used
the chromatin conformation capture technique Hi-C to capture all genomic-genomic
interactions in prostate models (PrEC, LNCaP, PC-3) coupled with analyses of CTCF
boundaries, and other genomic histone modification data. In this manner they were able to
develop a highly-textured annotation of epigenomic context and TAD associations in non-
malignant and malignant cell models(Taberlay et al., 2016). This approach was able to
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demonstrate in PCa cell models that TAD boundaries were shifted, and new ones created,
which overlapped with H3K4me3. That is, large TADs were divided into smaller TADs. As
a result, 317 TADs were identified in PrEC whereas in the cancer cell models this increased
to 622 (PC-3) and 1111 (LNCaP). Thus, it appears that larger TADs are normal, and divided
in cancer systems that most likely impact enhancer usage (Figure 1B). There was also
evidence that copy number variation impacts these structures. Finally, the anchor point
associations of TADs correlated with changes in expression of adjacent genes, and
remarkably these patterns of differential expression were identified both in cell lines and
primary tumor data.

Other workers have begun to reveal the coordinated regulation of IncRNA and androgen
receptor regulated target genes were more likely within the same TAD, than different TADs
(daSilva et al., 2018), again supporting the idea that TAD are organizational units in the cell.

In breast cancer, TAD mapping has been undertaken as part of analyses of RUNX1, and the
impact of RUNX1 on TAD structure measured using Hi-C. Whilst RUNX1 binding sites
were enriched at TAD boundaries, there was no significant change in the boundary structure
from knockdown of RUNCXZ1, which probably reflects the complex and stable nature of
TAD boundaries. That is, they arise from many proteins interacting, but few of the protein
alone can significantly change how they form(Barutcu et al., 2016).

2.2. Changes to CTCF function in hormone-responsive cancers.

Across cancers, altered CTCF and its downstream consequences are much studied. Many
workers in breast cancer have focused on mapping disease-associated enhancer access. For
example, Luca Magnani and co-workers(Patten et al., 2018) have mapped enhancers from
primary patient material and overlapped with GWAS identified SNPs enriched in enhancers.
They also demonstrated relationships between CTCF-dependent boundaries, enhancer
strength and correlation with changes in mMRNA suggesting that the interplay between
boundaries, enhancer access and gene expression are all measurable in primary tumors.
Another approach has been to delete CTCF binding sites within proximity to estrogen
receptor alpha (ERa) regulated target genes using genome-editing and identified that some,
but not all, ERa enhancer-gene relationships are altered(Korkmaz et al., 2019). These
studies reflects those of others also in breast cancer where CTCF was shown to insulate the
ERa pioneer factor, FOXAL (Zhang et al., 2010), and to repress oncogenic signals
downstream of ERB2 (Brix et al., 2019).

Indeed many ERa regulated genes associate with CTCF and can be captured in association
with enhancer regions that loop to the lamina associated with gene suppression (Fiorito et
al., 2016), and associate with periodic expression through the cell cycle, and disruptions to
these relationships associate with worse patient outcome (Dominguez et al., 2016,
Yamamoto et al., 2014). Together these findings suggest that CTCF actions are a significant
regulator of ERa responses (Chan et al., 2008) related to specific histology (Razavi et al.,
2018) and overall outcomes.
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In prostate cancer, CTCF sites associated with outcome identified by GWAS and CRISPR
deletion of sites leads to increased gene expression of genes within loops and that FOXAL,
AR and in same CTCF block (Taslim et al., 2012).

Workers have also examined how CTCF mutations and expression changes impacts the
epigenome in ovarian cancer, and established relationships to disease progression
risks(Woloszynska-Read et al., 2011). Furthermore, the CTCF paralog, BORIS (Brother of
the Regulator of Imprinted Sites) is altered in ovarian cancer and changes enhancer access
and promotes invasive phenotypes(Hillman et al., 2019).

In pancreatic cancer a focus has been on the regulation of the PAX6 gene which is required
for islet development and it has been revealed that CTCF regulates the locus(Buckle et al.,
2018), reflecting the phenotype of the CTCF heterozygote deletion in mice(Tsui et al.,
2012). Pancreatic cancer has also been a cancer in which the interplay between CTCF and
repression of MYC has been seen to associated with progression and outcomes(Peng et al.,
2019). Bioinformatic approaches have also been applied to integrate GWAS data with CTCF
binding sites and therefore identify a critical impact of a risk variant with altered boundary
function and reduced expression of the putative anti-oncogene MFSD13A(Mei et al., 2019).

