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Abstract: Spatiotemporal patterns of gene expression depend on enhancer elements and other factors
during individual development and disease progression. The rapid progress of high-throughput
techniques has led to well-defined enhancer chromatin properties. Various genome-wide methods
have revealed a large number of enhancers and the discovery of three-dimensional (3D) genome
architecture showing the distant interacting mechanisms of enhancers that loop to target gene
promoters. Whole genome sequencing projects directed at cancer have led to the discovery of
substantial enhancer dysfunction in misregulating gene expression and in tumor initiation and
progression. Results from genome-wide association studies (GWAS) combined with functional
genomics analyses have elucidated the functional impacts of many cancer risk-associated variants
that are enriched within the enhancer regions of chromatin. Risk variants dysregulate the expression
of enhancer variant-associated genes via 3D genomic interactions. Moreover, these enhancer variants
often alter the chromatin binding affinity for cancer-relevant transcription factors, which in turn leads
to aberrant expression of the genes associated with cancer susceptibility. In this review, we investigate
the extent to which these genetic regulatory circuits affect cancer predisposition and how the recent
development of genome-editing methods have enabled the determination of the impacts of genomic
variation and alteration on cancer phenotype, which will eventually lead to better management plans
and treatment responses to human cancer in the clinic.

Keywords: enhancer chromatin; epigenetic marks; chromatin looping and 3D genome; gene
transcription; cancer; cancer risk variants; GWAS; allele-specific chromatin binding

1. Introduction

Various studies have shown that most regulatory driver genetic variants are located in the
noncoding region of the genome. Various approaches, such as comparative and evolutionary genomics
as well as biochemical methods, have enabled the identification of the functional regulatory elements
and the modes of their interactions [1-4]. The role of the noncoding part of the genome was not
extensively explored initially after the Human Genome Project, but advancements in next generation
sequencing (NGS) technologies have opened doors to understanding noncoding genome by providing
large sets of multiomic data. Noncoding single nucleotide polymorphisms (SNPs) have been found to
be associated with various common disorders, and therefore, defining their locations and functions
has become urgent. To identify the functional and regulatory roles of the noncoding part of the human
genome, the National Human Genome Research Institute (NHGRI) launched “The Encyclopedia
of DNA Element (ENCODE) Project,” which revealed that approximately 80% of the genome is
functionally involved in biological activities [5,6]. Later, a similar project, modENCODE, was launched
for the same purposes with respect to fruit fly and worm genomes [7].

Most genome-wide SNPs have reportedly been found in noncoding regions containing enhancers,
which are cis-regulatory elements first identified in the SV40 virus genome, that can act with promoters
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over long distances [8,9]. Enhancer location is highly variable—it can be upstream or downstream or
within the target gene. The activity of target genes can be modulated by enhancers independent of their
location. Enhancer activity can be attenuated or blocked by other cis-regulatory elements called silencers
and insulators, respectively [10]. Enhancers usually contain multiple binding sites for trans-acting
proteins called transcription factors, which initiate the transcription process by recruiting various
coactivators in coordination with RNA polymerase II and the transcription initiation complex [11-13].
Binding of transcription factors also enables modification of chromatin [11,14-16]. Active enhancers
are completely devoid of nucleosomes; therefore, they are accessible to the transcription factors that
bind to them. However, the vicinity of enhancer regions containing nucleosomes has unique histone
monomethylation and acetylation signatures [6,17,18]. Active enhancer chromatins are marked by
H3 lysine 4 monomethylation (H3K4mel) and H3 lysine 27 acetylation (H3K27ac) but not histone
H3 lysine 4 trimethylation (H3K4me3) [14]. Furthermore, an active enhancer can interact with the
promoter of target genes, which contributes to the recruitment of transcription factors and coactivators
and the initiation of RNA polymerase dependent transcription, leading to gene expression (Figure 1).
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Figure 1. Active enhancers promote high-level gene expression. Epigenetic marks for active enhancers
usually include H3K4mel (monomethylation of H3 lysine 4) and H3K27ac whereas the trimethylation
of histone H3 lysine 4 (H3K4me3) is often enriched at gene promoters. The active enhancers regulate
gene transcription through chromatin looping with the promoters of target genes. Thus, looping
formation eventually contributes to the recruitment of transcription factors, coactivators, and RNA
polymerase, promoting high levels of target gene expressions.

