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Abstract

Enhancer-promoter regulation is a fundamental mechanism underlying differential transcriptional regulation. Spatial
chromatin organization brings remote enhancers in contact with target promoters in cis to regulate gene expression.
There is considerable evidence for promoter-enhancer interactions (PEIs). In the recent years, genome-wide analyses
have identified signatures and mapped novel enhancers; however, being able to precisely identify their target gene(s)
requires massive biological and bioinformatics efforts. In this review, we give a short overview of the chromatin land-
scape and transcriptional regulation. We discuss some key concepts and problems related to chromatin interaction
detection technologies, and emerging knowledge from genome-wide chromatin interaction data sets. Then, we critically
review different types of bioinformatics analysis methods and tools related to representation and visualization of PEI
data, raw data processing and PEI prediction. Lastly, we provide specific examples of how PEIs have been used to elucidate
a functional role of non-coding single-nucleotide polymorphisms. The topic is at the forefront of epigenetic research, and
by highlighting some future bioinformatics challenges in the field, this review provides a comprehensive background for
future PEI studies.
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Intr ion .
troductio (TFs), ‘co-activators’, ‘co-repressors’ and the RNA polymerase II

The genetic information of each individual cell in the human
body is coded by the same DNA sequence. Unique cellular
phenotypes are therefore accomplished through different levels
of gene, RNA and protein regulation. Transcriptional regulation
of gene expression is orchestrated by a series of DNA-binding
proteins and protein complexes known as ‘transcription factors’

(RNAPolII). TF binding mainly occurs at clusters of DNA regula-
tory sequences called ‘promoters’ and ‘enhancers’ (for a current
definition of promoters and enhancers, see Boxes 1 and 2), and
it is highly dependent on the differential accessibility and activ-
ity of the primary DNA sequence packed into chromatin.
Generally, chromatin harbours different compaction levels, and
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transcriptionally active regions possess a more open structure.
The openness of the chromatin also depends on the gene rich-
ness of the region [1]. Nucleosomes are the first level of chroma-
tin organization, and are made up of an octamer of histones
(H2A, H2B, H3 and H4) around which DNA is wrapped. Genome-
wide mapping of histone modifications has shown a correlation
of specific histone post-translational modifications with tran-
scriptionally active (e.g. trimethylation of histone H3 lysine 4:
H3K4me3) and silenced genes (e.g. H3K27me3), enhancer activ-
ity (e.g. H3 lysine 27 acetylation: H3K27ac) and heterochromatin
(e.g. H3K9me3) [2-5]. Histone modifications may alter the inter-
action between histone and DNA or act as a binding platform
for proteins or protein complexes that may mediate changes to
chromatin states [6, 7].

Box 1. Promoters

The promoter is the region of DNA where initiation of
transcription takes place. It includes the TSS(s) of the
gene in question, but how far it extends is not precisely
defined. The proximal promoter encompasses the region
immediately upstream (up to a few 100bp) from the core
promoter [149], although arbitrary distance cut-offs are
often seen. Best defined is the core promoter, which is
the narrow DNA segment within which transcription
initiates, or approximately *+40-50bp around the TSS
[150, 151].

The functional sequence elements of the core promoter,
important for directing the RNAPOIIl to initiate RNA
synthesis at a particular position, have been studied for
decades. Several functional cis-elements have been iden-
tified such as the TATA-box and the Inr element, as well
as a growing number of additional elements such as DPE,
BREu and BREd, DCEs (recently reviewed in [152, 153]).
These elements act together as an assembly platform for
GTFs and co-activators, leading to formation of the
preinitiation complex. The precise composition of core
promoter cis-elements varies from gene to gene, probably
allowing for diversity in the complexes assembled at
different promoters. This diversity is also reflected in a
diversity of GTFs, the use of which may vary during
differentiation [154].

Global analyses of thousands of genes and their TSS
have revealed that not all core promoters are equal, nei-
ther in composition, nor in function. At a first level, it is
possible to classify core promoters in two main groups
based on the number and clustering of TSSs and the
GCcontent of the region [151, 155]. Sharp or focused pro-
moters show a peaked distribution of TSSs with one or a
few TSSs closely spaced within a few nucleotides. They
are most often tissue-specific. Broad promoters show
TSSs scattered over a region of 50-100 nucleotides.
These promoters are usually active in many tissues, and
they are often located in strong nucleosome-free regions
with the first downstream nucleosome being firmly pos-
itioned. Because the sharp promoters are governed
mainly by the action of various TFs, while the broad
class is more dependent on chromatin accessibility, one
may think of them as transcriptionally versus epigeneti-
cally controlled.
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Gene regulation in cis because of binding of proteins at
specific DNA elements far from their target genes has long
been recognized as fundamental in higher eukaryotes [8-11].
However, the idea that chromatin looping was responsible
for long-range regulation in cis has become widely accepted
only after the development of the ‘Chromosome
Conformation Capture’ (3C) technology by Dekker and co-
workers [12, 13]. Promoter-enhancer interactions (PEIs) rep-
resent a subset of chromatin interactions that are central to
the currently accepted model of transcriptional regulation.
There is increasing support for PEIs being necessary for tran-
scriptional regulation of an enhancer’s target gene. For ex-
ample, there is evidence that the expression of a target gene
is affected by gain or loss of competing promoters, lack of
some PEI-associated proteins and addition of PEI-disrupting
insulators [14], as well as evidence that chromatin inter-
actions are highly associated to gene co-expression rates
[15]. However, important challenges remain, such as finding
the mechanisms that mediate PEIs, the building of high-reso-
lution PEI maps in different cell types and the identification
of functional interactions.

There are several recent reviews reporting on different
aspects of PEIs [14, 16-23]. However, there is a paramount need
for a review of the wide spectrum of bioinformatics methods
developed in the field. In this article, we first give a brief de-
scription of the chromatin complexity landscape, chromatin
looping mechanisms and limitations of the experimental meth-
ods. Then, we critically review associated bioinformatics issues
such as data representation and visualization, raw data pro-
cessing, and PEI prediction, while we highlight some of the fu-
ture challenges in the field.

Biological background

Our knowledge of the chromatin landscape is becoming
increasingly more complex

Chromatin interactions span different types of regulatory elem-
ents. In addition to PEIs, promoter-promoter looping or enhan-
cer-enhancer looping [24], polycomb response element-
promoter interactions (in Drosophila), insulator-insulator inter-
actions and 5'-3' gene looping have been mapped [25]. Exons
can interact with both enhancers and promoters, and this
occurs at DNase I hypersensitive sites (DHS) [26]. Moreover, the
loci of a class of long non-coding RNAs called activating RNAs
have been reported to behave in an enhancer-like manner to
form DNA loops with their neighbouring genes through the
Mediator complex [27]. Distinguishing PEIs from all other chro-
matin interactions is a first challenge that demands both accur-
ate enhancer detection methods and comprehensive genome
annotation efforts.

Current research has also shown at least two different types
of chromatin interactions. Besides transcription-dependent
chromatin interactions of promoters and enhancers, several
studies have shown that the spatial configuration of the chro-
matin may be established and not affected by transcription [28,
29]. Understanding the differences between a transcription-
dependent interaction and a transcription-independent inter-
action is a challenge with significant consequences for the way
that we correlate PEI data to transcription data.

Finally, as our understanding of enhancers and promoters
increases, their difference appears to diminish. Enhancers are
transcribed, assemble general transcription factors (GTFs),

20z Iudy 0g uo 3senb Aq 0£+9092/086/9/. 1 /o101B/q1q/W0d dnodlwapese//:sdiy woly papeojumoq


Deleted Text: -
Deleted Text: (1)
Deleted Text: s
Deleted Text: )
Deleted Text: )
Deleted Text: due to
Deleted Text: s
Deleted Text: )
Deleted Text: ``
Deleted Text: ''
Deleted Text: )
Deleted Text: -
Deleted Text: ,
Deleted Text: )
Deleted Text: )
Deleted Text: ,
Deleted Text: )
Deleted Text: paper
Deleted Text: ,
Deleted Text: s
Deleted Text: Background
Deleted Text: -
Deleted Text: -
Deleted Text: )
Deleted Text:  (PRE)
Deleted Text: -
Deleted Text: -
Deleted Text: ,
Deleted Text: '
Deleted Text: '
Deleted Text: )
Deleted Text: )
Deleted Text:  (lncRNAs)
Deleted Text:  (ncRNA-a)
Deleted Text: )
Deleted Text: )
Deleted Text: ;

982 | Moraetal

Nuclear Pore Complex

Nuclear Lamina

Nucleolus

Nuclear Envelope

Splicing Speckle

Transcription Factory

%, Nucleosomes

r Histone Modifications

RNAPolll

‘ Transcription Factors
Co-factors

Promoter Enhancer

Figure 1. Models of chromatin organization. A diagram of different models of chromatin organization in the nuclear space. Interphase chromatin that interacts with
the nuclear lamina (grey), nucleolus (green), nuclear pores (red), transcription factories (orange) and splicing speckles (black) are depicted here. Generally, lamin- and
nucleolar-associated domains are transcriptionally repressed and have a more condensed chromatin, whereas chromatin that loops to the nuclear pore, transcription
factories and splicing speckles are transcriptionally active and therefore have a more open chromatin structure (here, depicted as 10 nm chromatin fibre). Enhancers
can activate gene expression over a distance and contain binding sites for TFs that recruit co-factors (activators or repressors). A promoter-enhancer looping mechan-
ism mediated by cohesin (brown), CTCF (purple) and the mediator complex (red) that brings the enhancer into close proximity to its target promoter are presented in
the enlarged box. The enhancer and promoter are marked with white boxes, and the transcription start site of the transcribed target gene is annotated with an arrow.
TFs (green) and co-factors (yellow) bind the enhancer and are brought close to the basal transcription machinery at the promoter. RNAPolII (orange) transcribes pre-
mRNA from the target gene and eRNA from the enhancer. Some of these models may co-exist for different PEIs; however, there are also other models that we could
not show. A colour version of this figure is available online at BIB online: https://academic.oup.com/bib.

RNAPolII and elongation factors [16, 30, 31]. Enhancers and pro-
moters appear to have a common architecture with similar fre-
quencies of core promoter cis-elements and highly positioned
flanking nucleosomes [32]. Some intragenic enhancers have
been found to act as alternative promoters [33], while some pro-
moters have also been shown to share properties with insula-
tors, making the distinction of regulatory elements in the
chromatin landscape even more blurry [34]. It has been sug-
gested that the best distinction between enhancers and pro-
moters are the differences in the produced RNAs, such as
transcript stability, level, length, polyadenylation and splicing

[30, 32], with messenger RNAs (mRNAs) being longer and more
stable than enhancer RNAs (eRNAs). New unified models of
the transcriptional milieu have been suggested, where the
promoter-enhancer distinction has been eliminated [35]. This
would imply a reformulation of the PEI concept.

There are several models of chromatin looping, and
some of these biological phenomena may co-exist

In recent years, the discussion in the field has been focused on
the nature of chromatin loops and the forces that generate and
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stabilize them [19]. One model suggests that rigid ‘active chro-
matin hubs’ (ACH) are formed at regulatory elements in the
form of complexes including TFs, transcription machinery
proteins and special ‘communication’ proteins, which recruit
promoters to the ACH [19, 36].

