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The structural and functional basis of the genome is provided by the three-dimensional (3D) chromatin state. To enable

accurate gene regulation, enhancer elements and promoter regions are brought into close spatial proximity to ensure proper,

cell type–specific gene expression. In cancer, genetic and epigenetic processes can deregulate the transcriptional program. To

investigate whether the 3D chromatin state is also disrupted in cancer we performed Hi-C chromosome conformation

sequencing in normal and prostate cancer cells and compared the chromatin interaction maps with changes to the genome

and epigenome. Notably, we find that additional topologically associated domain (TAD) boundaries are formed in cancer cells

resulting in smaller TADs and altered gene expression profiles. The new TAD boundaries are commonly associated with copy-

number changes observed in the cancer genome.We also identified new cancer-specific chromatin loops within TADs that are

enriched for enhancers and promoters. Finally, we find that many of the long-range epigenetically silenced (LRES) and long-

range epigenetically active (LREA) regions in cancer are characterized by differential chromatin interactions. Together our

data provide a new insight into charting alterations in higher-order structure and the relationship with genetic, epigenetic, and

transcriptional changes across the cancer genome.

The genome is not simply linear, but is exquisitely

folded into a three-dimensional (3D) chromatin structure

to facilitate appropriate cell type–specific gene expres-

sion patterns. The epigenome partitions the genome into

active and inactive domains. Active regions are marked

by open chromatin and active histone marks, whereas

inactive regions are marked by repressive histone modi-

fications and closed chromatin (Fig. 1). For a gene to

be active there needs to be a physical interaction or

chromatin interaction that enables genomic regions that

are distant in linear space on chromosomes to come in

close proximity in 3D space and relay signals—for

example, via enhancer–promoter looping interactions

(Fig. 1). Chromatin loops are maintained by architectural

proteins—for example, insulator protein CCCTC-binding

factor (CTCF) and SMC-family complex, cohesion

(RAD21) (Dixon et al. 2012; Nora et al. 2012; Rao

et al. 2014). Rapid advances of chromosome conforma-

tion capture (3C)-based (Dekker et al. 2002) technologies

such as 4C (Simonis et al. 2006; Zhao et al. 2006), 5C

(Dostie et al. 2006), Hi-C (Lieberman-Aiden et al. 2009),

and ChIA-PET (Fullwood et al. 2009) have provided in-

creasing insights into the 3D architecture of the genomes.

It is now clear that the genome is organized into topolog-

ically associated domains (TADs) or contact domains

that are hundreds of kilobases in size and encompass

multiple genes and regulatory elements (Dixon et al.

2012; Nora et al. 2012). At a higher level, TADs are

organized into functionally distinct megabase compart-

ments, which comprise large blocks of chromatin that are

either A-type (open, gene-rich) or B-type (closed, gene-

poor) (Lieberman-Aiden et al. 2009; Zhang et al. 2012).

TADs are characterized by preferential interactions with-

in them and lack of interactions between different TADs,

suggesting that TAD boundaries act as insulators by

preventing communication between elements on either

side of the boundary. TADs are conserved and reported

to be largely invariant between different cell types (Dixon

et al. 2012; Nora et al. 2012), whereas the chromatin

interactions or loops within TADs are more tissue-specif-

ic (Dixon et al. 2012, 2015; Phillips-Cremins et al. 2013;

Smith et al. 2016). Because the genome and the epige-

nome are both highly deregulated in many cancer types,

we were interested to determine whether the 3D chroma-

tin organization in cancer was also disrupted and if this

was associated with the aberrant gene expression, such as

activation of oncogenes or inactivation of tumor-suppres-

sor genes.

TAD ORGANIZATION IS DISRUPTED

IN PROSTATE CANCER CELLS

To elucidate the role of 3D genome architecture in pros-

tate cancer biology, we performed Hi-C and RNA-seq

experiments in normal prostate epithelial cells (PrECs)
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and two prostate cancer cell lines (LNCaP, androgen-

sensitive, and PC3, androgen-resistant) (Taberlay et al.

2016). To further understand the relationship between

cancer genome organization and genetic and epigenetic

remodeling, we used ChIP-seq to probe binding patterns

of transcription factors CTCF and RAD21 and regulatory

elements, including enhancers (H3K4me1 andH3K27ac),

promoters (H3K4me3), and Polycomb (H3K27me3).