In testes the CTCF/BORIS regulation of gene programs is expressed in primary
spermatocytes but then silenced by DNA methylation. Reactivation in cancer cells is
apparent making it a cancer testes- antigen gene expression and a potential target for
immunotherapy(Martin-Kleiner, 2012). Reactivation of BORIS can bind hTERT and
increase expression in ovarian and testicular cancers(Renaud et al., 2011). Finally, in the
pituitary the human growth hormone cluster has been investigated and shown long range
genomic interactions(Tsai et al., 2016, Tsai et al., 2014), but it remains to be established
how important this is in pituitary cancer.

2.3. A survey of CTCF and interacting components in hormone-responsive cancers.

To complement this review TCGA data from the adrenal, breast, kidney, ovarian, pancreatic,
parathyroid, prostate, testis and thyroid cancer cohorts has been examined to reveal the
mutation, copy number variation and expression of CTCF and genes for the various
interacting proteins (Figure 2). By mutational status, breast, ovarian and adrenocortical
tumors cluster together driven by common mutations to cohesin complex (e.g. SMC3) and
other chromosomal structural proteins (e.g. NCAPH2 and REC8). The IncRNA HOTTIP is
also frequently mutated in these tumors. By contrast, kidney, parathyroid and testicular
cancers are essentially free from mutation in any of the genes examined. CTCF is not
commonly mutated.

This is somewhat echoed by changes in copy number variation with NCAPH2 and SMC1B
showing copy number loss in ovarian and adrenal cancer. CTCF has common loss in ovarian
and breast cancer, but gain in adrenal cancer. However, there are other clear differences, with
kidney cancer for example showing clear copy number loss for SMC3 but not mutation.
Notable gains in copy number included RAD21 and STAGL in ovarian, and RAD21 also in
adrenal, testicular and breast cancer. STAG3 is also amplifies in adrenal, kidney and
testicular cancer. Similarly, STAG1 has loss of copy humber variation and reduced
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expression uniquely in Pheochromocytoma. These findings reflect an emerging appreciation
of the role of STAG family members across cancers(Romero-Perez et al., 2019, Mondal et
al., 2019, Cheng et al., 2015). Whilst not mutated in any of the cancer NCOR?2 is highly
amplified in adrenal cancer, as are HOTTIP, NCAPG2 and EZH2, which are all mutated in
the same cancer. Expression changes also distinguish ovarian cancer with reduced
expression of CTCF, NCAPH2 and upregulation of SMC4. These patterns are somewhat
echoed by breast and kidney cancer. The amplification of NCOR2 in adrenal cancer is
reflected by modest upregulation of the mRNA. Similarly, SMC1B has a modest gain of
copy number in kidney cancer but strong mRNA upregulation.

3. Statistical and computational challenges in the analyses of TADs

Statistical and computational frameworks were essential for the capture, analyses and
interpretation of chromatin conformation data, and the development of these frameworks
finally enabled the genome wide analyses in Hi-C data 2012(Nora et al., 2012, Dixon et al.,
2012). These approaches apply complex genomic analyses and there are several areas where
variance can impact the data interpretation, from wet-lab experimental parameters to dry-lab
analyses. An ongoing challenge is to harmonize these techniques and analytical pipelines.
These include cross-linking parameters, choice of restriction enzymes and library
preparation. Similarly, the statistical approaches differ in their assumptions, for example how
to model the distribution of the data, how to consider the impact of distance between events,
and how best to determine differential TAD events(Stansfield et al., 2019, Mora et al., 2016).

There are multiple algorithms to identify TADs. For example, Dali and Blanchette(Dali et
al., 2017) recently compared seven algorithms. Interestingly, the requirements of RAM to
run algorithms whilst significant (~ 20 Gb), depending on the resolution e.g. 100 kb
compared to 25 kb, is now such that once the raw read data are aligned, the analyses can be
undertaken on most desktop computers. Perhaps, the optimal resolution to consider TAD
analyses is around 50 kb and requires 500 million reads. Naturally, with higher resolution,
more TADs are predicted and the mean size decreases. Amongst most of the commonly used
algorithms there ~ 75% sites convergence predicted in at least two tools e.g. with
HiCSeg(Levy-Leduc et al., 2014), TopDom (Shin et al., 2016). Tools probably are very
conservative, and under-estimate by missing 25% of manually annotated TADs(Stansfield et
al., 2019) (Table 1).