Box 2. Enhancers

Enhancers are clusters of distal DNA sequences that can in-
crease transcription of their target gene(s) in cis. The dis-
tance of enhancers to their target promoter(s) vary, and in
metazoans, an enhancer is placed from 100bp to Mb away
from the regulated gene on the same chromosome [114].
The enhancers can be upstream or downstream of their tar-
get genes or even placed in the gene body of another gene,
and enhancer regulation can bypass other genes independ-
ently of orientation [18]. Enhancer sequences contains regu-
latory elements with multiple binding sites for TFs, but we
have a poor understanding of a sequence code for enhan-
cers, and although sequence conservation of enhancers has
been used with some success, enhancers may have modest
or no conservation [18]. Enhancer chromatin is ‘marked’ by
histone modifications that, in different combinations and lev-
els, and are used to classify active (e.g H3K4me1/H3K27ac)
and intermediate or poised (e.g. H3K4me1/H3K27me3) enhan-
cer regions [156]. Other histone modifications and histone
variants have also been found to associate with enhancers
(Table 3). Enhancer-promoter looping has been shown to be
necessary for gene activation [157]. However, it has also been
shown that opening of repressive enhancer-promoter loops
lead to transcriptional activation [146, 158].

The activity of an enhancer is often restricted to a cell type
or tissue, related to developmental or environmental condi-
tions. Approximately 80% of all characterized mouse enhan-
cers show tissue-specific expression [159]. RNAPolll has
been found to overlap with enhancers (Figure 1) [160].
eRNAs are generally short non-coding RNAs that are bidirec-
tionally transcribed from active enhancers and therefore
used to classify enhancer activity [76, 161]. The presence
of eRNAs has been suggested to precede the activation of
nearby genes and eRNAs may have a role in enhancing or
stabilising PEIs [27] or promoting elongation [162].

The mammalian genome contains around 23000 genes, and
an estimate of 1 million enhancers, which suggest that there
is about four enhancers per gene per cell type [20]. Different
enhancers may regulate the same target gene dependent on
developmental stage or cell type. The combined role of
groups of enhancers has also been studied. LCRs are a group
of multiple enhancers responsible for coordination of tem-
poral expression of linked genes on differentiation or during
development (examples are LCR-regulating globin genes, or
Global Control Region regulating HOXD genes) [163]. High
levels of subunits of the Mediator complex (Medl) mark a
group of putative strong enhancers spanning from a few kb
to 50kb, termed ‘super-enhancers’ [120, 164]. The beta-
globin LCR has been defined as a ‘super-enhancer’ in human
K562 cells [120].

This model is challenged by a second model that suggests
that ACHs are better described as ‘active nuclear compartments’,
where chromatin fibres with regulatory sequences get trapped in
space with the aid of ring-like cohesin complexes (Figure 1) [19]. It
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has been reported that cohesin co-localizes with Mediator com-
plexes at enhancers and promoters, where it has a role in media-
ting PEIs [37]. Furthermore, cohesin is recruited to sites bound by
the insulator protein CTCF (CCCTC-binding factor), even though
some sites are unique for cohesin [38, 39].

A third model suggests that insulator elements put enhan-
cers and promoters in close contact [19]. Several mechanisms of
insulator function have been proposed. According to the ‘topo-
logical loop model’, insulators divide the genome in independ-
ent loops corresponding to topological domains, which favour
the contact between promoters and enhancers [40]. Polymer
simulations have supported the existence of both insulation
and facilitation processes behind PEIs [41]. CTCF has been found
to bind and link two insulators that indirectly put promoters
and enhancers in close proximity [13, 42]. However, CTCF can
also directly bind to an enhancer and a target promoter and link
them [43]. Another scenario describes CTCF binding to an insu-
lator and a promoter [44, 45].

A fourth model suggests that genes and regulatory elements
could be repositioned to nuclear compartments such as splicing
speckles and transcription factories (Figure 1) [46, 47]. Splicing
speckles are structures enriched in the Serine/arginine-rich (SR)
splicing proteins. Transcription factories are discrete polymer-
ase and transcription foci in the nucleus [48]. Current models
depict the factory as a polymorphic compartment with a ‘diam-
eter’ of ~60-200 nm [35], where RNAPolIl molecules remain sta-
tionary in the ‘surface’, while the core is rich in proteins such as
TFs, co-activators, chromatin remodellers, histone modifiers,
RNA helicases, and splicing factors. Chromatin loops can bind
to RNAPolIl molecules on the surface of these factories, and can
do it multiple times and become organized around them in
complex shapes, such as ‘rosettes’ [35, 49]. Many transcription
factories are specialized, in the sense that they are enriched in a
given TF, and several genes regulated by this TF are repos-
itioned to this factory and transcribed [48]. Examples of genes
that move to transcription factories include interleukin-coding
genes and their regulatory regions, globin locus and its Locus
Control Region (LCR), the human pituitary growth hormone
gene and its LCR, and Hox genes [35].

In a fifth model, genes are looping to or away from nuclear
landmarks such as the nuclear lamina, heterochromatin, nu-
cleolus and nuclear pore complexes (NPCs) (Figure 1) [50]. The
nuclear envelope is made up of a double lipid membrane per-
forated by NPCs that allow import and export into the nucleus.
A dense mesh of nuclear lamina proteins coats the inside of
the nuclear membrane. Lamin-associated chromatin domains
are generally gene poor, late replicating and rich in repressive
histone marks, whereas NPC-interacting chromatin sites com-
prise genes that are modestly transcribed [51].
Transcriptionally inactive chromatin is also found at the per-
iphery of the nucleolus [52]. The ‘stemness’ genes (Oct4, KIf4
and Nanog) that are important for pluripotency in embryonic
stem cells (ESCs) move to the periphery on neuronal differen-
tiation concomitant with gene silencing [53]. Moreover,
polycomb-repressed Hox genes can fold into chromatin do-
mains (termed polycomb bodies in flies) [54].

Gene regulation may comprise all five models. Rieder et al.
have found that both transcription factories and splicing
speckles could have a role in PEIs [55]. Rao et al. report that
most chromatin loops are anchored by CTCF (86%) and the
cohesin subunits RAD21 (86%) and SMC3 (87%) (and to a lesser
extent, by ZNF143 and YY1), supporting the role of CTCF and
cohesin in PEI regulation [56]. What is the cause or conse-
quence for transcriptional regulation in these models is still
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uncertain. However, all models point to the necessity of mod-
elling of spatially co-localized groups of genomic regions (and
not only linear sequences) to understand transcriptional
regulation.

The limitations of the existing experimental methods
are a source of bioinformatics challenges

Insights into PEIs have been obtained by different techniques.
Imaging techniques, mainly with Fluorescence In Situ
Hybridization (FISH), have extensively been used to study
three-dimensional (3D) folding of chromosomes, and positioning
of gene loci and chromosomes in the nuclear space [57]. Inmuno-
FISH has revealed that genes are associated with specific sub-
nuclear structures, such as transcription factories and the nuclear
periphery [58]. Moreover, this method has shown that active gene
loci can loop out of their chromosome territory [59, 60], and have
been used to characterize PEIs for gene loci such as Hoxb13, Shh
and the olfactory receptor [61-63]. However, FISH can only be
used for a limited number of DNA loci at a time, and not in a
high-throughput manner, and its spatial resolution is limited.

Development of the family of ‘3C techniques’ has made it pos-
sible to study chromatin organization on a genome-wide scale [64].
These methods include 3C [12], 4C (circular 3C) [65], 5C (3C-carbon-
copy) [66], Chromatin Interaction Analysis with Paired-End-Tag
sequencing (ChIA-PET) [67] and Hi-C (Genome-wide 3C) [68]. 3C
and 4C analysis require choosing a target locus (a ‘view-point’) to
map interaction with another locus or genome-wide, respectively.
5C probes all interactions with multiple selected viewpoints within
a confined genomic region (typically 1Mb), while Hi-C allows un-
biased genome-wide analysis of chromatin interactions with reso-
lutions that have been improving up to 1 kbp [56]. ChIA-PET is a
combination of 3C, chromatin immuneprecipitation (ChIP) and
paired-end tag sequencing that allows the genome-wide identifi-
cation of potential interacting loci bound by a given TF, RNAPolII,
or enriched by histone modifications [69]. Capture Hi-C (CHi-C) is a
recent method to map interactions of promoters with distal ele-
ments by using solution hybridisation selection to enrich for pro-
moters and their contact regions in Hi-C libraries [165].

3C-based methods generally determine the frequency of inter-
actions in a population of cells for which a pair of loci is close
enough in space to become cross-linked (that is, approximately in
the 10-100nm range), at the time that the cells were fixed [17].
However, spatial proximity alone does not imply a functional
interaction between loci. Dekker et al. suggest at least four differ-
ent types of processes leading to spatial proximity: a direct func-
tional interaction, a baseline interaction (random collisions), a
bystander interaction (DNA close to a direct interaction will be
also close as a consequence of the former) and an interaction
with the same nuclear structure (such as transcription factories)
[17]. Recent criticism has been directed against all ‘formaldehyde
cross-linking’-based technologies such as ChIP-seq and 3C be-
cause of the fact that cross-linking efficiency varies between dif-
ferent proteins, or between proteins and DNA, and the fixation
may trigger DNA damage response, and that the chromatin con-
tacts are reflecting the cell populations and not individual cells
[64, 70, 71]. Improvements to the Hi-C protocol, such as increasing
the sequencing depth and decreasing the presence of random li-
gations have been put forward [64].

A recent study has systematically compared FISH and 5C
measurements of the HoxD locus in ESCs and found that although
there were several agreements between the data sets, there were
conflicting observations where 5C maps display a higher inter-
action frequency for a region that by FISH was observed as

decompacted [62]. This discrepancy raises the issue of whether
there is a need of reassessment of current bioinformatics analysis
methods for 3C-based data. Furthermore, both FISH and 3C
methods study chromatin in cross-linked cells and do not address
the dynamic movement of specific loci. A major frontier in the
field will be to track the movement of individual gene loci within
the nucleus, and recent development of the Clustered Regularly
Interspaced Short Palindromic Repeats-associated protein-9
nuclease (CRISPR/Cas9) and chromosomal tag systems hold prom-
ise to become powerful technologies for live-cell imaging [72-74].

Another approach is the Cap Analysis of Gene Expression
(CAGE) [75]. It has been shown that both enhancers and genes
that are in contact are often transcribed [35]. Moreover, eRNA lev-
els correlate with mRNA levels at nearby genes and, at the same
time, eRNA transcription requires the presence of the promoter
[14, 76]. The Functional Annotation Of The Mammalian Genome
Phase 5 (FANTOMS) consortium used CAGE to detect active en-
hancers in over 800 samples spanning most human cell types
and tissues [77]. FANTOMS5'’s pipeline starts by building a CAGE-
based transcription start site (TSS) atlas, then making a distinc-
tion between eRNAs and mRNAs to detect active enhancers. To
detect PEIs, the authors examined Pearson correlations in expres-
sion between all possible promoter-enhancer pairs within 500
kbp. As a result, 40% of the active enhancers were associated with
the nearest RefSeq (an NCBI Reference Sequence Database) TSS,
while 64% of the enhancers had at least one correlated RefSeq
TSS within 500 kbp [77]. This is in contrast to the results of Sanyal
et al. [78], who reported that only 7% of the loops are established
with the nearest gene measured by 5C in 1% of the human gen-
ome (ENCODE pilot project regions) in three different cell types
(GM12878, K562 and HeLa-S3 cells).

