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Abstract

Cancer arises from genetic alterations that produce dysregulated gene ex-
pression programs. Normal gene regulation occurs in the context of chro-
mosome loop structures called insulated neighborhoods, and recent studies
have shown that these structures are altered and can contribute to oncogene
dysregulation in various cancer cells. We review the types of genetic and epi-
genetic alterations that influence neighborhood structures and contribute to
gene dysregulation in cancer, present models for insulated neighborhoods
associated with the most prominent human oncogenes, and discuss how such
models may lead to further advances in cancer diagnosis and therapy.
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INTRODUCTION

The idea that structural alterations of chromosomes may cause disease is nearly as old as the chro-
mosome theory of inheritance (Boveri 1914). The first discovery of a chromosomal translocation,
the Philadelphia chromosome, in the blood cells of a leukemia patient (Nowell & Hungerford
1960) stimulated further study of the potential roles of chromosome structural alterations in the
neoplastic state of cancer cells. Such studies revealed that structural alterations of chromosomes
often contribute to the dysregulation of cellular gene expression programs in cancer cells (Rabbitts
1994, Vogelstein & Kinzler 2004). More recently, chromosome conformation capture technolo-
gies, which detect DNA interactions genome-wide, have led to important new insights into the
roles that chromosome structures play in normal gene control and have revealed how various
alterations in chromosome structure contribute to gene dysregulation in disease (Bickmore & van
Steensel 2013, Bonev & Cavalli 2016, Corces & Corces 2016, de Laat & Duboule 2013, Dixon
et al. 2016, Gibcus & Dekker 2013, Gorkin et al. 2014, Groschel et al. 2014, Hnisz et al. 2016a,
Krijger & de Laat 2016, Lupianez et al. 2015, Merkenschlager & Nora 2016, Ong & Corces 2014,
Phillips-Cremins & Corces 2013, Valton & Dekker 2016).

Recent studies have revealed that interphase chromosomes are organized into thousands of
DNA loops, which are anchored, in part, through the interactions of CTCF proteins that bind to
two separate sites in DNA and to one another; these CTCF-CTCEF interactions are reinforced
by the cohesin complex. These loops generally contain one or more genes together with the
regulatory elements that operate on them. The loop anchors constrain the regulatory elements to
act predominantly on genes within the loop. In this manner, the anchors insulate genes and their
regulatory elements from other regulatory elements located outside the neighborhood, and thus
the CTCF-CTCEF anchored loop structures have been called insulated neighborhoods.

We review recent evidence that genetic and epigenetic alterations can disrupt insulated neigh-
borhoods in cancer cells and thereby contribute to the transformed phenotype. We present models
for insulated neighborhoods associated with prominent human oncogenes and identify neighbor-
hoods that are altered based on cancer genome sequence data. Finally, we discuss how knowledge
of insulated neighborhoods may lead to further advances in cancer diagnosis and therapy.

CHROMOSOME STRUCTURES

Interphase chromosomes are organized in a hierarchy of structures, and these can play important
roles in transcriptional regulation (Figure 1). Detailed descriptions of the various layers of genome
organization and the history of this field can be found in other excellent reviews (Bickmore & van
Steensel 2013, Cavalli & Misteli 2013, de Laat & Duboule 2013, Dekker & Heard 2015, Dixon
etal. 2016, Gibcus & Dekker 2013, Gorkin et al. 2014, Merkenschlager & Nora 2016). We first
provide a brief description of the layers of chromosome structural organization as background to
the recent concept that chromosome loops are a structural and functional unit of gene control in
mammalian cells.

Chromosomes in interphase nuclei tend not to intermingle but occupy distinct regions within
the nuclear space (Figure 1). In situ hybridization and microscopy techniques revealed that these
chromosome territories are a general feature in mammalian nuclei and that the territorial organi-
zation of chromosomes is maintained through cell division, although the positions of chromosome
territories can be reshuffled (Cremer & Cremer 2010). At present, the mechanisms that maintain
chromosome territories are unknown.