Genome-wide association study (GWAS) approach can be used to identify disease-associated
SNPs but not explain their functional roles or molecular mechanisms. However, many recent studies
have shown that the SNPs in enhancer regions affect the normal gene regulation process. For example,
rs339331 alters the binding affinity of the transcription factor HOXB13, which induces the expression
level of the 6g22 locus gene RFX6 in prostate cancer cells [19]. Various other projects, like 1000
GENOME and individual genome projects, have also provided large data sets of genetic variations
in both coding and noncoding DNA that are associated with phenotypic divergence and disease
susceptibility in various ethnic groups [20-23]. NGS technologies have led to the identification of
millions of enhancers, though the functions of the majority of them remain unknown, the data can be
applied to interpret causation of GWAS-discovered genomic variants.

This review emphasizes the discovery of cis-regulatory elements, namely enhancers, with
elaboration on the efficacy of different methods used to study them and suggestions for improving
these techniques. We also discuss enhancer dysfunction and its role in disease progression, and how
genome editing strategies can be applied to remedy genetic variations that lead to disease susceptibility
for potential application in clinical therapeutics.
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2. Progress in Genome-Wide Dissection of the Cis-Regulatory Code

2.1. New Knowledge of the Cis-Regulatory Code

A type of proteins, namely transcription factors that bind to specific DNA sequences, determine the
information encoded in enhancer sequences to increase the transcription of specific genes. Transcription
factor DNA-binding sites are generally 6-20 bp long. Various computational methods, such as position
weight matrix (PWM) programing, have been established to define consensus binding motifs for specific
transcription factors. Furthermore, many computer-aided or manually curated databases—such as
TRANSFAC [24], JASPAR [25], and UniPROBE [26]—provide information acquired from different
studies on the preferential binding of transcription factors. However, these transcription factor
DNA-binding motifs do not guarantee the same binding affinity of given transcription factors to
active enhancers.

In recent years, the revolution in technology, especially high-throughput sequencing, has greatly
increased our knowledge by identifying a large number of cis-regulatory elements, although many of
them still need to be validated. Genome-wide evolution-based methods were used for finding enhancers
that are highly conserved across species. Chromatin immunoprecipitation followed by massively
parallel sequencing (ChIP-seq; Figure 2) is the most frequently used technology for identifying enhancer
sequences across the genome, but it does not provide information on the regulatory roles or regulated
target genes. The ChIP-seq method involves the cross-linking of cells by formaldehyde such that the
physiological transcription factors-DNA interactions can be chemically fixed, and then, the chromatin is
sheared into 300~1000 bp by sonication or enzyme, which enables specific recognition of antibodies with
transcription factors-chromatin complexes [27-30]. The immunoprecipitated protein-DNA complexes
were reversely crosslinked and the purified ChIP DNA was sequenced and analyzed. Another variant
of ChIP-seq, called ChIP-exo, gives results at higher resolution and involves an additional step for
exonuclease digestion, which cuts the DNA into fragments [31].

It is now well known that active enhancers are in regions with depleted nucleosomes enabling
transcription factors and other mediators to access genome DNA. These nucleosome-depleted
open chromatin regions and the nucleosome positioning across the genome can be detected by
the endonuclease activity of DNase I or micrococcal nuclease (MNase) followed by deep sequencing
(DNase-seq and MNase-seq, respectively) [32-35]. Alternatively, FAIRE-seq (formaldehyde-assisted
isolation of regulatory elements) and ATAC-seq provide information about the nucleosome-free
region by cross-linking cells and using respective tagged transposon elements followed by deep
sequencing [36-38]. However, similar to DNase-seq and MNase-seq, ATAC-seq also shows preferential
cleavage towards specific sequences [37,39,40].