Recently, FANTOMS Phase2 has published a CAGE analysis
of different time courses in 19 human and 14 mouse cell lines
[79]. The results show that 13% of human enhancers and 20% of
mouse enhancers significantly changed expression over time in
at least one time course. More interestingly, promoters and en-
hancers are not co-expressed over time, as eRNA transcription
is generally an early event and rapidly returns to a baseline [79].
This observation has consequences for eRNA-based prediction
of PEIs, as PEIs may be more stable than the rapid eRNA tran-
scription, and therefore other parameters must be included.
Also, correlating expression of enhancers with nearby genes is
limiting, and potential long-range PEIs are left out.

The estimated size of the Promoter-Enhancer
Interactome depends on cell type, experimental method
and data processing methodology

Some of the first systematic genome-wide studies of chromatin
interactions were performed using the ChIA-PET technology.
Chepelev et al. used ChIA-PET with an H3K4me2 antibody in
T cells to identify 6520 long-distance (>20kb) chromatin inter-
actions [80]. In this data set, the authors identified 2067 poten-
tial enhancers interacting with 1619 promoters, generating a
network of 2373 promoter-enhancer, 478 enhancer-enhancer
and 3669 promoter-promoter interactions. In total, 9% of these
enhancers were shown to interact with multiple promoters
(several genes controlled by the same enhancer), while 25% of
all promoters interact with more than one enhancer [80, 81]. Li
and co-workers performed a similar study using ChIA-PET to
map long-range interactions with RNAPoIII in five cultured
human cell lines (MCF7, K562, HeLa, HCT116 and NB4). Their
network contained 938 promoter-gene internal regions, 6530
promoter-enhancer, 4106 enhancer-enhancer and 8282
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promoter-promoter interactions across the different cell lines
[24]. In another similar work, DeMare et al. built a cohesin-associ-
ated interaction map in mouse limb bud [82]. In this study, 2264
cohesin (SMC1A)-based interactions were found, where 1491 were
co-occupied by CTCF, showing that these two proteins are
involved in tissue-specific PEIs. The authors also observed cohe-
sin-associated interactions that are maintained across tissues,
where promoters become activated on differentiation [82].

Hi-C started as a low-resolution technology, which made it
more useful to study higher-order chromatin models rather
than specific PEIs [68]. However, this has been changing rapidly.
Jin et al. performed a high-resolution Hi-C study (5-10 kbp reso-
lution) in human fibroblasts [82]. The study reported over a mil-
lion long-range interactions and also showed that, for Tumor
Necrosis Factor (TNF)-alpha signalling, TNF-alpha responsive
enhancers are in contact with promoters even before signalling
starts, suggesting that the chromatin interaction landscape
may be stable. In the most recent high-resolution genome-wide
study [56], Rao and colleagues have generated a genome-wide in
situ Hi-C study for nine cell lines in human and mouse, with a
kilo base resolution (GM12878 cells were mapped at a 950bp
resolution in two biological replicates, while the other eight cell
types were mapped at 5kb resolution but only one biological
replicate each). Under their experimental settings, proximity li-
gation was performed in intact nuclei, to reduce the number of
spurious contacts that may happen in solution. The chromatin
interaction landscape shown by the in situ Hi-C study includes
approximately 10000 chromatin loops, which are enriched in
PEIs, that is, 30% of the peaks include an annotated promoter
and a predicted enhancer (versus 7% expected by chance). In
addition, the set of genes participating in PEIs had higher ex-
pression than the set of genes not associated to a loop. Loops
were also found to be mainly short, with only 2% of the peaks
corresponding to loops that are >2Mb long [56]. A recent tech-
nology called HiCap reports a network of 15905 promoters and
71984 distal regions in mouse ESCs [84]. The fact that different
high-throughput studies report different numbers of chromatin
loops represents a challenge for both PEI data processing meth-
ods and PEI predictions.

Bioinformatics challenges
What is the best way to represent PEI data?

Chromatin interaction data have been traditionally represented
either as a bi-dimensional heatmap or as a linear graph with
ordered nodes. The «heatmap» view has been especially useful
for the visual detection of regions enriched on intra-region
interactions (so-called «compartments» or «TADs») (Figure 2).
The alternative is the use of «arcs» that connect two interacting
sites (Figure 3). This view is mainly useful to give a sense of
interactions under the network analysis framework. Heatmap
and arc views are related to contact maps generated either as
matrices or as lists of edges, respectively.

A Hi-C contact map displays all chromatin interactions found
in an experiment. Firstly, the genome is partitioned into bins of
fixed size. Then, a contact matrix is generated, where every cell
corresponds to the number of contacts between the associated
pair of loci. Such a matrix can be visualized as a ‘heatmap’, where
pixel intensity correlates to the likelihood of such an interaction.
It can be easily observed that loci usually interact more often with
nearby loci (Figure 2). Heatmaps display triangular regions where
all loci seem to heavily interact with each other, while poorly
interacting with loci outside this region; therefore, a cell’s genome
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Long-range
interaction

TAD

Figure 2. An example of a Hi-C contact map. Hi-C contact map of a segment of
mouse chromosome 11, generated using Sushi [90] from Dixon et al. [85] data. A
TAD and a long-range interaction between two loci are annotated. A colour version
of this figure is available online at BIB online: https://academic.oup.com/bib.

has been suggested to be divided into domains enriched on intra-
domain chromatin interactions, called topological associating do-
mains (TADs) (Figure 2) [85, 86]. TADs have been characterized by
having boundaries enriched in CTCF motifs and Short
Interspersed Nuclear Elements (SINE) retrotransposons, as well as
transfer RNAs. Loss of CTCF has been shown to decrease intra-
TAD interactions and increase inter-TAD interactions [87]. TADs
have been described to have a median size of 400-500kb, and
their number has been proposed to be over 2000, covering 90% of
the genome [17]. Recently, improved resolution has allowed a
finer detection of domain boundaries and therefore smaller do-
mains have appeared. Rao et al. have identified ‘contact domains’
with a median size of 185kb [56]. However, in both cases (TADs
and contact domains), CTCF-binding sites are found at the boun-
daries, even though CTCF does also bind inside TADs [17, 56].
There are several reasons why the matrix has been the dom-
inating conceptual representation for chromatin interaction
data, here discussed in terms of Hi-C. Firstly, many of the early
analyses, such as the detection of global compartments, fit nat-
urally with principal component analysis on a matrix represen-
tation. Secondly, strong local interactions turn up along the
diagonal, while more-specific, strong, long-range interactions
turn up as deviating (high valued) pixels away from the diagonal
(Figure 2). Similarly, TAD structure may be seen as demarcated
triangles along the diagonal (Figure 2). Finally, the early Hi-C
studies were of a relatively low resolution (e.g. 1Mb), meaning
that full interaction matrices could be conveniently represented
and visualized. With the recent developments of Hi-C technol-
ogy, where resolution is approaching that of single restriction
fragments and focus is shifting towards individual specific
interactions, we expect the representation of data to be
rethought, and we argue that the graph may be a more suited
metaphor. Dense graphs, such as those resulting from the early
Hi-C experiments, are efficiently represented as an adjacency
matrix; however, the size of an adjacency matrix grows propor-
tionally with the square of the number of vertices (bins), and,
therefore, an adjacency list would be much more efficient, typ-
ically several orders of magnitude smaller. Similar reductions of
storage requirement could also be achieved by using some form
of sparse encoding of an adjacency matrix, but that would be an
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Association Studies

Figure 3. Long-range interactions functionally connect disease-associated SNPs with disease candidate genes. (A) Physical proximity between DEXI gene locus and
autoimmune disease-associated SNPs in the intron of CLEC16A. Hi-C data from human foetal lung (IMR-90) cells (from the Ren lab, [85]) show interactions between
CLEC16A intron 19 and the DEXI locus. The enhancer marks in IMR-90 cells for H3K4me1 and H3K27ac are shown in green and blue, respectively, and the filter thresh-
old for the Hi-C data was set to 5. SNPs in the region are in black, and the eQTL SNP rs12708716 is marked in red. The arc (pink) for interacting regions (grey) is
highlighted with an arrow. (B) Long-range interactions links obesity-associated variants in FTO with the IRX3 locus. Hi-C data in human foetal lung (IMR-90) cells show
interactions between the first intron of FTO with IRX3. The tracks for H3K4me1 and H3K27ac are shown in green and blue from IMR-90 cells and different human brain
tissues from the NIH Roadmap Epigenomics Mapping Consortium. The filter threshold for the Hi-C data was set to 10. SNPs in the region are in black, and the BMI-
associated SNP rs9930506 is marked in red. Arcs (pink) for interacting regions (grey) are highlighted with arrows. These public data sets are available and visualized
with the WashU EpiGenome Browser (http://epigenomegateway.wustl.edu/browser/). dbSNP release 137 is shown in dark green, and the The National Human Genome
Research Institute (NHGRI) Catalogues of GWAS are visualized in UCSC browser (http://genome-euro.ucsc.edu) [166]. A colour version of this figure is available online at
BIB online: https://academic.oup.com/bib.

unnecessarily complex approach to achieve essentially the and accuracy also bears better together with an adjacency list.
same thing. In addition to concerns around storage efficiency, In the context of PEIs, the ability to directly read out the list of
the shift in focus from global organizational features to specific interactions associated with a given promoter or enhancer is

local interactions that is allowed by the increased resolution convenient.
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Table 1. Processing software for 3C-type of data
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Software Authors Description

r3Cseq Thongjuea
et al., 2013 [129]

R package. It uses BAM alignment files as input, and performs aligned reads counting,
read count normalization, statistical analysis of interactions and data visualization or

data export of contacting regions

R package. It allows the use of both 5C and Hi-C data and offers quality control,

normalization and visualization of heatmaps

HIiTC Servant, 2012 [130]
fourSig Williams, 2014 [131]
Basic4Cseq Walter, 2014 [132]

R package. Includes fragment filtering options
R package. Also includes fragment filtering options, and provides more sophisticated

visualization options

My5C Lajoie, 2009 [108]
HOMER suite Heinz, 2010 [133]
Hi-Browse Paulsen, 2014 [134]

(http://my5c.umassmed.edu/welcome/welcome.php)
(http://homer.salk.edu/homer/interactions/index.html)
(https://hyperbrowser.uio.no/3d/)

There is no widely established format for representing chro-
matin interaction data, and there has been a tendency for every
major study to provide their data in their own ad hoc format (see
[68] versus [56], as an example). A formalized standard for repre-
senting interaction data in the form of an adjacency list has
been provided by the GTrack format. This represents bins (frag-
ments) as genomic coordinates associated with an ID, and
based on this represents interactions as a list of IDs for the
neighbours of a vertex [88]. Another partly formalized represen-
tation is an extension of the ‘bed’ format, termed «bedpe»
(Browser Extensible Data Paired-End). This format consists of
ten columns, including the chromosome, starting position and
ending position of each interacting region, a score, and others,
and it was initially developed in the framework of the BEDTools
project [89]. The «Sushi» R package [90] makes use of an
extended version of this format, adding an additional column to
specify the data set (and, therefore, the corresponding colour in
an arc view), while relating the score to the height of the arcs.

Currently, we also expect the development of standard file
formats that are prepared to store information regarding the
hierarchical nature of genomic elements (chromosomes, com-
partments, TADs, loops, promoters and enhancers, epigenetic
marks and more), as well as their dynamic behaviour, given
that time-course studies will reduce current data to static time
points and will open a new dimension for PEI studies.

How to visualize PEI data?