Of course, a challenge for the field in both wet-lab design and dry-lab analyses is that the
work to-date is from bulk culture and there is a need to undertake single cell or purified cell
populations to ensure that TAD structure is not an emergent property from cell population
averaging. Recently, this issue has been addressed by complementary approaches in single
cells using partition ~30 kb across a region of chromosome 21. Interestingly, this revealed
TAD structure and associations with CTCF and cohesin preference; cohesin depletion did
not impact structure at single cell suggesting its CTCF-cohesion that is important(Bintu et
al., 2018). In parallel, others are optimizing single cell approaches that combine Hi-C and
imaging and suggest that there areas of significant heterogeneity between cells in terms of
genomic and allele-specific organization (Finn et al., 2019).
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However, perhaps, the greatest challenge will be the data integration approaches, which will
be designed, implemented and interpreted by bioinformatically trained researchers. \We now
stand approximately 50 years after the conception of bioinformatics (reviewed in (Hogeweg,
2011)) and, in comparison to the 50-year widespread application of molecular biology
(Weaver, 1970, Danna et al., 1971, Saiki et al., 1988, Hunkapiller et al., 1991), it is far from
clear that bioinformatics is on a trajectory to also become democratized. Currently, it is far
from clear how the research community stands in terms of the widespread application of
bioinformatics. The unprecedented insight generated by the large-scale biological meta-
projects such as The Human Genome Project(Roberts et al., 2001), ENCODE(Birney, 2012,
Consortium et al., 2007), RoadMap Epigenome(Roadmap Epigenomics et al., 2015),
FANTOM(Sanli et al., 2013), IHEC (Bujold et al., 2016, Chen et al., 2016) and TCGA
(Cancer Genome Atlas Research et al., 2013) was achieved in large part through the success
of the intensive data analytic initiatives within these projects. Unfortunately, at present, there
is a worrying possibility that, given the ever-increasing computational and statistical
requirements to map genomic topology, these remarkable achievements will themselves
become islands of bioinformatically-driven genomic insight in oceans of reductionist
biology. This will profoundly impede dissection and exploitation of how TAD structure
governs hormonal signaling and is corrupted in cancer.

4. Summary and Future Challenges.

The visual density of the nucleus impeded early workers from appreciating the diversity of
the structure-function relationships that were dynamically regulated across the life-cycle of
the cell. Advancements in microscopy and the development of molecular biology techniques
enabled significant developments in understanding, but the major catalyst for deciphering
genomic organization and function was sequencing the human genome, and the development
of statistical approaches and computational resources to undertake complex genomic
analyses. This led to the first attempts to capture the 3D genome in 2012 and the
identification of TADs(Dixon et al., 2012, Nora et al., 2012). Subsequently, it has become
clear that the TAD structure is both biologically important and provides a major conceptual
level for understanding genomic organization and gene regulation.

In terms of understanding how TAD structure can impact hormone-responsive cancers, there
are both opportunities and challenges. The opportunity exists to integrate the understanding
of TAD structure and organization into a comprehensive understanding of cancer and
progression risks. For example, the choices of genomic bindings sites (cistrome) for either
the ERa in breast cancer or the AR in prostate cancer are highly diverse. Understanding is
emerging of the forces that shape these cistromes and how they determine the magnitude and
amplitude of transcriptional signals (transcriptome), but many questions remain. It is unclear
how TAD structure truly determines these cistrome-transcriptome relationships, and which
mechanisms distort these actions in cancer progression and therapy resistance. There are
clear examples of TAD boundary erosion and enhancer hijacking, but it is largely unknown
at the genome-wide level how germline variation, somatic structural variation and
epigenomic mechanisms may each contribute to these processes of boundary erosion and
determining enhancer promiscuity.
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In many ways, this is a readily achievable research goal at least within cell models; 3D
genomic approaches are well-developed as are cistromic and transcriptomic methodologies.
However, this now raises the prospect that hormone responsive cancer research will require
3D-cistrome-transcriptome data capture and analyses. Collectively, this is neither a trivial
experimental challenge nor a financially modest endeavor. However, significant efforts have
been made by leaders in the field to generate 3D genome browsers that will potentially
enable more rapid assimilation of this information to the wider research community(Li et al.,
2019a, Morita et al., 2019, Wang et al., 2018b, Yauy et al., 2018, Robinson et al., 2018).