Since its discovery, the genetic code was presumed to be exclusive for defining protein formation,
but a recent study explains that the genetic code has two functions: First, protein formation and, second,
gene regulation through transcription factor DNA-binding specificity [41,42]. Various approaches have
been used to understand the binding specificity of DNA and transcription factors. In vivo methods that
measure transcription factor-DNA binding specificity are ChIP-on-chip, ChIP-seq, and more recently,
ChlIP-exo as described above. However, various factors influence the binding between transcription
factors and chromatin DNA when these in vivo methods are used. In contrast, in vitro binding
experiments are the best approaches for measuring transcription factor-DNA interaction specificity
and affinity. The most widely used in vitro approach is protein binding microarray (PBM). PBM
involves the simple hybridization of the tagged transcription factor with double-stranded DNA, which
subsequently produces a fluorescence signal that reveals the binding strength [43]. A newer technology,
high-throughput SELEX (Systematic Evolution of Ligands by EXponential Enrichment), is also used
to characterize the relative binding specificities of DNA sequences to transcription factors [44,45].
Moreover, SELEX gives more accurate results compared to those generated through the use of PBMs.
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2.2. Genome-Wide Methods to Study Regulatory Interactions

The evolution of ChIP-seq has advanced the genome-wide identification of enhancers, which are
most often directed by transcription factor binding. The recently developed chromosome conformation
capture (3C) and the 3C-derived methods provide knowledge regarding the spatial proximity and
physical interaction between enhancers and promoters [46,47]. 3C technology is most widely used
to map the long-distance interactions between promoters and enhancers. In addition, its derivatives,
circular chromosome conformation capture (4C) and circular chromosome conformation capture carbon
copy (5C), respectively, are used to examine the interaction at one genomic location with many other
genomic locations throughout the whole genome [48,49]. Notably, Hi-C is also based on the same
strategies as those of 3C, with a slight adjustment: biotin-labeled nucleotides are added at restriction
ends to study the long-range enhancer and promoter communication in a genome-wide fashion [50-52].
All these assays involve the cross-linking of cells with formaldehyde, shearing and ligation with genome
DNA to generate a chimeric DNA that has close physical contact with a long distance location [48]
and to identify enhancers through bioinformatics analysis (Figures 2 and 3). Furthermore, ChIA-PET,
which is a combination of 3C and chromatin immunoprecipitation, is based on paired end tagging
with next-generation sequencing and enables the analysis of chromatin interaction at sites bound by
specific DNA-binding proteins, which is useful for determining the long-distance interactions between
promoters and enhancers [53]. 3C methods provide information about the spatial arrangement of
the genome and the physical interactions between enhancers and promoters (three-dimensional (3D)
genome), but they do not provide any information about the regulatory interactions of transcription
factors. Furthermore, neither 3C nor its derivatives, which map regulatory interactions across the
genome, provide information on all the physical interactions that have some regulatory roles [54,55].
Therefore, we can expect that continued advancement in technologies will improve the resolution
of these mechanisms and our understanding of regulatory interactions mediated through certain
transcriptional complexes.
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Figure 2. Genome-wide identification of cis-regulatory drivers, the enhancers. The cells were

cross-linked with formaldehyde, and glycine was added to stop the reaction. Cell pellets were collected
and suspended to isolate the nuclei. Chromatin was prepared by sonication into certain size, and the
fragments were incubated with antibodies against target proteins. Then, extraction buffer was added
to extract and purify the DNA from the complexes. The target DNA fragments were enriched and
sequenced by using ChIP-seq in combination with bioinformatics analysis. According to the called
ChIP-seq peaks, the enhancer elements in the chromatin can be identified.