The «WashU Epigenome Browser» [91] is one of the main exam-
ples of tools to visualize and navigate PEI data (Figure 3). This
browser allows visual exploration of contact maps both as
matrices/heatmaps and as arcs, while also containing a rich
database of annotated data sets. A few other repositories that
contain chromatin interaction data include ‘GEO’ [92], ‘Array
Express’ [93], and the ‘3DGD database’ [94, 167]. Different labs
have generated their own browsers to visualize the data sets
they have produced. In this category, we find: the «Hi-C
browser» by the Ren Lab [95], and «Juicebox» from Lieberman-
Aiden’s lab [56]. WashU and Hi-C’s browsers are web-based
tools, while Juicebox is a stand-alone application. It is also pos-
sible to find libraries that allow more control to programmers.
«Circos» [96] is an increasingly popular library for circular plots,
originally written in Perl, which has versions in R, such as
‘Reircos’ [97]. Also in R, it is possible to find libraries such as the
abovementioned «Sushi» [90].

Besides all of the abovementioned options, multiple chal-
lenges remain for PEI visualization software. More efforts are
needed regarding annotation of interacting regions, as well as

visualization of PEIs in multiple scales (short- and long-range
interactions). Circular diagrams, such as those in ‘Circos’, are
one attempt to visualize interactions happening in multiple
scales, from kbp to Mbp to inter-chromosomal, but results are
only clear for small data sets. For this reason, we argue that bet-
ter solutions are still needed.

How should interaction raw data be processed?

Post-processing of chromatin interaction data from the 3C fam-
ily of methods is an active area of research, and there are many
post-processing methodologies and software tools available,
but no acknowledged standard (see [98], or Table 1 for some
selected tools).

Post-processing of chromatin interaction data is needed for
several reasons. One of the main reasons is that chromatin is
locally dynamic and its 3D coordinates are highly variable in a
population of cells, and, therefore, the probability of contact be-
tween two loci is never zero. In 3C methods, interaction frequen-
cies have been found to decrease exponentially with increasing
distance. Therefore, meaningful interactions are detected as local
peaks over a decaying baseline of interactions [17]. In 5C meth-
ods, the entire data set is usually used to generate an estimate of
the baseline interaction frequency for each locus, and the loop
interactions are detected as peaks higher than the baseline at a
given P-value and false discovery rate [17].

Most bioinformatics efforts have been focused on developing
normalization methodologies and determination of significant
interactions of Hi-C data. The first reason is to identify and
account for the effect of the random (non-functional) polymer
looping of the DNA versus functional chromatin interactions
[99-101]. Secondly, to remove biases because of technical char-
acteristics of the experiment, such as cross-linking preference
and fragment length [102-105]. It has been stated that formalde-
hyde fixation introduces a fragment length bias for sizes
<800bp. That is, when fragments are <800bp, longer restriction
fragments are more likely to be cross-linked [104]. Ligation effi-
ciency has been shown to be optimal for restriction fragment
pairs of similar sizes, given that differences in size may add
some distance between fragment’s ends, leading to a decrease
of the ligation probability [102]. Finally, there are sequencing-
related biases, which are constantly being addressed through
sequencing protocol modifications [106]. Fragments with too
low or too high GC-content, as well as highly repetitive se-
quences, are under-represented among interaction reads [102].
The choice of a restriction enzyme (and, therefore, the size of
the fragments), as well as the depth of sequencing, may deter-
mine if an interaction is detected or not. Other aspects that
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Table 2. Normalization pipelines for Hi-C data

Software Authors Reference originally applied Software source

Hiclib Mirny Lab Lieberman-Aiden, 2009 http://mirnylab.bitbucket.org/hiclib/

Hicpipe Tanay Lab Lieberman-Aiden, 2009 http://compgenomics.weizmann.ac.il/tanay/?page_id=283
scell_hicpipe Tanay Lab Nagano, 2013 http://compgenomics.weizmann.ac.il/tanay/?page_id=580
Juicebox Lieberman-Aiden Lab Rao, 2014 http://www.aidenlab.org/juicebox/

Yaffe and Tanay generated a normalization pipeline that corrects for fragment length, GC content and mappability, following a maximum likelihood optimization pro-
cedure. This method has been applied to several Hi-C studies [100, 135]; however, it does rely on prior knowledge about the abovementioned sources of bias. Imakaev
et al. developed a computationally less expensive iterative correction procedure, which has also been applied to Hi-C studies [85]. Nagano et al. have introduced a spe-

cial pipeline for their single-cell protocol [110].

Table 3. Histone modifications and variants at enhancers

Histone modification/histone variant Enzymes

Main observation References

H3K4me1/2 KMT2C/2D (MLL3/4); KMT7 (SET7/9) Active, intermediate and poised enhancers  [136-138]
H3K9ac KAT2A/B (GCN5/PCAF) Active enhancers [115, 139]
H3K14ac KAT2A/B (Gen5/PCAF); Active enhancers [139]
KAT3A/3B (p300/CBP); KAT6A (MYST3)
H3K27ac KAT3A/3B (p300/CBP) Active enhancers [5]
H3K36me3 KMT3A (SET2) Active enhancers [140]
H3K56ac KAT3A/3B (p300/CBP) Active enhancers [141]
H4K16ac KAT8 (MOF) Active enhancers [142]
H3K9me3 KMT1E (SETDB1) Poised enhancers [140]
H3K27me3 KMT6 (EZH2) Poised enhancers [140, 143]
H2A.Z/H2A.Zac KATS (TIP60) Poised and active enhancers [115, 144-146]
H3.3 - Poised and active enhancers [147, 148]

need to be kept in mind are: (a) The measurements in a static
time-point (ignoring possible dynamic behaviours), (b) the fact
that proximity (or interaction) is not equal to biological signifi-
cance, (c) the fact that ligation probabilities are not just a func-
tion of proximity but also of reactivity, crowding and other
variables and (d) that the nature of the method only allows
detection of pairwise (and not multiple) interactions [106].

Some of the most popular pipelines developed to normalize
Hi-C data are from Yaffe and Tanay [102] and Imakaev et al.
[103]. Both methods are available as software tools, as shown in
Table 2. Ay and Noble have recently reviewed the different algo-
rithms used by several Hi-C tools, including both sequencing
and normalization issues [23]. The authors group all normal-
ization methods into explicit-factor [102], matrix balancing [56,
103, 104] and joint correction methods [83], with some software
tools providing more than one method. Ay et al. have also intro-
duced ‘Fit-Hi-C’ [107], a method to assess the statistical signifi-
cance of chromatin interactions that includes both the random
polymer looping effect and the abovementioned observed
biases in Hi-C data sets.

It is interesting to note the disagreement between ‘global’
(e.g. Jin et al. [83]) and ‘local’ methodologies (e.g. Rao et al. [56]) to
determine significant interactions. Jin et al. normalize each
observed interaction frequency against the average frequency
of interactions with similar sequential distance. In parts of
the genome, broader regions have generally high interaction
frequency with other broader regions. When normalizing
against global averages, Jin et al. may end up with several inter-
actions between bins from two such regions. Rao et al. criticize
such interactions for not being specific, and instead use a local
normalization scheme that contrasts the interaction frequency
between two bins with that of the broader local region around
the two involved bins (denoted as the neighbourhood of a pixel
in the terminology of Rao et al). Even though Rao et al. [56]

collected an order of magnitude more interactions than all
previous Hi-C data sets combined (between 395 million and
1100 million contacts, depending on the cell and number of
biological replicates), they only call 10000 chromatin loops
(compared with 100000 loops in Sanyal et al,, and 1M in Jin
et al.). Such disagreements are related to the fact that we have
no means (based on 3C data only) to discern if an interaction is
functional. By taking short-range interactions into consider-
ation, we risk including a massive amount of non-functional
interactions. But, by excluding them, we risk getting a bias
towards only PEIs that are the result of discernible folding. One
can thus think that future studies must take into account func-
tional information before discarding non-atypical interactions.

The current situation of the field allows us to anticipate the
development of ‘gold standard’ data sets per cell type and time
course. A ‘gold standard’ has been called for in Hi-C analysis;
however, as no such standard exists, we await better 3D simula-
tions of chromatin [108]. Benchmark studies should also be
developed to compare the different statistical methodologies,
as well as new statistical methods that take functional informa-
tion into account.

Are chromatin interaction results reproducible?

Experimental reproducibility is an issue that has been margin-
ally addressed in the field. Rao et al. report the number of peak
annotation overlaps between a primary and a replicate Hi-C
experiment, and their results show 5403 common interactions,
with 2651 interactions unique to the primary experiment and
2081 interactions unique to the replicate [56]. Such agreement
rates are a problem common to most chromatin-related data
sets, and the most common way of addressing the issue has
been merging the data from both replicates. That clearly shows
that interaction datasets are catalogues of possible contacts in a
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population of cells that do not necessarily co-exist. Dynamic
studies of PEIs [79, 109] and single-cell protocols [110] are
needed to distinguish time-related or population-related vari-
ability from the variability derived from stochastic fluctuations
at the molecular level. Such studies would help us to improve
reproducibility of chromatin interaction maps.

Is it possible to predict PEIs?

A PEI prediction methodology is a computational procedure
that uses existing genomic data sets of specific cell types to pre-
dict PEIs of the same or a different cell type. Such an achieve-
ment would be important for at least three reasons: Firstly,
genome segmentation methods and other enhancer prediction
methodologies are producing many predicted enhancer regions,
but they lack information regarding the associated target genes
or promoters. Linking regulatory sequences to their target genes
has been recognized as one of the main current challenges in
transcriptional biology [20]. Secondly, this would help to link
disease-related single-nucleotide polymorphisms (SNPs) occur-
ring inside enhancer regions with their gene targets (an enhan-
cer mutation can affect target gene regulation) [24, 111, 112].
Thirdly, we envision the possibility of using statistical
approaches informed by biological knowledge to select relevant
PEIs from Hi-C raw data.

To identify the gene corresponding to a predicted enhancer,
the ‘nearest-promoter’ was the first method applied. Variations
of this method, such as the ‘nearest-expressed-gene’ to an
enhancer, or taking into account the limits established by insu-
lator elements [113] have been reported. These methods are es-
sentially inaccurate, as enhancers may be localized several
kilobases or even megabases away from their promoters [114].
Ernst et al. and Thurman et al. introduced the first methods try-
ing to predict PEIs based on the correlation to single epigenetic
marks [115, 116]. The method by Ernst et al. predicts PEIs using
the histone modification profile correlation, while Thurman
et al. use DHS correlation. The first method is limited to the
nearest candidate pairs within a 125 kbp distance, while the se-
cond one includes all candidate pairs within a 500 kbp distance.

Recently, more methods have appeared: The FANTOMS con-
sortium introduced a method for finding all expression correl-
ations for all promoter-enhancer pairs in a 500 kb window [77].
The authors compared their results with the DHS correlations
of Thurman et al. [116], and concluded that transcription is a
better PEI predictor than chromatin accessibility (20.6% sup-
ported associations with CAGE expression correlation versus
4.3% with DHS). Another method is PreSTIGE [117], which
predicts PEIs by correlating cell type-specific H3K4me marks
(enhancer signals) with specific gene expression, across differ-
ent cell types. The most recent method is IM-PET [118], which
uses a Random Forest classifier that is based on four features:
enhancer-promoter activity profile correlation, TF-promoter
correlation, co-evolution of enhancer and promoter and dis-
tance between enhancer and promoter. The authors suggest
much better results than all other attempts and suggest that
PEIs have higher cell specificity than enhancers (49% of cell-
specific PEIs versus 32% of cell-specific enhancers).