Chromosome conformation capture technologies initially revealed that interphase chromo-
somes are partitioned into megabase-sized folding entities termed topologically associating do-
mains (TADs) (Figure 1) (Dixon et al. 2012, Nora et al. 2012). TADs are regions of DNA that
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Figure 1

Chromosome structures. (Left) Hierarchy of chromosome structures: chromosome territories, TADs, and
insulated neighborhoods. (Right) The experimental methods typically used to identify these structures.
Abbreviations: ChIA-PET, chromatin interaction analysis by paired-end tag sequencing; TAD, topologically
associating domain.

show a high frequency of interactions relative to regions outside the TAD boundaries. Early stud-
ies reported about 2,000 TADs, which tend to have similar boundaries in all human cell types
and contain on average eight genes whose expression is weakly correlated (Dixon et al. 2012,
2015). TADs were postulated to help constrain interactions between genes and their regulatory
sequences (Dixon etal. 2012). The initial studies produced data at approximately 40-kb resolution,
which was not sufficient to determine the mechanistic basis of TAD formation and maintenance,
although an abundance of CTCF-bound sites was noted at TAD boundaries (Dixon et al. 2012).

Insightsinto the relationship between chromosome structure and gene regulation have emerged
from studies that focused on the roles of chromosome-structuring proteins in DNA interactions
and that used chromatin contact mapping technologies that provided a high-resolution view of
DNA contacts associated with those proteins (Figure 1) (DeMare et al. 2013, Dowen et al. 2014,
Handoko et al. 2011, Ji et al. 2016, Phillips-Cremins et al. 2013, Splinter et al. 2006, Tang et al.
2015, Tolhuis et al. 2002). These studies showed that chromosomes are organized into thousands
of DNA loops, formed by the interaction of DNA sites bound by the CTCF protein and occupied
by the cohesin complex. The anchors of these CTCF-CTCF loops function to insulate enhancers
and genes within the loop from enhancers and genes outside the loop. These CTCF-CTCF loops
have thus been called insulated neighborhoods, but they have also been called sub-TADs, loop
domains, and CTCF-contact domains (Dowen et al. 2014, Phillips-Cremins et al. 2013, Rao et al.
2014, Tang etal. 2015). For the purposes of this review, we use the term “insulated neighborhoods”
to describe CTCF-CTCF loops that encompass at least one gene.

THE INSULATED NEIGHBORHOOD MODEL

Insulated neighborhoods are formed by an interaction between two DNA sites bound by the
transcription factor CT'CF and the cohesin complex (Figure 1) (Hnisz et al. 2016a). The term

www.annualreviews.org o Chromosome Structure in Cancer

23



@Supplemental Material

24

insulated neighborhood is used to describe a CTCF-CTCF loop that encompasses at least one
gene, but in some cases, these loops are nested within a larger CT'CF-CTCF loop that can also
be considered an insulated neighborhood. Insulated neighborhoods form the mechanistic basis of
TADs: TADs typically consist of a large TAD-spanning CTCF-CTCEF loop that can encompass
additional smaller CTCF-CTCF loops (Hnisz et al. 2016a, Ji et al. 2016, Tang et al. 2015, Zuin
et al. 2014). In human embryonic stem cells, there are at least 13,000 insulated neighborhoods,
which range from 25 kb to 940 kb in size and contain from one to ten genes (Ji et al. 2016). The
median insulated neighborhood is ~190 kb and contains three genes. These numbers can vary
depending on assumptions made when filtering genomic data but provide an initial description of
genomic loops that is useful for further analysis.

Several lines of evidence argue that the CTCF-bound anchor sites of insulated neighborhoods
insulate genes and regulatory elements within a neighborhood from those outside the neighbor-
hood. Genome-wide analysis indicates that the majority (>90%) of enhancer-gene interactions
occur within insulated neighborhoods (Dowen et al. 2014, Hnisz et al. 2016b, Ji et al. 2016).
Perturbation of insulated neighborhood anchor sequences leads to changes in gene expression in
the vicinity of the altered neighborhood boundary (Dowen et al. 2014, Ji et al. 2016, Narendra
etal. 2015, Sanborn etal. 2015). Insulated neighborhood boundary elements coincide with the end
points of chromatin marks that spread over regions of transcriptional activity or repression (Dowen
etal. 2014). These lines of evidence indicate that the insulating function of the neighborhood loop
anchors contributes to normal gene regulation.