Cells 2019, 8, 1281 50f19

3. Importance of Enhancers as cis-Regulatory Drivers

3.1. Lineage-Specific Factors Mediate Long-Distance Interactions with Enhancers

Enhancers increase transcription independent of their orientation, position, or distance to a
promoter and establish spatiotemporal and cell-type-specific patterns of gene expression. Although the
first enhancer was discovered in mammalian cells, our knowledge of enhancers has been significantly
increased by using Drosophila embryos. The enhancer of the cut (ct) gene regulates expression in
Drosophila wing imaginal disc cells and is situated 81.5 kb upstream from its transcription start site [56].
However, the limb bud enhancer for the mouse Sonic hedgehog (Shh) gene is located in the intron of
another gene more than 1 Mb from the Shh gene promoter [57,58]. The ENCODE project combines
epigenomic profiling technologies and considers enhancer-associated chromatin features to annotate
enhancers throughout the whole genome [6,59]. This project also indicates that enhancers are the most
dynamic parts of the genome and has identified a myriad of putative enhancers in different cell lines,
indicating the combinatorial complexity of gene expression during the developmental process [60,61].

It is well understood that the activation of gene transcription proceeds through many steps.
Enhancers bound to transcription factors undergo many dynamic and progressive changes during
different stages of development and expose active positions at certain times. The loop mechanism is a
well-recognized model for the interaction of distal enhancers; the DNA is looped in such a way that
the enhancer comes in very close proximity to the promoter [62-66]. The enhancer region is usually
bound with many clusters of activators, mediators, and transcription factors. It interacts with the gene
promoter that is in association with transcription factors and RNA polymerase. Then, the enhancer
can initiate transcription and upregulate the levels of gene expression (Figure 3). In addition, another
model of enhancer function, termed the ‘tracking’ or ‘scanning’ mechanism, is based on promoter and
enhancer interactions caused by the free diffusion or the facilitated movement of the enhancer along
chromatin fibers as it searches for a promoter with which to interact [63,67]. Later, another model,
termed the ‘linking’ or ‘oozing” model, was proposed, and it is based on a complex nucleated at the
enhancer and polymerized bidirectionally along the chromatin fiber until it reaches the promoter [62,68].
For example, in mature blood cells, dimerized LIM domain binding protein (LDB1) in a complex with
LMO2, GATA1, and FOG1 were required for the (3-globin locus control region to loop to the globulin
gene [69-71]. The looping model of the enhancer-promoter interaction is greatly supported by 3C and
its high-throughput derivatives. The 3C approach indicates the frequency of the physical interactions
between the genomic location by using cross-linked cells followed by restriction digestion and DNA
ligation and, finally, PCR analysis of the product [46,72]. This method provides the interaction strength
if both genomic positions are in the same three-dimensional space in the nucleus. Another 3C-derived
technology combined with next-generation sequencing maps the interaction of one genomic location
to the whole genome and is called circular chromosome conformation capture (4C) [73].
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Figure 3. Looping between clusters of activators, mediators and transcription factors in enhancer
and promoter regions. The enhancer region of chromatin is bound by the transcriptional complexes
including various activators, mediators and transcription factors, which form enhancer clusters.
The enhancer interacts with the promoter region, which combines with transcription factors and RNA
polymerase to increase the rate of gene transcription.

3.2. Spatiotemporal Organization of Enhancers in the Nucleus

3C and the 3C-derived approaches have improved our perception of regulatory genome context and
3D chromatin structures. The mammalian genome is arranged in a series of conserved topologically
associated domains (TADs) with dozens of genes and enhancers, as suggested by 3C [54,74,75].
The chromatin loci interactions within TADs are more frequent than those between different TADs.
The highly self-interactive TADs are significantly insulated from nearby regions, which is a critical
condition for modifying the 3D structures associated with enhancer-promoter interaction and gene
expression [76,77]. TADs can be transcriptionally active or inactive during differentiation and
development and can differ in size [78-81]. The super enhancers surrounded by TADs are clusters of
typical enhancers that are associated with a large number of mediators, and are found in pluripotent
cells and encode regulators of cell identity and disease [76,82].