A pipeline combining chromatin interaction data processing
with PEI prediction is High-throughput identification pipeline for
promoter interacting enhancer element (HIPPIE) [119]. This plat-
form starts from raw Hi-C reads, and then identifies high-confi-
dence interacting fragments after mapping and evaluating
polymerase chain reaction artefacts, restriction fragment size
and GC-content. After that, HIPPIE predicts enhancers based on
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DHS, H3K4mel and H3K27ac marks, and the low levels of
H3K4me3 and H3K27me3, and predicts PEIs based on promoter-
enhancer distance only. PEI prediction is the ultimate frontier of
bioinformatics in the field of epigenetics. Methods that can be
easily applied to different cell types and have a high predictive
capacity are still needed.

PEIs and disease

Chromatin interactions may offer an explanation to the effects
of disease-associated non-coding variation [24, 114]. It is known
that genomic variation in non-coding genomic regions (espe-
cially in enhancers) is linked to a number of diseases. Young
and co-workers have postulated that most disease-related SNPs
are found inside large clusters of enhancers known as ‘super-
enhancers’ (see also Box 2) [120]. However, the mechanisms
that connect genome-wide association study (GWAS)-identified
loci to their target genes and pathways have not been easy to
explain until recent years, with the advent of PEI studies and
the construction of chromatin interaction networks.

In Figure 3, we illustrate two examples where chromatin
interactions have been used to explain the link between non-
coding SNPs and disease [121, 122]. Here, we have used publicly
available Hi-C data from human foetal lung fibroblasts [85] and
the enhancer marks H3K4me3 and H3K27ac in different parts of
the human brain and in foetal lung fibroblasts [123]. Davison
et al. [121] reported a PEI-mediated mechanism for Type-1-
Diabetes and Multiple Sclerosis and used it to predict a new dis-
ease candidate gene. The CLECI6A has been traditionally re-
ported as the main candidate for several autoimmune diseases
associated to the 16p13 region, such as Type-1-Diabetes,
Systemic Lupus Erythematous and Multiple Sclerosis, because
of the high number of disease-associated SNPs in intron 19.
However, the authors show that this region in CLEC16A is en-
riched in enhancer marks, and they used 3C to map an inter-
action with the DEXI gene, whose function in autoimmune
disease was not previously described. The combination of
GWAS and 3C technologies allowed the authors to suggest DEXI
as an autoimmune disease candidate gene, as well as provide a
disease mechanism where the allelic variant disrupts a PEI be-
tween an enhancer in the intron of CLEC16A and DEXI. Using
publicly available human data sets [85], we were able to visually
identify enhancer marks in the region associated with the
Type-1-Diabetes SNP (rs1208716) in the intron of CLECI6A in
foetal lung fibroblasts (Figure 3A). One of the cell types that
Davison et al. used for their 3C study was lung epithelial cells
because DEXI is expressed in these cells. Therefore, we used
publicly available Hi-C data in human foetal lung fibroblasts to
identify interactions between CLEC16A and DEXI [85]. However,
this data set has a limited resolution, and we could only show
looping of intron 19 of CLEC16A to the first intron of DEXI gene,
and not the promoter (Figure 3A). Recently, PEIs have also been
proposed as an explanatory mechanism for obesity. Smemo
et al. [122] found that a region rich in obesity-associated SNPs in
the first intron of the FTO gene (which were also rich in enhan-
cer-associated chromatin marks) displays a long-range inter-
action with the homeobox gene IRX3 in both human and
mouse. IRX3 encodes for a TF highly expressed in the human
brain, heart and lung and is important for control of body mass
and composition. Based on their finding, the authors suggested
a mechanism where allelic variants in the enhancer inside
FTO’s intron may disrupt looping with the IRX3 gene and affect
IRX3 expression, and not the expression of FTO [122]. Inspecting
the publicly available human data sets [85, 123], we were able to
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visualize the findings of Nobrega and co-workers. The region
with Body Mass Index-associated SNPs in the intron of FTO
shows looping with the IRX3 gene in foetal lung fibroblasts and
this region is enriched in enhancer marks in different brain tis-
sues and lung fibroblasts (Figure 3B).

Both studies described here illustrate the power of combining
3C technology with GWAS studies in identifying candidate genes
involved in disease. Several other studies linking PEI disruption to
diseases have been published [124-127], including a few reviews.
Horan and Ballard reviewed PEI disruptions in diseases including
prostate, breast and colorectal cancers, facioscapulohumeral
muscular dystrophy, neurological disorder and Rett syndrome
[111]. A more recent review includes references to metabolic syn-
drome, coronary artery disease and human development [112]. A
resource that collects and annotates genetic variants using
chromosome conformation data is GWAS3D [128].

This review raises several different bioinformatics chal-
lenges related to PEI analysis. We anticipate the development of
new bioinformatics tools, ‘gold standards’, data processing
methods and prediction methodologies that will have an im-
portant impact on PEIs in basic and biomedical research.
Implementation of these will advance our understanding of the
role of chromatin interactions in gene regulation, give us a bet-
ter insight into PEIs across cell types, tissues and in different
model organisms (at different time points or at different devel-
opmental stages) and provide mechanistic understanding of
non-coding variation in disease.

Key Points

* Our understanding of the chromatin interaction net-
work is becoming more complex. Distinguishing PEIs
from all other chromatin interactions is a first challenge
that demands both accurate enhancer detection meth-
ods and comprehensive genome annotation efforts.

We present five models of chromatin looping. Whether
transcriptional regulation is the cause or consequence
of chromatin looping is not known. These models dir-
ectly influence the bioinformatics approaches to PEI
visualization, data processing and prediction, and point
to the necessity of modelling of spatially co-localized
groups of genomic regions (and not only linear se-
quences) to understand transcriptional regulation.
Several chromatin interaction detection technologies
are currently in use and under continuous develop-
ment. These methods have made it possible to study
genome-wide chromatin organization; however, they
have limitations and call for use and development of
alternative methods such as live-imaging studies in
single cells. Generation of new data processing meth-
odologies for 3C methods are needed to resolve dis-
crepancies observed between FISH and 3C.

There have been advances in PEI data representation,
such as the creation of multiple file formats and visu-
alization tools. We call for an agreement on standards.
The existing tools also face some practical challenges,
such as the increase in data resolution and dealing
with the combination of long-range and short-range
interactions.

PEI prediction is the ultimate frontier of bioinformatics
in the fields of transcription and epigenetics. A few
methods are available, but high predictive capacity is
needed. Future methods should go beyond chromatin

accessibility and expression predictors and make use
of chromatin organization. Such methods would help
us to achieve another important goal, which is the
identification of long-range functional targets of dis-
ease-related SNPs.

Acknowledgements

The authors thank Eivind Hovig and Elin O. Niclasen for
critical reading of this manuscript. We apologize to au-
thors whose studies we failed to cite because of lack of
space.

Funding

This work is supported by the Department of Biosciences
and Department of Informatics, University of Oslo. Funding
provided by (RE) https://www. forskningsradet.no/ (231217/
F20), (RE) https:// kreftforeningen.no (3485238-2013) and
(OSG) https://kreftforeningen.no (419436 107692-PR-2007-
0148). The funders had no role in study design, analysis,
decision to publish, or preparation of the manuscript.

References

1. Gilbert N, Boyle S, Fiegler H, et al. Chromatin architecture of
the human genome: gene-rich domains are enriched in
open chromatin fibers. Cell 2004;118(5):555-66. doi: 10.1016/
j.cell.2004.08.011.

2. Barski A, Cuddapah S, Cui K, et al. High-resolution profiling
of histone methylations in the human genome. Cell
2007;129(4):823-37. doi: 10.1016/j.cell.2007.05.009.

3. Wang Z, Zang C, Rosenfeld JA, et al. Combinatorial patterns
of histone acetylations and methylations in the human gen-
ome. Nat Genetcs 2008;40(7):897-903. doi: 10.1038/ng.154.

4. Mikkelsen TS, Ku M, Jaffe DB, et al. Genome-wide maps of
chromatin state in pluripotent and lineage-committed cells.
Nature 2007;448(7153):553-60. doi: 10.1038/nature06008.

S. Creyghton MP, Cheng AW, Welstead GG, et al. Histone
H3K27ac separates active from poised enhancers and
predicts developmental state. Proc Natl Acad Sci USA
2010;107(50):21931-6. doi: 10.1073/pnas.1016071107.

6. Bannister AJ, Kouzarides T. Regulation of chromatin by his-
tone modifications. Cell Res 2011;21(3):381-95. doi: 10.1038/
cr.2011.22.

7. Gardner KE, Allis CD, Strahl BD. Operating on chromatin, a
colorful language where context matters. J Mol Biol
2011;409(1):36-46. doi: 10.1016/j.jmb.2011.01.040.

8. BanerjiJ, Rusconi S, Schaffner W. Expression of a beta-globin
gene is enhanced by remote SV40 DNA sequences. Cell
1981;27(2 Pt 1):299-308.

9. Neuberger MS. Expression and regulation of immunoglobu-
lin heavy chain gene transfected into lymphoid cells. EMBO ]
1983;2(8):1373-8.

10. Gillies SD, Morrison SL, Oi VT, et al. A tissue-specific transcription
enhancer element is located in the major intron of a rearranged
immunoglobulin heavy chain gene. Cell 1983;33(3):717-28.

11. BanerjiJ, Olson L, Schaffner W. A lymphocyte-specific cellu-
lar enhancer is located downstream of the joining region in
immunoglobulin heavy chain genes. Cell 1983;33(3):729-40.

12. Dekker ], Rippe K, Dekker M, et al. Capturing chromosome
conformation. Science 2002;295(5558):1306-11. doi: 10.1126/
science.1067799.

20z Iudy 0g uo 3senb Aq 0£+9092/086/9/. 1 /o101B/q1q/W0d dnodlwapese//:sdiy woly papeojumoq


Deleted Text: s
Deleted Text: )
Deleted Text: ,
Deleted Text: (
Deleted Text: )
Deleted Text: )
Deleted Text:  
Deleted Text: )
Deleted Text: ``
Deleted Text: ''
Deleted Text: ,
Deleted Text: ,
Deleted Text: ,
Deleted Text: s
Deleted Text:  in order
Deleted Text: s
Deleted Text: ,
Deleted Text: s
https://www. forskningsradet.no/
https:// kreftforeningen.no
https://kreftforeningen.no

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Tolhuis B, Palstra R], Splinter E, et al. Looping and interaction
between hypersensitive sites in the active beta-globin locus.
Mol Cell 2002;10(6):1453-65.

Krivega I, Dean A. Enhancer and promoter interactions-long
distance calls. Curr Opin Genet Dev 2012;22(2):79-85. doi:
10.1016/j.gde.2011.11.001.

Dong X, Li C, Chen Y, et al. Human transcriptional interac-
tome of chromatin contribute to gene co-expression. BMC
Genomics 2010;11:704. doi: 10.1186/1471-2164-11-704.

Levine M, Cattoglio C, Tjian R. Looping back to leap forward:
transcription enters a new era. Cell 2014;157(1):13-25. doi:
10.1016/j.cell.2014.02.009.

Dekker J, Marti-Renom MA, Mirny LA. Exploring the three-
dimensional organization of genomes: interpreting chroma-
tin interaction data. Nat Rev Genet 2013;14(6):390-403. doi:
10.1038/nrg3454.

Pennacchio LA, Bickmore W, Dean A, et al. Enhancers: five
essential questions. Nat Rev Genet 2013;14(4):288-95. doi:
10.1038/nrg3458.