Considering the importance of the topological organi-

zation of the genome, we next explored the segmentation

of the normal and cancer genomes into TADs (Dixon

et al. 2012; Nora et al. 2012). Changes within TADs

(sub-TADs) have been reported to occur during cell dif-

ferentiation (Dixon et al. 2015) and reprogramming (Bea-

gan et al. 2016; Krijger et al. 2016) in embryonic stem

cells, which suggests that within the hierarchical genome

structure there is a discrete level of 3D organization that

displays more plasticity to facilitate cell type–specific

expression. We hypothesized that TAD organization

would be disrupted in cancer cells and potentially resem-

ble more closely the organization observed in undiffer-

entiated cells. Comparison of the TAD organization in

normal prostate cells and prostate cancer cells revealed

that cancer cells retain the ability to segment their ge-

nomes into domains; however, we observed large differ-

ences in both their number (Fig. 2A) and in the position

of the TAD boundaries across the genome (Fig. 2B). The

size of TADs was significantly smaller in the two prostate

cancer cell lines compared with normal cells. In PC3

cells, TADs were on average half the size of TADs in

normal PrECs and the number of TADs increased by

approximately twofold compared with PrECs (Fig. 2A).

Interestingly, the large increase in the number of TADs

and the decrease in their average size were even more

prominent in LNCaP cells. In LNCaP cells, TADs were

on average 0.3 times the size of those in PrECs and their

number increased by 3.5-fold (Fig. 2A). The variability

between the two prostate cancer cell lines could be

potentially explained by the differences in the biology

of these cells.

By visualizing topological domains as 2D interaction

matrices, we observed that large domains in normal cells

were often subdivided into smaller domains (“subdo-

mains”) in cancer cells (Fig. 2B). We further validated

this observation, by comparing the number of TADs iden-

tified in cancer cells that are located entirely within the

large TADs observed in PrECs to a random overlap.

Indeed, the number of cancer-associated domains (iden-

tified in PC3 and LNCaP cells) found to be subdomains

of normal cell (PrEC) TADs was significantly higher than

expected by chance (P , 0.01). Similar observations

were recently reported by Barutcu et al. (2015, 2017).

Here the authors studied genome-wide chromatin inter-

action patterns in epithelial and breast cancer cells and

discovered that TADs were frequently “broken” into

multiple sub-TADs in cancer cells. Taken together, the

findings show that although the segmentation of the ge-

nome into well-defined TADs is still maintained in the

cancer genome, the characteristics of TADs in cancer

cells are significantly different to TADs in normal cells.

To further delineate the differences we observed in the

TAD organization between normal and cancer genomes,

we intersected the TAD boundaries identified in each of

the cell types and categorized the boundaries as either

“constitutive” (present in all three cell types), “cancer-

specific” (present in both cancer cell lines, but not in

normal cells), or “facultative” (maintained in only one

of the cell lines studied). Topological domain boundaries

Figure 1. The epigenome partitions the genome into inactive or active domains. Inactive regions are marked by closed chromatin and
repressive modifications (e.g., DNA methylation) and active regions are marked by open chromatin and active histone marks (e.g.,
H3K4me1 and H3K27ac). For a gene to be active there needs to be a physical chromatin interaction that enable genomic regions that
are distant in a linear space on chromosomes to come in close proximity in three-dimensional space and relay signals (e.g., via
enhancer–promoter interactions). These have been shown to be maintained by architectural proteins (e.g., CTCF and RAD21).
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represent the region of strict division between two TADs

and are characterized by high stability among normal

cell types (Dixon et al. 2012, 2015). Epigenetic marks,

gene expression, and replication timing were previously

shown to be regulated by TAD architecture (Le Dily et al.

2014; Pope et al. 2014). Recent Hi-C studies revealed that

architectural proteins play a critical role in determining

the 3D organization of the genome. The insulator pro-

teins, CTCF and cohesin, are the most well-known archi-

tectural proteins that are known to be involved in TAD

formation and maintenance (Misteli 2007; Phillips and

Corces 2009). However, the exact mechanisms by which

architectural proteins function to form and maintain TAD

boundaries are still not well-understood. In multiple cell

types, TAD boundaries have been shown to work as

insulators by restricting interaction with genes in the

neighboring TADs (Nora et al. 2012; Andrey et al.