Insulated neighborhoods and the CTCF-CTCF loops that form them are largely maintained
during development, and the subset of CTCF sites that form neighborhood loop anchors shows
little genetic variation in the germ line (Hnisz etal. 2016a). However, allele-specific CTCF binding
contributes to the formation of allele-specific insulated neighborhoods at imprinted genes (Hnisz
et al. 2016a), and cell type—specific CT'CF binding and neighborhoods appear to make some
contribution to cell-specific transcriptional programs (Bunting et al. 2016, Narendra et al. 2015,
Splinter et al. 2006, Tolhuis et al. 2002, Wang et al. 2012).

Although the foregoing descriptions of CTCF-CTCEF loops and TADs may suggest that these
are static structures, several lines of evidence suggest that they are dynamic. Both CTCF and
cohesin dynamically interact with DNA (Hansen et al. 2017), and as described below, their binding
is influenced by several different factors and post-translational modifications. Modeling studies
suggest that chromatin contact mapping data represent an assembly of configurations that can
differ between individual cells in the cell population, between time points within the same cell,
and between alleles of a locus within the same cell (Figure 2) (Fudenberg et al. 2016, Giorgetti
et al. 2014, Imakaev et al. 2012, Naumova et al. 2013). Consequently, the loop models displayed
in this review and in other reports represent the predominant configurations deduced from cell
population data or, in some cases, a combination of configurations that are inferred from the data.

Insulated neighborhoods cover most of the genome, and thus genes that play prominent roles
in cancer biology are typically found within them. These genes include, but are not limited to,
KRAS, NRAS, and BRAF, which are members of the RAS and RAF pathway (Figure 34-c) (Bos
1989, Downward 2003); MYC, the most frequently overexpressed and amplified human oncogene
(Figure 3d) (Beroukhim et al. 2010); TP53, which encodes the p53 protein and is the most
frequently mutated gene in all cancers (Figure 3e) (Lawrence et al. 2014); EGFR, which encodes
the epidermal growth factor receptor, a major drug target (Figure 3f") (Lynch et al. 2004); and
CD274, or programmed death-ligand 1 (PD-L1), and the gene encoding its receptor PDCD]I,
which are immune checkpoint targets for cancer immunotherapy (Figure 3g,b) (Hamid et al.
2013, Pardoll 2012). More detailed information on the structures of these loci is provided in
Supplemental Figure 1. These models rely on data from a cell line but provide the reader with
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Insulated neighborhood models. (Lef?) Schematic representations of the experimental data and (right) models of their interpretation.
Insulated neighborhoods are thought to be dynamic, and alternative neighborhood configurations indicated by the experimental data
may occur in different cells of the population or within the same cell at different times or on different alleles within the same cell.

one view of the structural features of these loci and a potential foundation for further exploration
of these structures in primary cells of various cancer types.

REGULATORS OF INSULATED NEIGHBORHOOD STRUCTURE

The proteins that are best understood to contribute to insulated neighborhood anchor structures
are CTCF and cohesin, as discussed in more detail below. There are additional factors that have
been implicated in establishing, maintaining, or modifying insulated neighborhood anchor struc-
tures (Figure 4). These include structural maintenance of chromosomes (SMC) proteins such as
condensin II, the CT'CF-like protein BORIS, poly (ADP-ribose) polymerase, DNA methylation,
noncoding RINA species, and the process of transcription by RNA polymerase II.