Razin SV, Gavrilov AA, Ioudinkova ES, et al. Communication
of genome regulatory elements in a folded chromosome.
FEBS Lett 2013;587(13):1840-7. doi: 10.1016/
j.febslet.2013.04.027.

de Laat W, Duboule D. Topology of mammalian develop-
mental enhancers and their regulatory landscapes. Nature
2013;502(7472):499-506. doi: 10.1038/nature12753.

de Wit E, de Laat W. A decade of 3C technologies: insights
into nuclear organization. Genes Dev 2012;26(1):11-24. doi:
10.1101/gad.179804.111.

Pombo A, Dillon N. Three-dimensional genome architec-
ture: players and mechanisms. Nat Rev Mol Cell Biol
2015;16(4):245-57. doi: 10.1038/nrm3965.

Ay F, Noble WS. Analysis methods for studying the 3D archi-
tecture of the genome. Genome Biol 2015;16:183. doi: 10.1186/
$13059-015-0745-7.

Li G, Ruan X, Auerbach RK, et al. Extensive promoter-
centered chromatin interactions provide a topological basis
for transcription regulation. Cell 2012;148(1-2):84-98. doi:
10.1016/j.cell.2011.12.014.

Cavalli G, Misteli T. Functional implications of genome top-
ology. Nat Struct Mol Biol 2013;20(3):290-9. doi: 10.1038/
nsmb.2474.

Mercer TR, Edwards SL, Clark MB, et al. DNase I-hypersensi-
tive exons colocalize with promoters and distal regulatory
elements. Nat Genet 2013;45(8):852-9. doi: 10.1038/ng.2677.
Lai F, Orom UA, Cesaroni M, et al. Activating RNAs associate with
Mediator to enhance chromatin architecture and transcription.
Nature 2013;494(7438):497-501. doi: 10.1038/nature11884.
Schubeler D, Francastel C, Cimbora DM, et al. Nuclear local-
ization and histone acetylation: a pathway for chromatin
opening and transcriptional activation of the human beta-
globin locus. Genes Dev 2000;14(8):940-50.

Palstra RJ, Simonis M, Klous P, et al. Maintenance of long-
range DNA interactions after inhibition of ongoing RNA
polymerase II transcription. PloS One 2008;3(2):e1661. doi:
10.1371/journal.pone.0001661.

Kim TK, Hemberg M, Gray JM. Enhancer RNAs: a class of long
noncoding RNAs synthesized at enhancers. Cold Spring Harb
Perspect Biol 2015;7(1):a018622. doi: 10.1101/cshperspect.a018622.
Kim TK, Shiekhattar R. Architectural and functional com-
monalities between enhancers and promoters. Cell
2015;162(5):948-59. doi: 10.1016/j.cell.2015.08.008.

Core L], Martins AL, Danko CG, et al. Analysis of nascent RNA
identifies a unified architecture of initiation regions at

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

4.

45.

46.

47.

48.

49.

50.

51.

Promoter—enhancer interactions and bioinformatics | 991

mammalian promoters and enhancers. Nat Genet
2014;46(12):1311-20. doi: 10.1038/ng.3142.

Kowalczyk MS, Hughes JR, Garrick D, et al. Intragenic enhan-
cers act as alternative promoters. Mol Cell 2012;45(4):447-58.
doi: 10.1016/j.molcel.2011.12.021.

Andersson R. Promoter or enhancer, what’s the difference?
Deconstruction of established distinctions and presentation
of a unifying model. Bioessays 2015;37(3):314-23. doi:
10.1002/bies.201400162.

Papantonis A, Cook PR. Transcription factories: genome
organization and gene regulation. Chem Rev 2013;113(11):
8683-705. doi: 10.1021/cr300513p.

de Laat W, Grosveld F. Spatial organization of gene expres-
sion: the active chromatin hub. Chromosome Res 2003;11(5):
447-59.

Kagey MH, Newman JJ, Bilodeau S, et al. Mediator and cohe-
sin connect gene expression and chromatin architecture.
Nature 2010;467(7314):430-5. doi: 10.1038/nature09380.
Wendt KS, Yoshida K, Itoh T, et al. Cohesin mediates tran-
scriptional insulation by CCCTC-binding factor. Nature
2008;451(7180):796-801. doi: 10.1038/nature06634.

Parelho V, Hadjur S, Spivakov M, et al. Cohesins functionally
associate with CTCF on mammalian chromosome arms. Cell
2008;132(3):422-33. doi: 10.1016/j.cell.2008.01.011.

Gohl D, Aoki T, Blanton J, et al. Mechanism of chromosomal
boundary action: roadblock, sink, or loop? Genetics
2011;187(3):731-48. doi: 10.1534/genetics.110.123752.

Doyle B, Fudenberg G, Imakaev M, et al. Chromatin loops as
allosteric modulators of enhancer-promoter interactions.
PLoS Comput Biol 2014;10(10):e1003867. doi: 10.1371/
journal.pcbi.1003867.

Mishiro T, Ishihara K, Hino S, et al. Architectural roles of
multiple chromatin insulators at the human apolipoprotein
gene cluster. EMBO ] 2009;28(9):1234-45. doi: 10.1038/
embo;j.2009.81.

Handoko L, Xu H, Li G, et al. CTCF-mediated functional
chromatin interactome in pluripotent cells. Nat Genet
2011;43(7):630-8. doi: 10.1038/ng.857.

Hadjur S, Williams LM, Ryan NK, et al. Cohesins form
chromosomal cis-interactions at the developmentally regu-
lated IFNG locus. Nature 2009;460(7253):410-3. doi: 10.1038/
nature08079.

Majumder P, Boss JM. Cohesin regulates MHC class II genes
through interactions with MHC class II insulators. ] Immunol
2011;187(8):4236-44. doi: 10.4049/jimmunol.1100688.

Cook PR. A model for all genomes: the role of transcription
factories. J Mol Biol 2010;395(1):1-10. doi: 10.1016/
j,jmb.2009.10.031.

Brown JM, Green ], das Neves RP, et al. Association between
active genes occurs at nuclear speckles and is modulated by
chromatin environment. J Cell Biol 2008;182(6):1083-97. doi:
10.1083/jcb.200803174.

Rieder D, Trajanoski Z, McNally JG. Transcription factories.
Front Genet 2012;3:221. doi: 10.3389/fgene.2012.00221.

Junier I, Martin O, Kepes F. Spatial and topological organiza-
tion of DNA chains induced by gene co-localization. PLoS
Comput Biol 2010;6(2):e1000678. doi: 10.1371/journal.
pcbi.1000678.

Kind J, Pagie L, Ortabozkoyun H, et al. Single-cell dynamics of
genome-nuclear lamina interactions. Cell 2013;153(1):
178-92. doi: 10.1016/j.cell.2013.02.028.

van Steensel B, Dekker J. Genomics tools for unraveling
chromosome architecture. Nat Biotechnol 2010;28(10):
1089-95. doi: 10.1038/nbt.1680.

20z Iudy 0g uo 3senb Aq 0£+9092/086/9/. 1 /o101B/q1q/W0d dnodlwapese//:sdiy woly papeojumoq



52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

992 | Moraetal

Padeken J, Heun P. Nucleolus and nuclear periphery: velcro
for heterochromatin. Curr Opin Cell Biol 2014;28:54-60. Epub
2014/04/03. doi: 10.1016/j.ceb.2014.03.001.

Peric-Hupkes D, Meuleman W, Pagie L, et al. Molecular maps
of the reorganization of genome-nuclear lamina inter-
actions during differentiation. Mol Cell 2010;38(4):603-13.
doi: 10.1016/j.molcel.2010.03.016.

Delest A, Sexton T, Cavalli G. Polycomb: a paradigm for gen-
ome organization from one to three dimensions. Curr Opin
Cell Biol 2012;24(3):405-14. doi: 10.1016/j.ceb.2012.01.008.
Rieder D, Ploner C, Krogsdam AM, et al. Co-expressed genes
prepositioned in spatial neighborhoods stochastically associ-
ate with SC35 speckles and RNA polymerase II factories. Cell
Mol Life Sci 2014;71(9):1741-59. doi: 10.1007/s00018-013-1465-3.
Rao SS, Huntley MH, Durand NC, et al. A 3D map of the
human genome at kilobase resolution reveals principles of
chromatin looping. Cell 2014;159(7):1665-80. doi: 10.1016/
j.cell.2014.11.021.

Cremer T, Cremer M. Chromosome territories. Cold Spring
Harb  Perspect Biol 2010;2(3):a003889. doi: 10.1101/
cshperspect.a003889.

Joffe B, Leonhardt H, Solovei I. Differentiation and large scale
spatial organization of the genome. Curr Opin Genet Dev
2010;20(5):562-9. doi: 10.1016/j.gde.2010.05.009.
Chambeyron S, Bickmore WA. Chromatin decondensation
and nuclear reorganization of the HoxB locus upon induc-
tion of transcription. Genes Dev 2004;18(10):1119-30. doi:
10.1101/gad.292104.

Volpi EV, Chevret E, Jones T, et al. Large-scale chromatin or-
ganization of the major histocompatibility complex and
other regions of human chromosome 6 and its response to
interferon in interphase nuclei. J Cell Sci 2000;113 (Pt 9):
1565-76.

Lomvardas S, Barnea G, Pisapia D], et al. Interchromosomal
interactions and olfactory receptor choice. Cell 2006;126(2):
403-13. doi: 10.1016/j.cell.2006.06.035.

Williamson I, Berlivet S, Eskeland R, et al. Spatial genome
organization: contrasting views from chromosome con-
formation capture and fluorescence in situ hybridization.
Genes Dev 2014;28(24):2778-91. doi: 10.1101/gad.251694.114.
Williamson I, Eskeland R, Lettice LA, et al. Anterior-posterior
differences in HoxD chromatin topology in limb develop-
ment. Development 2012;139(17):3157-67. doi: 10.1242/
dev.081174.

Fraser J, Williamson I, Bickmore WA, et al. An overview of
genome organization and how we got there: from FISH to
Hi-C. Microbiol Mol Biol Rev 2015;79(3):347-72. doi: 10.1128/
MMBR.00006-15.

Simonis M, Klous P, Splinter E, et al. Nuclear organization of
active and inactive chromatin domains uncovered by
chromosome conformation capture-on-chip (4C). Nat Genet
2006;38(11):1348-54. doi: 10.1038/ng1896.

Dostie J, Richmond TA, Arnaout RA, et al. Chromosome
Conformation Capture Carbon Copy (5C): a massively paral-
lel solution for mapping interactions between genomic
elements. Genome Res 2006;16(10):1299-309. doi: 10.1101/
gr.5571506.

Fullwood MJ, Liu MH, Pan YF, et al. An oestrogen-receptor-
alpha-bound human chromatin interactome. Nature
2009;462(7269):58-64. doi: 10.1038/nature08497.
Lieberman-Aiden E, van Berkum NL, Williams L, et al.
Comprehensive mapping of long-range interactions reveals
folding principles of the human genome. Science
2009;326(5950):289-93. doi: 10.1126/science.1181369.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Barutcu AR, Fritz AJ, Zaidi SK, et al. C-ing the genome: a com-
pendium of chromosome conformation capture methods to
study higher-order chromatin organization. J Cell Physiol
2016;231:31-5. doi: 10.1002/jcp.25062

Gavrilov A, Razin SV, Cavalli G. In vivo formaldehyde cross-
linking: it is time for black box analysis. Brief Funct Genomics
2015;14(2):163-5. doi: 10.1093/bfgp/elu037.