2013; Symmons et al. 2014; Giorgio et al. 2015; Lupia-

nez et al. 2015; Tsujimura et al. 2015; Franke et al. 2016).

Thus, we were prompted to investigate what factors

might be contributing to the loss of TAD boundary integ-

rity in cancer. Comparing the locations of boundaries

Figure 2. Topologically associated domains (TADs) in the cancer cell genome. (A) Number and average size (in Mb) of domains
identified in normal prostate cells (PrEC) and prostate cancer cells (PC3 and LNCaP). (B) An example from chromosome 1 of a two-
dimensional chromatin interaction matrix from PrEC, PC3, and LNCaP cells visualized in the WashU Epigenome Browser. Large
TADs found in normal cells are frequently subdivided into two or more domains in cancer cells. (C ) The majority of TAD boundaries
present in normal cells (PrEC) are also present in cancer cells (constitutive boundaries), whereas �20% of boundaries were maintained
in only one of the two cancer cells (cell type–specific boundaries). Cancer cells (LNCaP and PC3) share a large proportion of their
TAD boundaries (cancer-specific boundaries; logFC ¼ 5.4, P , 0.0001). (D) Observed/expected fold enrichment of CTCF binding
at the domain boundaries in PrEC, PC3, and LNCaP cells. Genome-wide average distribution of CTCF binding around the TAD
boundaries in PrEC, PC3, and LNCaP cells. (Adapted, with permission, from Taberlay et al. 2016,# Cold Spring Harbor Laboratory
Press.)
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between the two prostate cancer cell lines, we found

.90% of boundaries present in normal cells were

also present in at least one cancer cell type (Fig. 2C).

Of these, �80% were “constitutive” (present in all three

cell types), whereas �20% were “facultative,” as they

were maintained in only one of the two cancer cell lines

studied. Importantly, out of all of the nonconstitutive

boundaries, 30% were cancer-specific TAD boundaries.

This suggests that the acquisition of new sub-TAD bound-

aries at similar genomic locations is a cancer-specific

process of 3D reorganization. In support of this concept,

we observed high fold change (observed over expected)

overlap between the two sets of new TAD boundaries in

each cancer cell type (Fig. 2C). An intriguing explanation

for the formation of new TAD boundaries in cancer is that

these may be related to widespread epigenome remodel-

ing and genetic alterations that are frequently observed in

cancer. To test that possibility, we analyzed ChIP-seq

data of architectural proteins and histone modifications.

We found that TAD boundaries in all three cell types were

highly enriched for CTCF (Fig. 2D), with �7% of

all CTCF binding sites being located at TAD boundaries.

However, we did not observe major differences in CTCF

enrichment between normal and cancer cells. This result

may be expected because CTCF is known to be a con-

served insulator element (Li et al. 2013).

Recently, there has been a growing interest into eluci-

dating the role of genetic changes on the organization of

the 3D chromatin in cancer. The vast majority of genetic

alterations found in the cancer genome occur outside of

protein coding regions, and therefore the functional con-

sequences can be difficult to interpret. We hypothesized

that alterations frequently found in the cancer genomes

may result in the disruption of TADs and therefore pro-

vide an explanation for the large increase in sub-TADs

observed in the cancer cells. It is well established that the

genomes of prostate cancer cells can have recurrent copy-

number alterations (Williams et al. 2014; Boutros et al.

2015). We therefore next asked whether copy-number

variants (CNVs) could provide a compelling explanation

for the formation of new TAD boundaries. We surmised

that copy-number changes located within a TAD could

result in change in local chromatin interactions and thus

lead to aberrant contacts between two distant regions and

formation of a new TAD boundary. To test this hypothe-

sis, we identified 60 chromosomal variants, up to 10 Mb

in size, that were present in both LNCaP and PC3 cells,

identified using single-nucleotide polymorphism (SNP)

arrays. We intersected the locations of cancer-specific

TAD boundaries with the identified cancer CNVs. Inter-

estingly, we observed that �70% of the CNVs that were

shared between LNCaP and PC3 cells were also located

at or in close proximity to the newly formed cancer-spe-

cific domain boundaries. For example, a 400- to 600-kb

cancer-specific deletion on Chromosome 17p13.1 is

associated with the establishment of a new domain bound-

ary in both prostate cancer cell lines and a resulting

change in local interactions across this region (Fig. 3).