CTCF

CTCEF isazinc-finger transcription factor that was originally identified as a repressor of the c-MYC
oncogene (Baniahmad et al. 1990, Lobanenkov et al. 1990). CTCF is conserved in eukaryotes
from Drosophila to Homo sapiens, is essential for embryonic development in mammals, and is
ubiquitously expressed in all cells (Ghirlando & Felsenfeld 2016). CTCF has long been described
as a component of insulators, which are DNA elements that can block the ability of enhancers
to activate genes when placed between them (Bell et al. 1999). Several recent reviews provide
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Insulated neighborhoods containing genes with prominent roles in cancer. Insulated neighborhoods were identified from
high-confidence interactions detected in CTCF ChIA-PET data in GM12878 cells (Tang et al. 2015). Insulated neighborhoods are
depicted as arcs, with those containing the gene of interest in orange. The length of the largest such neighborhood is noted. CTCF
binding profiles (ChIP-seq) are displayed in gene tracks below the insulated neighborhood arcs (ENCODE Project Consortium 2012),
and read density is measured as reads per million mapped reads. The genes with prominent roles in cancer are depicted with black
arrows and identified in black font. Only a subset of neighborhoods at each locus is shown for simplicity; more detailed information can
be found in Supplemental Figure 1. The genomic coordinates (hgl9 genome assembly) of the displayed loci are (2) KRAS,
chromosome (chr) 12:23,328,472-26,234,964; (b) NRAS, chr1:114,471,740-116,063,184; (c) BRAF, chr7:140,149,898-141,280,727;

(d) MYC, chr8:127,797,231-130,842,492; (¢) TP53, chr17:7,398,136-7,751,726; (f ) EGFR, chr7:54,800,278-56,193,912; (g) CD274,
chr9:4,706,510-5,693,885; and (b)) PDCD1, chr2:241,704,545-243,199,373. Abbreviations: ChIA-PET, chromatin interaction analysis
by paired-end tag sequencing; ChIP-seq, chromatin immunoprecipitation and sequencing.
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Chromosome structure regulators. (#) Regulatory mechanisms and their impact on the chromosome
structure regulator CTCF. (b) Schematic models of the composition of the structural maintenance of
chromosomes family members cohesin, condensin I, and condensin II. (c) Regulatory mechanisms and their
impact on the chromosome structure regulator cohesin. (¢) Model of DNA loop formation by loop extrusion.
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more detailed information and historical perspectives on CTCF (Ghirlando & Felsenfeld 2016,
Merkenschlager & Odom 2013, Ong & Corces 2014, Phillips & Corces 2009).

Several lines of evidence suggest that CTCF contributes to the formation and maintenance of
chromosome structures such as TADs and the insulated neighborhoods that comprise them. The
majority of the boundary regions of TADs are bound by CT'CF (Dixon et al. 2012, 2015; Nora
etal. 2012), and global depletion of CTCF perturbs the insulating properties of TADs (Zuin etal.
2014). The CTCEF protein is able to form homodimers, and thus, physical interactions between
two CTCF molecules bound at two genomic locations can participate in the formation of DNA
loops (Hou et al. 2008, Palstra et al. 2003, Splinter et al. 2006, Yusufzai et al. 2004).

Chromatin immunoprecipitation and sequencing experiments indicate that approximately
50,000-80,000 sites are bound by CT'CF in mammalian genomes (Kim et al. 2007). However,
functional assays of insulator function found that only a minority of these sites act as insulators
(Liu et al. 2015) or participate in the formation of insulated neighborhood boundaries (Ji et al.
2016). It is possible that two CTCEF sites need to be in a specific orientation in order for the
CTCEF proteins to interact and have an insulating function (Dekker & Mirny 2016, Fudenberg
etal. 2016, Sanborn et al. 2015).

The ability of CT'CF to bind its DNA sequence motif and participate in insulator function
is influenced by DNA methylation and protein modification (Figure 44). CT'CF binds to hy-
pomethylated regions of the genome (Mukhopadhyay et al. 2004), and mechanistic studies of
the H19/IGF2A imprinted locus have revealed that methylation of DNA is sufficient to pre-
vent CTCF from binding to the methylated allele (Bell & Felsenfeld 2000, Hark et al. 2000,
Kanduri et al. 2000, Szabo et al. 2000). CT'CF can be poly(ADP-ribosyl)ated (PARylated), and at
the imprinted H19/IGF2Alocus, PARylation of CT'CF regulates its insulator function (Figure 44),
which is associated with its ability to form DNA loops at the locus (Yu et al. 2004). Studies in
Drosophila have identified additional proteins that interact with CTCF, including DNA helicases,
nucleophosmin, and topoisomerase (Phillips-Cremins & Corces 2013), but whether such proteins
associate with CT'CF in human cells and modulate its function remains to be investigated.