Transition into patient samples is always more challenging, but there is a realistic possibility
that greater understanding in the basic biology of TAD structure and function and how
germline variation, somatic structural variation and epigenomic mechanisms converge
selectively on specific TAD will lead to a personalized prediction of individual risk of
disease and progression. For example, analyses of peripheral blood cells will reveal germline
interplay with TAD boundary structure, and analyses of circulating tumor cells will similarly
reveal how these boundaries are distorted. Computational approaches can impute or predict
TAD structure, and intra-TAD configuration(Matthews et al., 2018, Sauerwald et al., 2017).

In turn, mathematical modelling of these approaches within a systems biology framework
will allow predictive modelling of hormonal responsiveness, perhaps in the first instance for
key cancer pre-disposing TADs such as the one on chr 8 containing MYC. It is highly likely
that analyses of how germline variation, somatic structural variation and epigenomic
mechanisms impacts TAD structure and in turn governs hormone signaling and will be
essential to develop a more complete understanding of how hormone responsive cancers
arise in humans, propagate and respond to therapies.
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A. Normal genomic organization

B. Cancer genomic organization

A | 2 —— S
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Figure 1: TAD organization in health and disease.
A. In normal cells TADs are organized such that boundaries arise by the action of multi-

protein complexes centered on CTCF and cohesin complexes. These act to insulate the
contents of the TAD which range in size from 100 kb to 1-2 mb. Within a TAD, enhancers
(in orange) regulate target genes through further looping events and exert positive and
negative impacts on gene expression. Often these gene expression patterns are highly
coordinated and governed by multiple enhancer interactions.

B. In cancer cells there many examples of these process being corrupted. There is good
evidence that boundary function is altered (1) with loss and gain of boundaries and changing
the TAD structure. Generally, it appears the cancer genome gains more TADs of shorter
length. This change of TAD structure can change enhancer function (2, 3) such that
previously insulated genes are subsequently regulated by new enhancers. This is further
distorted by structural variations impacting boundary function (1) and enhancer responses
(2,3). The coordinated gene regulation within a TAD also allows for emergent changes in
epigenetic regulation (4). That is, mutations in epigenetic regulators such as EZH2 can
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modestly change the regulation of individual genes in a TAD, but the collective effect on all
genes is pronounced if all the genes are on a pathway for example.
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Figure 2: Mutation, copy number variation and expression of genesinvolved in boundary
formation in hormone responsive cancers.

Gene mutation, copy number variation and expression z-score pan-cancer data for breast
(BRCA), ovarian (OV), pancreatic (PAAD), prostate (PRAD), thyroid (TH),
pheochromocytoma (PCPG), Testicular Germ Cell (TCG), Adrenocortical (ACC) were
downloaded using the R platform for statistical computing using the cgdsr package. The
genes selected were chosen by the studies highlighted in the text, as well as choosing
paralogs identified by Human Genome Nomenclature. Gene mutation and copy number
variation data was normalized to the number of tumors within the cohort, and also
normalized to gene length for the mutation data. The normalized mutation, copy number
variation and expression was then visualized as a heatmap (pheatmap) using average
Manhattan clustering.
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Representative computational packages for analyses of chromatin capture experiments. Each package is
implemented in the R language for statistical computing and the focus of the data type and function of the
analytical approache alongside the relevant publications are indicated.

Package Focus Function Publication
sevenC CTCF ChIP-Seq Predicts chromatin loops from CTCF ChIP-Seq data

diffloop ChIA-PET and RNA- Identify differential chromatin topology between cell conditions and annotate (165)

Seq with gene expression
R3Cseq 3C Identify genomic loops between two fixed points (166)
CHICAGO Capture-Hi-C Analyses of HiC data that are enriched for genomic features of interest (167)
HiTC Hi-C Normalization and visualization of Hi-C data, TAD detection (168)
multiHiCcompare | Hi-C Normalization and visualization of Hi-C data, TAD detection (144)
HiCRep HiCseg Hi-C Assess reproducibility in Hi-C data, and ormalization and visualization of Hi- | (169)
C data, TAD detection
TopDom Hi-C Normalization and visualization of Hi-C data, TAD detection (148)
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