Interestingly, this locus harbors the TP53 gene and is

commonly deleted (14.8%) in all prostate cancers (Kluth

et al. 2014). Consistent with this finding, previous reports

suggested that genomic deletions at TAD borders in nor-

mal cells result in a change in local chromatin organiza-

tion and in a formation of new domain boundaries (Nora

et al. 2012; Ibn-Salem et al. 2014). These findings sug-

gest an important role of genetic alterations in defining

the cancer-specific disruption to the 3D genome organi-

zation. As it is known that TAD boundaries are crucial for

controlling the action of enhancers on genes in adjacent

TADs (Nora et al. 2012; Dowen et al. 2014; Symmons

et al. 2014), our findings may help explain the altered

gene expression profiles in cancer cells.

CANCER CELLS ARE CHARACTERIZED BY

FREQUENT LOCAL DIFFERENTIAL

CHROMATIN INTERACTIONS

Alterations in local chromatin interactions have been a

focus of many studies into long-range gene regulation and

oncogene activation in cancer. To further understand the

role of atypical chromatin interactions in prostate cancer,

we used a diffHiC package (Lun and Smyth 2015) to

identify and characterize differential interactions between

normal prostate and prostate cancer cells. diffHiC permits

analysis of interactions with significant differences in

intensity between two biological conditions. Then we

used the diffHiC data to define anchor points of chroma-

tin interactions (Fig. 4A). By comparing normal prostate

(PrEC) interaction data independently to each of the

prostate cancer data sets (PC3 and LNCaP), we obtained

more than 2000 differential high-confidence interactions

for each of the comparisons (Fig. 4B). By intersecting the

two differential data sets, we found that majority of all

differential interactions identified in a comparison of

PrEC with PC3 were also found in a comparison of

PrEC with LNCaP, suggesting that the majority are com-

mon, cancer-specific interactions (Fig. 4B). Interestingly,

differential interactions were enriched in cancer cells,

suggesting that cancer cells gain interactions more easily

than lose interactions (Fig. 4C). This observation is in

agreement with previous reports showing that cancer cells

have atypical enhancer–promoter interactions that lead to

disruption of gene regulation (for review, see Achinger-

Kawecka and Clark 2017). Dixon et al. (2015) recently

showed that majority of changes in local chromatin

interactions during cell differentiation occur within the

borders of the TADs, with only a very small number of

interactions crossing the TAD boundaries. This suggests

that atypical enhancer–promoter interactions in cancer

cells may be restricted by the presence of conserved

TAD boundaries in these cells. Notably, we observed

that the most significant differential interactions are pre-

dominantly located within topological domains, further

supporting that hypothesis.

To delineate the role of differential interactions in

prostate cancer biology, it is crucial to understand their

potential context in relation to epigenome remodeling. To

determine whether regulatory elements may be associat-

ed with differential interactions, we used ChromHMM

ACHINGER-KAWECKA ETAL.44



Figure 3. Copy-number variants (CNVs) are located at cancer-specific topologically associated domain (TAD) boundaries. A
representative example from Chromosome 17 showing a deletion encompassing the TP53 locus (shown in green) that is present
in both cancer cell lines is associated with a formation of a new, cancer-specific domain boundary and a change in local chromatin
interactions in both cancer cell lines. (Reprinted, with permission, from Taberlay et al. 2016, # Cold Spring Harbor Laboratory
Press.)
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(Ernst and Kellis 2012) and annotated the epigenomes of