Transcription by RNA polymerase II has been reported to evict CTCF from specific sites
(Lefevre et al. 2008), and various RNA species can enhance or reduce CT'CF binding at specific
loci. The Tsix, Xite, and Xist RNAs produced during X chromosome inactivation can recruit
CTCEF to the X-inactivation center (Kung et al. 2015), whereas the Jpx RNA evicts CTCF from
the Xist promoter (Sun et al. 2013) (Figure 44). An antisense transcript (W7rap53) produced at the
TP53 locus was found to contribute to CT'CF binding (Saldafia-Meyer et al. 2014) (Figure 44).

The CTCEF gene has an ortholog in mammals called CTCFL or BORIS, which may also
participate in DNA loops. Whereas CTCF is ubiquitously expressed in all cell types, the expression
of BORIS is thought to be restricted to male germ cells (Loukinov et al. 2002). BORIS appears
to bind the same DNA sequence as CT'CF, and its expression is mutually exclusive with CTCF
during germ-cell development (Loukinov et al. 2002).

Cohesin

Cobhesin is a multiprotein complex that belongs to the SMC family of proteins (Figure 45), whose
members are conserved in both prokaryotes and eukaryotes (Nasmyth & Haering 2009). Cohesin
consists of a tripartite ring of three subunits—SMC1, SMC3, and RAD21—which in human cells
is bound by accessory factors that include STAG1 or STAG2. Cohesin was initially studied for its
role in sister chromatid cohesion and was later found to play important roles in gene regulation
(Dorsett & Merkenschlager 2013, Hirano 2006, Merkenschlager & Odom 2013, Nasmyth &
Haering 2009, Uhlmann 2016).
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Cobhesin forms a ring whose internal dimensions are sufficient to entrap two DNA molecules,
providing a model to explain how it contributes to DNA loops, but it is also possible that two
connected cohesin rings function in DNA loop formation (Nasmyth & Haering 2009). Cohesin
is loaded onto DNA by the SMC loading factor NIPBL (Figure 4c), which is associated with
the Mediator cofactor, which mediates interactions between enhancers and promoters at active
genes (Kagey et al. 2010). Disruption of cohesin perturbs enhancer-promoter interactions and
gene expression (Kagey et al. 2010, Seitan et al. 2011, Zuin et al. 2014).

Cobhesin is also associated with CTCF-bound sites and contributes to insulation when two
CTCF-bound sites interact to form the anchors of a DNA loop (Parelho et al. 2008, Rubio et al.
2008, Wendt et al. 2008). The SMC-loading factor NIPBL is not found at CTCF sites, so it is
possible that cohesin is loaded at transcriptionally active sites and then migrates to CT'CF bound
sites, where further movement is inhibited. The STAG1/2 subunits of cohesin can engage in direct
physical interaction with CTCF (Xiao et al. 2011), which may contribute to stable CT'CF-cohesin
association. DNA loop extrusion models have been proposed to account for the formation of DNA
loops; these models posit that where cohesin is initially loaded, extrusion of DNA through the
cohesin ring (or multiple connected cohesin rings) would drive cohesin migration to two CTCF-
bound sites where, if the sites were properly oriented for CTCF-CTCEF interaction, the DNA
loop would be anchored (Dekker & Mirny 2016, Fudenberg et al. 2016, Sanborn et al. 2015).

The regulation of cohesin has been studied primarily in the context of its role in sister chromatid
cohesion, but these regulatory features may also contribute to cohesin regulation in enhancer-
promoter and CTCF-CTCEF interactions. For example, the SMC3 subunit of cohesin can be
acetylated by the ESCO family of acetyltransferases and deacetylated by HDACS, and the acety-
lation is important for the normal retention of cohesin on DNA and sister chromatid cohesion
(Figure 4¢) (Deardorff et al. 2012). Furthermore, cohesin is removed from chromatin in the mi-
totic prophase by the unloading factor Wapl, and depletion of Wapl leads to gross chromosome
organization defects in interphase nuclei (Tedeschi et al. 2013).