Dostie ], Bickmore WA. Chromosome organization in the
nucleus - charting new territory across the Hi-Cs. Curr Opin
Genet Dev 2012;22(2):125-31. doi: 10.1016/j.gde.2011.12.006.
Anton T, Bultmann S, Leonhardt H, et al. Visualization of
specific DNA sequences in living mouse embryonic stem
cells with a programmable fluorescent CRISPR/Cas system.
Nucleus 2014;5(2):163-72. doi: 10.4161/nucl.28488.

Chen B, Gilbert LA, Cimini BA, et al. Dynamic imaging
of genomic loci in living human cells by an optimized CRISPR/
Cas system. Cell 2013;155(7):1479-91. doi: 10.1016/j.cell.
2013.12.001.

Saad H, Gallardo F, Dalvai M, et al. DNA dynamics during
early double-strand break processing revealed by non-
intrusive  imaging of living cells. PLoS  Genet
2014;10(3):e1004187. doi: 10.1371/journal.pgen.1004187.
Kodzius R, Kojima M, Nishiyori H, et al. CAGE: cap analysis of
gene expression. Nat Methods 2006;3(3):211-22. doi: 10.1038/
nmeth0306-211.

Kim TK, Hemberg M, Gray JM, et al. Widespread transcription
at neuronal activity-regulated enhancers. Nature
2010;465(7295):182-7. doi: 10.1038/nature09033.

Andersson R, Gebhard C, Miguel-Escalada I, et al. An atlas of
active enhancers across human cell types and tissues.
Nature 2014;507(7493):455-61. doi: 10.1038/nature12787.
Sanyal A, Lajoie BR, Jain G, et al. The long-range interaction
landscape of gene promoters. Nature 2012;489(7414):109-13.
doi: 10.1038/nature11279.

Arner E, Daub CO, Vitting-Seerup K, et al. Gene
regulation. Transcribed enhancers lead waves of coordi-
nated transcription in transitioning mammalian cells.
Science 2015;347(6225):1010-4. doi: 10.1126/science.1259418.
Chepelev I, Wei G, Wangsa D, et al. Characterization of
genome-wide enhancer-promoter interactions reveals co-
expression of interacting genes and modes of higher order
chromatin organization. Cell Res 2012;22(3):490-503. doi:
10.1038/cr.2012.15.

Ernst J. Mapping enhancer and promoter interactions. Cell
Res 2012;22(5):789-90. doi: 10.1038/cr.2012.49.

DeMare LE, Leng J, Cotney J, et al. The genomic landscape of
cohesin-associated chromatin interactions. Genome Res
2013;23(8):1224-34. doi: 10.1101/gr.156570.113.

Jin F,LiY, Dixon JR, et al. A high-resolution map of the three-
dimensional chromatin interactome in human cells. Nature
2013;503(7475):290-4. doi: 10.1038/nature12644.

Sahlen P, Abdullayev I, Ramskold D, et al. Genome-wide
mapping of promoter-anchored interactions with close to
single-enhancer resolution. Genome Biol 2015;16(1):156. doi:
10.1186/s13059-015-0727-9.

Dixon JR, Selvaraj S, Yue F, et al. Topological domains in
mammalian genomes identified by analysis of chromatin
interactions. Nature 2012;485(7398):376-80. doi: 10.1038/
nature11082.

Nora EP, Lajoie BR, Schulz EG, et al. Spatial partitioning of the
regulatory landscape of the X-inactivation centre. Nature
2012;485(7398):381-5. doi: 10.1038/nature11049.

Zuin J, Dixon JR, van der Reijden MI, et al. Cohesin and CTCF
differentially affect chromatin architecture and gene

20z Iudy 0g uo 3senb Aq 0£+9092/086/9/. 1 /o101B/q1q/W0d dnodlwapese//:sdiy woly papeojumoq



expression in human cells. Proc Natl Acad Sci USA
2014;111(3):996-1001. doi: 10.1073/pnas.1317788111.

88. Gundersen S, Kalas M, Abul O, et al. Identifying elemental
genomic track types and representing them uniformly. BMC
Bioinformatics 2011;12:494. doi: 10.1186/1471-2105-12-494.

89. Quinlan AR, Hall IM. BEDTools: a flexible suite of utilities for
comparing genomic features. Bioinformatics 2010;26(6):841-2.
doi: 10.1093/bioinformatics/btq033.

90. Phanstiel DH, Boyle AP, Araya CL, et al. Sushi.R: flexible,
quantitative and integrative genomic visualizations for pub-
lication-quality multi-panel figures. Bioinformatics 2014;
30(19):2808-10. doi: 10.1093/bioinformatics/btu379.

91. Zhou X, Lowdon RF, Li D, et al. Exploring long-range genome
interactions using the WashU Epigenome Browser. Nat
Methods 2013;10(5):375-6. doi: 10.1038/nmeth.2440.

92. GEO 2015. http://www.ncbi.nlm.nih.gov/geo/.

93. Array Express 2015. http://www.ebi.ac.uk/arrayexpress/.

94. LiC, Dong X, Fan H, et al. The 3DGD: a database of genome
3D structure. Bioinformatics 2014;30(11):1640-2. doi: 10.1093/
bioinformatics/btu081.

95. Hi-C browser 2015. http://yuelab.org/hi-c/tutorial.html.

96. Krzywinski M, Schein J, Birol I, et al. Circos: an information
aesthetic for comparative genomics. Genome Res
2009;19(9):1639-45. doi: 10.1101/gr.092759.109.

97. Zhang H, Meltzer P, Davis S. RCircos: an R package for Circos
2D track plots. BMC Bioinformatics 2013;14:244. doi: 10.1186/
1471-2105-14-244.

98. OMIC tools, Hi-C 2015. http://omictools.com/3c-4c-5c-hi-c-
chia-pet-c298-p1.html.

99. Tanizawa H, Iwasaki O, Tanaka A, et al. Mapping of long-
range associations throughout the fission yeast genome re-
veals global genome organization linked to transcriptional
regulation. Nucleic Acids Res 2010;38(22):8164-77. doi:
10.1093/nar/gkq955.

100.Sexton T, Yaffe E, Kenigsberg E, et al. Three-dimensional
folding and functional organization principles of the
Drosophila genome. Cell 2012;148(3):458-72. doi: 10.1016/
j.cell.2012.01.010.

101.Duan Z, Andronescu M, Schutz K, et al. A three-dimensional
model of the yeast genome. Nature 2010;465(7296):363-7.
doi: 10.1038/nature08973.

102.Yaffe E, Tanay A. Probabilistic modeling of Hi-C contact
maps eliminates systematic biases to characterize global
chromosomal architecture. Nat Genet 2011;43(11):1059-65.
doi: 10.1038/ng.947.

103.Imakaev M, Fudenberg G, McCord RP, et al. Iterative correc-
tion of Hi-C data reveals hallmarks of chromosome organ-
ization. Nat Methods 2012;9(10):999-1003. doi: 10.1038/
nmeth.2148.

104. Cournac A, Marie-Nelly H, Marbouty M, et al. Normalization
of a chromosomal contact map. BMC Genomics 2012;13:436.
doi: 10.1186/1471-2164-13-436.

105.Hu M, Deng K, Selvaraj S, et al. HICNorm: removing biases in
Hi-C data via Poisson regression. Bioinformatics
2012;28(23):3131-3. doi: 10.1093/bioinformatics/bts570.

106.0’Sullivan JM, Hendy MD, Pichugina T, et al. The statistical-
mechanics of chromosome conformation capture. Nucleus
2013;4(5):390-8. doi: 10.4161/nucl.26513.

107. Ay F, Bailey TL, Noble WS. Statistical confidence estimation
for Hi-C data reveals regulatory chromatin contacts. Genome
Res 2014;24(6):999-1011. doi: 10.1101/gr.160374.113.

108.Lajoie BR, van Berkum NL, Sanyal A, et al. My5C: web tools
for chromosome conformation capture studies. Nat Methods
2009;6(10):690-1. doi: 10.1038/nmeth1009-690.

Promoter—enhancer interactions and bioinformatics | 993

109.Chen H, Chen J, Muir LA, et al. Functional organization of the
human 4D Nucleome. Proc Natl Acad Sci USA
2015;112(26):8002-7. doi: 10.1073/pnas.1505822112.

110.Nagano T, Lubling Y, Stevens TJ, et al. Single-cell Hi-C reveals
cell-to-cell variability in chromosome structure. Nature
2013;502(7469):59-64. doi: 10.1038/nature12593.

111.Horan M, Ballard J. Application of Chromosome Conformation
Capture (3C) to the Study of Human Genetic Disease. eLS.
Chichester: John Wiley & Sons, Ltd.; 2012.

112. Schierding W, Cutfield WS, O’Sullivan JM. The missing story
behind Genome Wide Association Studies: single nucleotide
polymorphisms in gene deserts have a story to tell. Front
Genet 2014;5:39. doi: 10.3389/fgene.2014.00039.

113.Heintzman ND, Hon GC, Hawkins RD, et al. Histone modifi-
cations at human enhancers reflect global cell-type-specific
gene expression. Nature 2009;459(7243):108-12. doi: 10.1038/
nature07829.

114. Williamson I, Hill RE, Bickmore WA. Enhancers: from develop-
mental genetics to the genetics of common human disease.
Dev Cell 2011;21(1):17-9. doi: 10.1016/j.devcel. 2011.06.008.

115.Ernst J, Kheradpour P, Mikkelsen TS, et al. Mapping and ana-
lysis of chromatin state dynamics in nine human cell types.
Nature 2011;473(7345):43-9. doi: 10.1038/nature09906.

116. Thurman RE, Rynes E, Humbert R, et al. The accessible chro-
matin landscape of the human genome. Nature
2012;489(7414):75-82. doi: 10.1038/nature11232.

117.Corradin O, Saiakhova A, Akhtar-Zaidi B, et al
Combinatorial effects of multiple enhancer variants in link-
age disequilibrium dictate levels of gene expression to
confer susceptibility to common traits. Genome Res 2014;
24(1):1-13. doi: 10.1101/gr.164079.113.

118.He B, Chen C, Teng L, et al. Global view of enhancer-
promoter interactome in human cells. Proc Natl Acad Sci USA
2014;111(21):E2191-9. doi: 10.1073/pnas.1320308111.

119.Hwang YC, Lin CF, Valladares O, et al. HIPPIE: a high-
throughput identification pipeline for promoter interacting
enhancer elements. Bioinformatics 2015;31(8):1290-2. doi:
10.1093/bioinformatics/btu801.

120.Hnisz D, Abraham B]J, Lee TI, et al. Super-enhancers in the
control of cell identity and disease. Cell 2013;155(4):934—47.
doi: 10.1016/j.cell.2013.09.053.

121. Davison L], Wallace C, Cooper JD, et al. Long-range DNA loop-
ing and gene expression analyses identify DEXI as an auto-
immune disease candidate gene. Hum Mol Genet 2012;21(2):
322-33. doi: 10.1093/hmg/ddr468.

122.Smemo S, Tena JJ, Kim KH, et al. Obesity-associated variants
within FTO form long-range functional connections with
IRX3. Nature 2014;507(7492):371-5. doi: 10.1038/nature13138.

123.Roadmap Epigenomics C, Kundaje A, Meuleman W, et al.
Integrative analysis of 111 reference human epigenomes.
Nature 2015;518(7539):317-30. doi: 10.1038/nature14243.

124.Harismendy O, Notani D, Song X, et al. 9p21 DNA variants
associated with coronary artery disease impair interferon-
gamma signalling response. Nature 2011;470(7333):264-8.
doi: 10.1038/nature09753.