each normal and cancer cell type into distinct chromatin

states (obtained from Taberlay et al. 2014). When we

intersected the identified chromatin states with the anchor

points of cancer-specific interactions, we observed high

enrichment for enhancers that were marked by CTCF,

promoters marked by CTCF as well as distal CTCF

sites, suggesting that functional elements occupied by

CTCF may facilitate new interactions in cancer cells

(Fig. 4D). The high overrepresentation of enhancers and

promoters at differentially interacting sites prompt us to

investigate whether changes in local chromatin interac-

tions could affect expression of nearby genes. First, we

compared the expression of genes located at anchor

points of differential interactions between normal and

cancer cells using RNA-seq and we discovered that novel

cancer-specific chromatin interactions were associated

with altered gene expression (Fig. 4E). Altogether,

�80% of all differential interactions in cancer cells cor-

related with differential expression of genes located at

anchor points (Fig. 4E), which is consistent with their

enrichment for enhancers and promoters. Second, we

hypothesized that genes located at cancer-specific inter-

actions may be involved in the prostate cancer pathology,

and therefore their expression would be significantly dis-

rupted in tumor samples from prostate cancer patients. To

validate, we tested whether expression of genes located

within differential interactions was also altered in the

TCGA prostate cohort (Cancer Genome Atlas Research

Network 2015). In support of this concept, we determined

that expression of more than half of all genes located at

differential interactions was significantly increased in

tumor samples compared with normal prostate samples

(Fig. 4F). It is interesting to speculate that functional

elements, especially ones occupied by CTCF, may facil-

itate new chromatin interactions in cancer cells. Enhanc-

ers are known to engage in interactions that exist in a

cell type–specific manner and our results support the

hypothesis that enhancer dynamics play a role in regulat-

ing local interaction differences between normal and

cancer cells. Furthermore, altered chromatin interactions

may lead to deregulation of gene expression and contrib-

ute to increased expression of oncogenes in cancer cells

and repression of tumor-suppressor genes.

Our findings highlight that differential chromatin in-

teractions are enriched at enhancers and promoters; how-

ever, these potential new 3D loops remain difficult to

visualize in a linear genome browser. With this in mind

we developed Rondo, a web-based interface for visualiz-

ing Hi-C data (Taberlay et al. 2016). Rondo displays

gene tracks and epigenome data sets, such as ChIP-seq

and RNA-seq, allowing biological interpretation of Hi-C

data in context of other “omic” data sets. Using Rondo,

we visualized differential interactions alongside histone

modifications, and then intersected these with gene

expression data to determine the functional output of

atypical interactions in the prostate cancer cells. A repre-

sentative example of a cancer-specific interaction, which

involves a change in enhancer and promoter marks, as

well as in gene expression, is presented in Figure 4G. In

cancer cells, a novel loop between the enhancer and pro-

moter of NRP1 results in regional activation of genes

as shown by RNA-seq (Fig. 4H). In normal prostate cells

NRP1 is not active, and the putative enhancer is marked

by residual H3K4me1 but is devoid of H3K27ac,

H3K4me3, and CTCF binding in normal cells. In cancer

cells, a marked increase in H3K4me1, H3K4me3, and

H3K27ac signal is observed at both the putative enhancer

and promoter regions of the gene, together with increase

in CTCF binding. Remarkably, this epigenetic remodel-

ing was not restricted to the NRP1 gene boundaries and

also encompassed neighboring enhancers and cancer-

associated genes, such as ITGB1 and PARD3. Expression

of ITGB1,NRP1, and PARD3 genes were all significantly

increased in the cancer cells (Fig. 4H), suggesting that

functional elements and long-range epigenetically regu-

lated domains may be altered concomitant with the

interactome. Interestingly, NRP1 has been shown to par-

ticipate in several different types of signaling pathways

that control cell migration and overexpression of NRP1

has been reported to predict distant relapse after radical

prostatectomy in clinically localized prostate cancer

(Talagas et al. 2013).

RELATIONSHIP BETWEEN LONG-RANGE

EPIGENETIC REMODELING AND 3D

CHROMATIN ORGANIZATION

The concordant inactivation of adjacent genes due to

long-range epigenetic silencing (LRES) has been report-

ed in various cancer types, including colorectal, bladder,

non–small cell lung cancer, breast, prostate, and Wilms’