Additional SMC complexes have been implicated in the control of chromosome organization.
Vertebrate cells have two condensin complexes (Figure 4b). Although condensin I is excluded
from interphase nuclei, condensin II is loaded, like cohesin, onto interphase chromatin by Nipbl
at active enhancer-promoter interactions (Dowen et al. 2013). The contributions of condensin II
to gene regulation, DNA looping, and larger chromosome structures are not yet understood.

MUTATIONS IN STRUCTURING COMPONENTS AND
NEIGHBORHOOD BOUNDARIES IN CANCER

Translocations of large portions of chromosome arms have been described for decades in tumor
cells, but only recently were mutations in chromosome structure regulators and their binding
sites described and appreciated for their potential impact on specific chromosome structures. In
this section, we describe the spectrum of mutations that impact neighborhood regulators and
neighborhood boundary sites in tumor genomes, and we review evidence suggesting that these
mutations contribute to tumor development (Table 1; see also Supplemental Table 1).

CTCF Mutations

Mutations in the CTCF gene have been reported in breast cancer, endometrial cancer (Lawrence
et al. 2014, Walker et al. 2015), prostate cancer (Filippova et al. 1998), Wilms’ tumor (Filippova
etal. 2002), and head and neck carcinomas (Lawrence et al. 2014). These mutations are predomi-
nantly missense or nonsense and thus predicted to impair CTCF function (Lawrence et al. 2014).
Some tumor cell mutations occur within the zinc fingers of CT'CF and may selectively perturb
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certain neighborhoods because they affect CTCF binding at only a subset of sites (Filippova et al.
2002). The loss of a CTCEF allele can occur in some tumor types, suggesting that CTCF may
act as a haploinsufficient tumor suppressor (Filippova et al. 1998). Consistent with this notion,
mice heterozygous for the CTCF gene display an increased susceptibility to develop tumors in
various radiation and chemical-based cancer induction models (Kemp et al. 2014). Dysregulated
expression of the germ line—specific CT'CF ortholog BORIS has been reported in several cancer
types (Simpson et al. 2005), but it is not yet clear that this contributes to tumorigenesis.

Cohesin Mutations

Mutations in the cohesin complex occur in acute myeloid leukemia (AML) (Cancer Genome Atlas
Res. Netw. 2013), myeloid dysplastic syndrome (Kon et al. 2013), bladder cancer (Guo et al.
2013), breast cancer (Stephens et al. 2012), colorectal cancer (Barber et al. 2008), and Ewing
sarcoma (Crompton et al. 2014), among others (Table 1; see also Supplemental Table 1). In
AML, mutations in all four cohesin subunits (SMC1A, SMC3, RAD21, and STAG2) have been
reported, whereas in solid tumors mutations of the STAG2 subunit occur most frequently. Most
mutations in the cohesin subunits are missense, nonsense, or truncating (Lawrence et al. 2014),
suggesting a loss-of-function effect, which is consistent with the reduced level of DNA-bound
cohesin reported in cohesin-mutant AML cells (Kon et al. 2013).

Recent studies indicate that the tumor-promoting effect of at least a subset of cohesin alter-
ations is linked to its roles in gene regulation and chromosome structure rather than its roles in
proper chromosome segregation. The classic role of cohesin in sister chromatid cohesion would
predict that cohesin mutations in cancer contribute to the neoplastic state through defects in
chromosome segregation and consequent aneuploidy. However, modeling SMC3 mutations that
occur in AML has revealed no association with chromosome segregation defects and aneuploidy
but has revealed an association with the alteration of the gene expression program of the leukemia
cells (Mazumdar et al. 2015, Mullenders et al. 2015, Viny et al. 2015). Furthermore, analysis
of STAG2-mutant bladder cancer did not reveal any association of the STAG2 mutation with
chromosome segregation defects and aneuploidy (Balbds-Martinez et al. 2013).

CTCF Binding Site Mutations

Nucleotide substitutions in the DNA binding site of CTCF occur in the genomes of several
cancer types (Supplemental Table 1), and such substitutions appear to be especially enriched in
CTCF binding sites that form insulated neighborhood boundaries. Nucleotide substitutions in
CTCEF binding sites have been reported in colorectal cancer (Katainen etal. 2015), gastrointestinal
cancer (Umer et al. 2016), esophageal cancer (Hnisz et al. 2016b), liver cancer (Hnisz et al. 2016b,
Katainen et al. 2015), and melanoma (Poulos et al. 2016). Although the functional impact of
these mutations has not been investigated in depth, the observation that insulated neighborhood
boundary CTCF sites are conserved and show limited germ-line variation (Ji etal. 2016), together
with evidence that some of these mutations are recurrent, suggests that many of the somatic
CTCEF site mutations in tumor cells contribute to the neoplastic state by perturbing insulated
neighborhoods.