Chromatin dynamics and 3D structure play critical roles in determining cellular fate, differentiation,
pluripotency, identity, and plasticity, guaranteeing that each cell performs the proper function in
every tissue and organ. CTCF sites are enriched near the margins of TADs, reflecting the role of
these TADs in distant interactions, but how the margins differ from each other remains unknown.
The functional relevance of TADs in distant interactions was verified by the transcription misregulation
due to the deletion of the TAD margin in the Xist locus [83]. CTCF binding and cohesion play
different roles at different levels in distant interactions. Reducing CTCF binding in HEK293T cells
increased TAD interactions with few changes in gene expression, whereas reduced cohesion had no
role in TAD interactions in thymocytes, indicating the functional role of CTCF during long-distance
interactions [84—87]. Cohesin loops regulate the interaction between gene enhancers and promoters,
which suppress aberrant enhancer and promoter contacts [10]. Ke et al. described the dynamics
of 3D chromatin structures during mouse development from gamete to early embryo, showing the
process of genome structure establishment from an obscure structure in the zygote to a mature 3D
structure [88]. TADs, which are genomic regulatory units, have internal stability and are affected by
structural genomic variations acquired during development and disease processes.

4. Effect of DNA Methylation on Enhancer Activity

Genome-wide studies support the view that DNA methylation has a negative impact on
enhancer activity [§9-92]. There is a significant association between the enhancer epigenetic signature,
transcription factor binding and enhancer activity at the distal promoter region in neural progenitor
cells and embryonic stem cells [55,93-95]. A recent study revealed that gene activity changes because of
altered gene methylation in medulloblastoma, and are similar to the activity differences between normal
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cells and other types of cancerous cells. This study also reported that 1000 genes are methylated at low
levels in medulloblastoma cells compared to the levels of their healthy counterparts [96]. In addition,
a study proposed the term vestigial enhancers to define early enhancers, which are methylated in
adult tissue with repressive histone methylation (H3K27me3) [97-99]. Furthermore, another study
found that 5mC oxidation and hypomethylation are essential mediators of enhanced Tet2 activity, as
determined during the epigenomic profiling of a Tet deletion.

5. Enhancer-Produced Enhancer RNA (eRNA)

Active enhancers are bound by several transcription factors with RNA pol II to produce RNA
called enhancer RNA (eRNA) [100,101], which can be short, bidirectional and non-polyadenylated
or long, unidirectional, and polyadenylated [102]. However, the function and mechanism of eRNA
directionality require proper investigation. Most recently, the FANTOMS5 project and results from
recent studies showed that short bidirectional RNA is a signature for active enhancers and participates
in looping for long-distance interactions [103]. The FANTOMS project provides an online catalog
of 43,011 active enhancers based on the CAGE library, which encompasses 432 primary cell lines,
135 tissue types, and 241 cell lines from human samples [103]. This project revealed a few untranscribed
enhancers and chromatin features that affect transcription, suggesting that many chromatin-derived
enhancers do not have regulatory activity in certain cells but may be active in other types of cells in the
same lineage [103-105]. The function of eRNA is still a topic for further research; however, a recent
study has reported the important role of eRNA in elongation. Specifically, eRNA acts as a decoy for a
negative elongation factor, which helps transition paused RNA pol II into the productive elongation
stage in the early phase of neuron development [106]. The exact function of enhancer RNA is not
properly understood. A recent study identified a class of IncRNAs, similar to eRNAs, using human
genome annotation data from GENCODE, that participate in gene activation and function similar to
enhancers in human cells. Although the specific mechanism of the enhancer-like functions of IncRNAs
has not yet been discovered, experimental results of a study showed that IncRNA-facilitated gene
expression is orientation independent, mediated by RNA and not cell-specific [107].