tumor (Frigola et al. 2006; Stransky et al. 2006; Hitchins

Figure 4. (Figure on previous page.) Differential interactions observed in cancer cells are enriched for enhancers and promoters and
are coincident with altered cancer epigenetic patterns. (A) Anchor points of chromatin interactions were defined as the genomic
locations where an interaction is present. (B) Overlap between anchor points of differential interactions between PrEC and PC3 and
between PrEC and LNCaP cell lines. (C ) Differential interactions are enriched in cancer cells. (D) Enrichment of differential
interactions for enhancers that were marked by CTCF (enhancer þ CTCF), promoters marked by CTCF (promoter þ CTCF), as
well as distal CTCF sites (CTCF) using ChromHMM. (E) Differential interactions are associated with significantly altered gene
expression in cancer cells. (F ) Genes located at differential interactions are associated with altered expression in primary prostate
cohort (TCGA PRAD) (log2 RNA-seq, P value ,0.001). (G) A representative example from Chromosome 10 showing epigenetic
remodeling (activation) of genes located at the differentially interacting region in cancer cells. The promoter and a putative enhancer of
the NRP1 gene are both marked by residual H3K4me1 in normal cells. In cancer cells there is a marked increase in H3K4me1,
H3K4me3, and H3K27ac in cancer cells, indicative of increased gene activity that is association with a formation of a new cancer-
specific interaction. (H ) Genes located at differential interaction are significantly overexpressed in cancer cells (�q value , 0.0001).
(Adapted, with permission, from Taberlay et al. 2016, # Cold Spring Harbor Laboratory Press.)
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et al. 2007; Novak et al. 2008; Seng et al. 2008; Dallosso

et al. 2009; Rafique et al. 2015). In prostate cancer, we

have shown that LRES is primarily characterized by

regional gains of repressive histone marks and loss of

active histone marks encompassing tumor-suppressor

or cancer-associated genes (Coolen et al. 2010). Regional

activation of adjacent genes also occurs in cancer, and

this is due to long-range epigenetic activation (LREA)

(Bert et al. 2013). We found that LREA domains were

associated with simultaneous gains in active histone marks

and loss of repressive histone marks, and these domains

commonly harbor oncogenes (Bert et al. 2013). Although

these findings highlight the important role of long-

range epigenetic remodeling in cancer, the potential im-

pact on higher-order chromatin interactions has not been

characterized.

To study the relationship between long-range epigenet-

ic deregulation and 3D chromatin organization, we tested

the significance of the intersection between LRES and

LREA regions and cancer-specific differential interac-

tions. We confirmed changes in gene expression between

normal and cancer cell lines with RNA-seq. Using Ron-

do, we visualized gene expression, histone modifications,

and differential interactions overlapping known LRES

and LREA domains. Figure 5A shows an example of

differential interactions and epigenetic marks between

normal PrECs and LNCaP cancer cells within a �1-Mb

region LRES region on chromosome 1. In normal cells,

the LRES region that contains the genes PLXNA2,

MIR205, andCAMK1G is actively expressed, as indicated

by RNA-seq, whereas in cancer this region is silenced

(Fig. 5A). Gene silencing across the LRES region is

Figure 5. Long-range epigenetically silenced (LRES) and active (LREA) domains occur at differential interactions in cancer cells. (A)
A representative example of LRES domain on Chromosome 1, showing three chromatin interactions enriched for highly expressed
genes (RNA-seq) and active histone marks in normal cells (H3K4me3 and H3K27ac). In cancer cells, new cancer-specific interactions
are present in that region and are associated with loss of gene expression (RNA-seq), decrease in active histone marks, and increase in
repressive marks (H3K27me3). (B) A representative example of LREA domain on Chromosome 12, showing the absence of chromatin
interactions in normal cells that is associated with low levels of active histone marks (H3K4me3 and H3K27ac) and gene inactivity
(RNA-seq). Aberrant, cancer-specific interactions in cancer cells result in high expression (RNA-seq) of genes and associated increase
in active histone marks (H3K4me3 and H3K27ac). (Adapted, with permission, from Taberlay et al. 2016, # Cold Spring Harbor
Laboratory Press.)
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correlates with a gain of the repressive H3K27me3 mark

and loss of the active H3K4me3 and H3K27ac chromatin

marks (Fig. 5A). In Rondo we could observe a strong

interaction between the active PLXNA2 and MIR205

loci in normal prostate cells. Notably, the chromatin in-

teractions, spanning nearly 1 Mb, were located between

putative active enhancers, marked by H3K27ac (Fig. 5A).

A second interaction in the loci in the normal cells was

observed in the intergenic region bounded by H3K27me3

marks. In contrast, in cancer cells, the chromatin interac-

tions are notably altered. In fact the higher-order interac-

tions between PLXNA2 with a putative enhancer element

in normal cells are no longer observed. Instead, we find

new local interactions and these are associated with loci

that gain H3K27me3. The data are consistent with the

LRES region harboring inactive genes in a more con-

densed chromatin structure, and as such the epigenetical-

ly silenced MIR205 locus no longer interacts with the

PLXNA2 locus in the cancer cells (Fig. 5A).