Epigenetic Alteration of CTCF Binding

Because DNA hypermethylation is a feature of many cancer types and DNA methylation
reduces CTCF binding, insulated neighborhood structures may be compromised in cells with
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hypermethylated DNA (Supplemental Table 1). Indeed, in a subset of gliomas that harbor
mutations in the IDHI gene, tumor-specific hypermethylation is associated with the disruption of
CTCEF binding, alteration of chromosome structure, and dysregulation of oncogene expression
(Flavahan et al. 2016).

Mutations in Regulators of CT'CF and Cohesin

Several regulators of CTCF and cohesin have been recently implicated in cancer, and it is possible
that mutations of some of these regulators contribute to the neoplastic state through the alteration
of insulated neighborhoods. For example, nucleophosmin, a direct physical interaction partner of
CTCEF, is frequently mutated in AML (Cancer Genome Atlas Res. Netw. 2013). Many noncoding
RINA species are implicated in cancer development (Lin & He 2017), and CTCF interacts with
thousands of RNAs, some of which impact its binding to DNA (Kung et al. 2015), so it is plausible
that the dysregulation of noncoding RNAs in tumor cells contributes to alterations of chromosome
structures. ESCO1, the enzyme that acetylates cohesin, is mutated in a subset of endometrial
cancers (Price et al. 2014). In summary, defects in a diverse set of mechanisms may contribute to
alterations of chromosome structure in cancer cells.

IMPACTS OF NEIGHBORHOOD ALTERATIONS IN CANCER

The structural and functional impact of mutations in chromosome structuring components and in
neighborhood boundaries is only beginning to be studied in cancer, but it is useful nonetheless to
consider models that explain how these mutations can contribute to gene dysregulation in tumor
cells (Figure 5). In some instances, these models are supported by experimental data; in others,
they are predictive and await further study.

About half of T cell acute lymphoblastic leukemias contain mutations that activate the TAL]I
oncogene (Armstrong & Look 2005, Van Vlierberghe & Ferrando 2012). In a subset of these
leukemias, the TALI oncogene is activated by microdeletions that remove the boundary of an
insulated neighborhood containing the TALI gene. The disruption of the boundary leads to
inappropriate contacts between the 7ALI gene and regulatory elements normally located outside
the TALI neighborhood (Figure 54) (Hnisz et al. 2016b). Similar microdeletions that disrupt an
insulated neighborhood boundary also occur encompassing the LMO2 oncogene in these T-cell
leukemias (Hnisz et al. 2016b).

Epigenetic alteration of CTCF binding sites at insulated neighborhood anchors can also lead to
oncogene activation. A subset of gliomas harbor a mutation in the IDHI gene, and this mutation is
associated with DNA hypermethylation (Cancer Genome Atlas Res. Netw. 2015, Dang etal. 2009).
A recent study found that in IDHI-mutant gliomas, the methylation of an insulated neighborhood
boundary encompassing the PDGFRA oncogene leads to a loss of the insulating property of the
neighborhood, inappropriate contacts between PDGFRA and an upstream enhancer normally
located outside the PDGFRA neighborhood, and elevated expression of PDGFRA (Figure 5a)
(Flavahan et al. 2016).