125.Sotelo J, Esposito D, Duhagon MA, et al. Long-range enhan-
cers on 8g24 regulate c-Myc. Proc Natl Acad Sci USA
2010;107(7):3001-5. doi: 10.1073/pnas.0906067107.

126.Musunuru K, Strong A, Frank-Kamenetsky M, et al. From
noncoding variant to phenotype via SORT1 at the 1p13 chol-
esterol locus. Nature 2010;466(7307):714-9. doi: 10.1038/
nature09266.

127.Meyer KB, Maia AT, O'Reilly M, et al. A functional variant at a
prostate cancer predisposition locus at 8q24 is associated

20z Iudy 0g uo 3senb Aq 0£+9092/086/9/. 1 /o101B/q1q/W0d dnodlwapese//:sdiy woly papeojumoq


http://www.ncbi.nlm.nih.gov/geo/
http://www.ebi.ac.uk/arrayexpress/
http://yuelab.org/hi-c/tutorial.html
http://omictools.com/3c-4c-5c-hi-c-chia-pet-c298-p1.html
http://omictools.com/3c-4c-5c-hi-c-chia-pet-c298-p1.html

994 | Moraetal

with PVT1 expression. PLoS Genet 2011;7(7):e1002165. doi:
10.1371/journal.pgen.1002165.

128.Li MJ, Wang LY, Xia Z, et al. GWAS3D: detecting human regu-
latory variants by integrative analysis of genome-wide as-
sociations, chromosome interactions and histone
modifications. Nucleic Acids Res 2013;41:W150-8. doi: 10.
1093/nar/gkt456.

129.Thongjuea S, Stadhouders R, Grosveld FG, et al. r3Cseq: an R/
Bioconductor package for the discovery of long-range gen-
omic interactions from chromosome conformation capture
and next-generation sequencing data. Nucleic Acids Res
2013;41(13):e132. doi: 10.1093/nar/gkt373.

130.Servant N, Lajoie BR, Nora EP, et al. HiTC: exploration of
high-throughput ‘< experiments. Bioinformatics
2012;28(21):2843-4. doi: 10.1093/bioinformatics/bts521.

131. Williams RL, Jr., Starmer J, Mugford JW, et al. fourSig: a method
for determining chromosomal interactions in 4C-Seq data.
Nucleic Acids Res 2014;42(8):e68. doi: 10.1093/nar/gkul56.

132. Walter C, Schuetzmann D, Rosenbauer F, et al. Basic4Cseq: an R/
Bioconductor package for analyzing 4C-seq data. Bioinformatics
2014;30(22):3268-9. doi: 10.1093/bicinformatics/btu497.

133.Heinz S, Benner C, Spann N, et al. Simple combinations of
lineage-determining transcription factors prime cis-regula-
tory elements required for macrophage and B cell identities.
Mol Cell 2010;38(4):576-89. doi: 10.1016/j.molcel.2010.05.004.

134.Paulsen J, Sandve GK, Gundersen S, et al. HiBrowse: multi-
purpose statistical analysis of genome-wide chromatin 3D
organization. Bioinformatics 2014;30(11):1620-2. doi: 10.1093/
bioinformatics/btu082.

135.Zhang Y, Wong CH, Bimbaum RY, et al. Chromatin connectivity
maps reveal dynamic promoter-enhancer long-range associ-
ations. Nature 2013;504(7479):306-10. doi: 10.1038/nature12716.

136.Heintzman ND, Stuart RK, Hon G, et al. Distinct and predict-
ive chromatin signatures of transcriptional promoters and
enhancers in the human genome. Nat Genet 2007;39(3):311-
8. doi: 10.1038/ng1966.

137.Hu D, Gao X, Morgan MA, et al. The MLL3/MLL4 branches of
the COMPASS family function as major histone H3K4 mono-
methylases at enhancers. Mol Cell Biol 2013;33(23):4745-54.
doi: 10.1128/MCB.01181-13.

138.Herz HM, Mohan M, Garruss AS, et al. Enhancer-associated
H3K4 monomethylation by Trithorax-related, the
Drosophila homolog of mammalian MII3/Mll4. Genes Dev
2012;26(23):2604-20. doi: 10.1101/gad.201327.112.

139.Karmodiya K, Krebs AR, Oulad-Abdelghani M, et al. H3K9
and H3K14 acetylation co-occur at many gene regulatory
elements, while H3K14ac marks a subset of inactive indu-
cible promoters in mouse embryonic stem cells. BMC
Genomics 2012;13:424. doi: 10.1186/1471-2164-13-424.

140.Zentner GE, Tesar PJ, Scacheri PC. Epigenetic signatures
distinguish multiple classes of enhancers with distinct cellular
functions. Genome Res 2011;21(8):1273-83. doi: 10.1101/
gr.122382.111.

141.Skalska L, Stojnic R, Li J, et al. Chromatin signatures at
Notch-regulated enhancers reveal large-scale changes in
H3K56ac upon activation. EMBO ] 2015;34:1889-904. doi:
10.15252/emb;j.201489923.

142.Taylor GC, Eskeland R, Hekimoglu-Balkan B, et al. H4K16
acetylation marks active genes and enhancers of embryonic
stem cells, but does not alter chromatin compaction.
Genome Res 2013;23(12):2053-65. doi: 10.1101/gr.155028.113.

143.Rada-Iglesias A, Bajpai R, Swigut T, et al. A unique chromatin
signature uncovers early developmental enhancers in humans.
Nature 2011;470(7333):279-83. doi: 10.1038/nature09692.

144.Hu G, Cui K, Northrup D, et al. H2A.Z facilitates access
of active and repressive complexes to chromatin in
embryonic stem cell self-renewal and differentiation. Cell
Stem Cell 2013;12(2):180-92. doi: 10.1016/j.stem.2012.11.003.

145.Ku M, Jaffe JD, Koche RP, et al. H2A.Z landscapes and
dual modifications in pluripotent and multipotent
stem cells wunderlie complex genome regulatory
functions. Genome Biol 2012;13(10):R85. doi: 10.1186/gb-
2012-13-10-r85.

146.Dalvai M, Fleury L, Bellucci L, et al. TIP48/Reptin and H2A.Z
requirement for initiating chromatin remodeling in estro-
gen-activated transcription. PLoS Genet 2013;9(4):e1003387.
doi: 10.1371/journal.pgen.1003387.

147.Chen P, Zhao J, Wang Y, et al. H3.3 actively marks enhancers
and primes gene transcription via opening higher-ordered
chromatin. Genes Dev 2013;27(19):2109-24. doi: 10.1101/
gad.222174.113.

148.Kraushaar DC, Jin W, Maunakea A, et al. Genome-wide in-
corporation dynamics reveal distinct categories of turnover
for the histone variant H3.3. Genome Biol 2013;14(10):R121.
doi: 10.1186/gb-2013-14-10-r121.

149.Maston GA, Evans SK, Green MR. Transcriptional regulatory
elements in the human genome. Annu Rev Genomics Hum
Genet 2006;7:29-59. doi: 10.1146/annurev.genom.7.080505.
115623.

150. Duttke SH, Lacadie SA, Ibrahim MM, et al. Human promoters
are intrinsically directional. Mol Cell 2015;57(4):674-84. doi:
10.1016/j.molcel.2014.12.029.

151.Juven-Gershon T, Kadonaga JT. Regulation of gene expres-
sion via the core promoter and the basal transcriptional
machinery. Dev Biol 2010;339(2):225-9. doi: 10.1016/
j.ydbio.2009.08.009.

152.Roy AL, Singer DS. Core promoters in transcription: old prob-
lem, new insights. Trends Biochem Sci 2015;40(3):165-71. doi:
10.1016/j.tibs.2015.01.007.

153.Muller F, Tora L. Chromatin and DNA sequences in defining
promoters for transcription initiation. Biochim Biophys Acta
2014;1839(3):118-28. doi: 10.1016/j.bbagrm.2013.11.003.

154.Goodrich JA, Tjian R. Unexpected roles for core promoter
recognition factors in cell-type-specific transcription and
gene regulation. Nat Rev Genet 2010;11(8):549-58. doi:
10.1038/nrg2847.

155.Valen E, Sandelin A. Genomic and chromatin signals under-
lying transcription start-site selection. Trends Genet
2011;27(11):475-85. doi: 10.1016/j.tig.2011.08.001.

156.Calo E, Wysocka J. Modification of enhancer chromatin:
what, how, and why? Mol Cell 2013;49(5):825-37. doi: 10.1016/
j.molcel.2013.01.038.

157.Deng W, Lee ], Wang H, et al. Controlling long-range genomic
interactions at a native locus by targeted tethering of a loop-
ing factor. Cell 2012;149(6):1233-44. doi: 10.1016/
j.cell.2012.03.051.

158.Dalvai M, Bellucci L, Fleury L, et al. H2A.Z-dependent cross-
talk between enhancer and promoter regulates cyclin D1
expression. Oncogene 2013;32(36):4243-51. doi: 10.1038/
onc.2012.442.

159.Wu H, Nord AS, Akiyama JA, et al. Tissue-specific RNA ex-
pression marks distant-acting developmental enhancers.
PLoS Genet 2014;10(9):e1004610. doi: 10.1371/journal.pgen.
1004610.

160.De Santa F, Barozzi I, Mietton F, et al. A large fraction of
extragenic RNA pol II transcription sites overlap enhancers.
PLoS Biol 2010;8(5):e1000384. doi: 10.1371/journal.pbio.
1000384.

20z Iudy 0g uo 3senb Aq 0£+9092/086/9/. 1 /o101B/q1q/W0d dnodlwapese//:sdiy woly papeojumoq



161. Smith E, Shilatifard A. Enhancer biology and enhanceropathies.
Nat Struct Mol Biol 2014;21(3):210-9. doi: 10.1038/nsmb.2784.
162.Schaukowitch K, Joo JY, Liu X, et al. Enhancer RNA facilitates

NELF release from immediate early genes. Mol Cell
2014;56(1):29-42. doi: 10.1016/j.molcel.2014.08.023.
163.Dean A. On a chromosome far, far away: LCRs and gene expres-
sion. Trends Genet 2006;22(1):38-45. doi: 10.1016/j.tig.2005.11.001.
164. Whyte WA, Orlando DA, Hnisz D, et al. Master transcription fac-
tors and mediator establish super-enhancers at key cell iden-
tity genes. Cell 2013;153(2):307-19. doi: 10.1016/j.cell.2013.03.035.

Promoter—enhancer interactions and bioinformatics | 995

165.Mifsud B, Tavares-Cadete F, Young AN, Sugar R, Schoenfelder
S, Ferreira L, et al. Mapping long-range promoter contacts in
human cells with high-resolution capture Hi-C. Nature Genetics
2015;47(6):598-606.

166.The NHGRI GWAS Catalog, a curated resource of SNP-trait
associations. Nucl. Acids Res 2014; 42(D1):D1001-6.

167.TengL, He B, Wang]J, Tan K. 4DGenome: a comprehensive
database of chromatin interactions. Bioinformatics.
England: Oxford: 2015. http://doi.org/10.1093/bioinfor-
matics/btv158.

20z Iudy 0g uo 3senb Aq 0£+9092/086/9/. 1 /o101B/q1q/W0d dnodlwapese//:sdiy woly papeojumoq


http://doi.org/10.1093/bioinformatics/btv158
http://doi.org/10.1093/bioinformatics/btv158

	bbv097-TF1