We also observed alterations in the 3D chromatin

interactions in LREA domains and these too were

associated with gene expression and epigenetic changes.

Figure 5B shows an example of differential interactions

and epigenetic marks between normal PrECs and LNCaP

cancer cells within a �1.2-Mb region LREA region on

chromosome 12. These loci contain the genes PTPRQ,

MYF6, MYF5, LIN7A, ACSS3, and PPFIA2, which in

normal prostate cells are not expressed but in prostate

cancer are concordantly activated (Fig. 5B). Regional

gene activation across the LREA region is associated

with gain of the active H3K4me3 and H3K27ac chroma-

tin marks and new chromatin interactions between the

MYF loci and LIN7A and LIN7A and ACSS3 (Fig. 5B).

Notably, a new chromatin interaction at the PPFIA2 gene

loci is also formed which intersects two potentially dis-

crete enhancer regions enriched for H3K27ac (Fig. 5B).

The data are consistent with the LREA region forming a

more open chromatin structure and as such the epigenet-

ically activated genes form new chromatin contacts with

promoter and enhancer elements that are associated with

concordant gene activation of the region. Together, these

data indicate that long-range epigenetic dysregulation in

cancer is also associated with an alteration in higher-or-

der chromatin interactions commonly at regulatory loci.

CONCLUSION

Cancer is associated with widespread alterations to

the genome and the epigenome. We propose that these

changes are instrumental in the creation of a new 3D

architecture that results in both localized and regional

changes in gene expression. In contrast, the overall high-

er-order spatial organization of chromatin in cancer cells

is highly similar to normal cells suggesting that on a large

scale, chromosomes are folded similarly and retain their

physical positions within the nucleus. Where the spatial

organization of chromatin was altered in the cancer cells

was restricted to the size of the TADs, which are smaller

in cancer. Notably, these smaller TADs reside within the

normal TAD architecture, rather than forming new TADs

spanning domains. In fact, we found that the majority of

domain boundaries that were present in normal cells were

also present in cancer cells. Wewere surprised to find that

more than half of the new smaller subdomain TADs that

were acquired in both prostate cancer cell lines shared

similar new boundaries. Clearly more chromatin confor-

mation studies are required in many more cancer samples

to determine whether there is indeed a cancer-specific

process in 3D reorganization. Second, we identified new

cancer-specific interactions within the smaller TADs. We

found that these cancer differential interactions were en-

riched for regulatory elements (enhancers, promoters, and

CTCF binding sites) suggesting that new chromatin inter-

actions in cancer cells are involved in reprogramming the

unique epigenetic programs of cancer cells. Enhancers are

known to engage in interactions that exist in a cell type–

specificmanner and our results support the hypothesis that

enhancer dynamics play a role in regulating local interac-

tion differences between normal and cancer cells. Finally,

we found that differential interactions also occur within

long-range epigenetically deregulated domains in cancer

cells. The regulatory regions within the long-range epige-

netically deregulated domains show local changes in chro-

matin organization and abnormal chromatin interactions

in both LRES and LREA regions. Of interest, we found

new interactions at putative enhancers associated with

gene activation in the cancer cells in LREA regions and

loss of interactions at putative enhancer elements in cancer

cells that are silenced in cancer in LRES regions.

In summary the implementation of a novel visualiza-

tion tool has allowed us to explore Hi–C interaction data

in relation to the transcription and epigenetic changes

between normal and prostate cancer cells. Our data

support the hypothesis that alterations in the 3D chroma-

tin state underpin the functional basis of the cancer ge-

nome by changing the spatial architecture of regulatory

elements and proximity to genes resulting in aberrant

cancer gene expression. Together our findings provide a

new insight into long-range epigenetic dysregulation

and higher-order chromatin interactions in cancer and

suggests that long-range epigenetic dysregulation in can-

cer is associated with an alteration in higher-order

chromatin interactions commonly at regulatory loci that

potentially results in atypical promoter–enhancer and

enhancer–enhancer interactions in cancer cells.
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