Our understanding of insulated neighborhoods in normal gene control suggest additional
models for the impact of genetic or epigenetic alterations of neighborhood structures in gene
dysregulation in neoplastic cells; these have yet to be reported in cancer cells and thus serve merely
as predictions. For example, alterations of neighborhood boundaries or their components may lead
to the activation of silent oncogenes by enabling enhancers within the neighborhood to activate
genes that are normally located outside the neighborhood (Figure 5b). Genetic or epigenetic
perturbation of insulated neighborhood boundaries can lead to a downregulation of genes found
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Figure 5

Insulated neighborhood models for gene regulation and dysregulation in cancer. (#) Disruption of an insulated neighborhood boundary
leads to upregulation of a gene that was in the neighborhood due to inappropriate contact with an enhancer that was outside the
neighborhood. (#) Disruption of an insulated neighborhood boundary leads to upregulation of a gene that was outside the
neighborhood due to inappropriate contact with an enhancer that was inside the neighborhood. (¢) Disruption of an insulated
neighborhood boundary leads to downregulation of a gene that used to be inside the neighborhood. () Disruption of a CTCF anchor
that mediates enhancer-promoter interactions within a neighborhood leads to downregulation of a gene within the neighborhood.
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in neighborhoods (Figure 5¢) (Dowen et al. 2014) and, thus, potentially the loss of expression of
a tumor suppressor. A minority of enhancers and promoters are bound by CTCF, and contacts
between such enhancer-promoter pairs can be facilitated by CTCF-CTCEF interactions (Guo
etal. 2015), so disruption of these interactions can contribute to gene dysregulation (Figure 54).
Because the process of transcription and the presence of RNA species can affect CTCF binding,
altered transcription in the cancer state may also be responsible for changes in neighborhood
structure and function.

FUTURE CHALLENGES: CHROMOSOME STRUCTURES IN CANCER
DIAGNOSTICS AND THERAPY

Genetic and epigenetic alterations of insulated neighborhoods can lead to dysregulation of promi-
nent oncogenes that drive tumorigenesis. These new insights suggest new approaches to identify
mechanisms associated with gene dysregulation in cancer and new approaches to target dysregu-
lated expression of oncogenes and tumor suppressors.

Hnisz et al.



Neighborhood Alteration in Cancer: Identification of Oncogenes
and Dependencies

Somatic mutations and epigenetic alterations that perturb insulated neighborhood boundaries may
be useful to identify oncogenes and dependencies in cancers whose development and progression
are not well understood. The finding that insulated neighborhood boundary alterations occur at
oncogene loci in leukemia and gliomas (Flavahan et al. 2016, Hnisz et al. 2013) suggests that
neighborhoods with recurrently altered boundaries can identify new oncogenic drivers.

Cancer cells can become highly dependent on certain gene products during cancer progres-
sion. The disrupted neighborhood around PDGFRA in IDHI-mutant glioma cells is associated
with the sensitivity of these cells to PDGFRA inhibitors (Flavahan et al. 2016). This suggests that
cancer dependencies engendered by similar mechanisms will be revealed through investigation
of neighborhood alterations in cancer cells. Progress here will require improved understand-
ing of the mutational landscape of noncoding regions of the genome where most neighborhood
boundaries are located and of the epigenetic mechanisms that impact neighborhood boundary
function.

Cancer Susceptibility

Although cancer development occurs as a consequence of somatic alterations of the genome, DNA
variants in the germ line contribute to the susceptibility of cancer development. Recent evidence
that DNA polymorphisms in noncoding DNA are linked to cancer predisposition (Oldridge et al.
2015), that rare germ line variants occur in insulated neighborhood CTCEF sites (Ji et al. 2016),
and that such variants can impact neighborhoods (Tang et al. 2015) indicates that some of the
genetic variation that contributes to cancer susceptibility may occur in insulated neighborhoods.

Epigenetic Editing of CT'CF Anchors

Targeted disruption of CTCF binding and neighborhood integrity, with predictable effects on
gene dysregulation, has been demonstrated through targeted methylation with a catalytically inac-
tive Cas9 (dCas9)-DNA-metyltransferase-3 fusion protein (Liu et al. 2016). Targeted demethyla-
tion with a dCas9-TET fusion protein reversed this effect, allowing CTCF binding and insulated
neighborhood formation (Liu et al. 2016). This suggests that targeted methylation and demethy-
lation of CT'CF binding sites could be used to alter CTCF-CTCF loops that form either insulated
neighborhoods or enhancer-promoter interactions. Such epigenetic editing tools might evolve to
be useful for therapeutic purposes in cancer and in other diseases where gene dysregulation is key
to the disease state.
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