6. Types of Enhancers—Super Enhancers, Stretch Enhancers, and Shadow Enhancers

There are several types of enhancers with different characteristics. Enhancers are responsible for
increasing transcriptional output. Similar to the Drosophila HOT (highly occupied target) region [7],
clusters of transcription factors with mediator complexes have been found in mammalian pluripotent
cells and are called super enhancers. Compared to typical enhancers, super enhancers are bound by
more transcription factors, which are larger and capable of dramatically increasing transcriptional
activity [82,108,109]. Clusters containing super enhancers and highly transcribed TADs interact
simultaneously with multiple partners in the 3D structure of mES cells, which expanded the reporting
of cluster-bound SOX2 and the pairwise contacts of the super enhancers. These super enhancers might
be the origins of super enhancer-containing TADs [108]. Previously, it was assumed that ES cells
control gene expression through transcription factors, including Oct4, Sox2, and Nanog (OSN), but six
additional transcription factors have recently been reported to contribute to gene expression in ES cells.
The analysis revealed that super enhancers also control cell-type-specific gene expression, which is
very sensitive to reduced levels of mediator complexes and transcription factors. In addition, the study
provided a catalog of super enhancers in 86 human cells and tissues with different traits and associated
diseases, explaining a large collection of GWAS discoveries [110].

The stretch enhancer was revealed during the epigenetic profiling of human pancreatic islets.
Computational analysis of type 2 diabetes data revealed a wide region of enhancers that was greater
than 3 kb comprising so-called stretch enhancers or extended enhancers. Similar to super enhancers,
stretch enhancers also increase gene expression and work in a cell-type-specific manner. In the same
study, the data illustrated the role of the stretch enhancer in common human diseases due to enrichment
of associated SNP in the same region [111].
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The term shadow enhancer is used to define a secondary enhancer of the Drosophila genes sog and
brk, which drive gene expression in the neuroectoderm of the embryo. In Drosophila, the pattern of
gene expression is generally controlled by two enhancers that are called the primary enhancer and
the secondary enhancer. The secondary enhancer, which is distant from the target gene, acts with the
primary enhancer to regulate gene expression [112].

7. Identification of Chromatin Marks for Enhancers

Genome-wide technologies have been used to describe a large number of putative enhancers on the
basis of histone modification in ChIP data, suggesting that enhancers display characteristic chromatin
marks, which play important roles in transcriptional regulation. The ENCODE project results suggest
that enhancer chromatin marks can be identified by the presence of H3 lysine 4 monomethylation
(H3K4me1l) but the absence of the histone H3 lysine 4 trimethylation (H3K4me3) [5,7]. H3 lysine 27
acetylation (H3K27ac) is also used as a signature for identifying an enhancer [6,113]. Many studies
have indicated the significant presence of H3K4me3 at promoter sites and the reduced presence
of H3K4mel. A study presented a model for the identification of active enhancers and inactive
enhancers in embryonic stem cells and illustrated that H3K4mel in the absence of acetylated H3K27
was indicative of an inactive enhancer or a poised enhancer. It is possible that the active enhancer
is sensitive to the presence of both H3K27ac and H3K4mel [114,115]. The active enhancer mark
H3K27ac was first observed in Drosophila in CBP and was later reported in mammals in the CBP
paralogs P300 and CBP. P300 and CBP are both involved in a coactivator complex and acetylate a
number of histones. Genome-wide studies have shown that many enhancers lose their signature
mark during the differentiation process of embryonic stem cells and this loss is necessary for enhancer
decommissioning [88,116].

8. Enhancer Dysfunction and Human Disease

Successful completion of various human genome projects revealed that the human genome largely
consists of noncoding DNA, which has no role in protein expression, but the preliminary result of the
ENCODE project changed this presumption by defining the role of noncoding DNA in most (up to
80%) of the biochemical and regulatory activity of the genome. Genome-wide association studies and
epigenomic profiling coupled with high-throughput sequencing have been used to identify a large
number of genetic variations and chromosomal aberrations, which are risk factors for disease in the
human genome, especially in cancer initiation and tumor progression [117]. However, it is still very
difficult to determine the functional role of the genetic variations in noncoding DNA. These noncoding
risk variants usually affect the cis-regulation of gene expression that results in the phenotypic variations
in complex traits and cancer. For example, the risk SNP 1511672691, which is associated with aggressive
prostate cancer, mediated the interaction of promoters and enhancers and regulated the expression of
IncRNA PCAT19 [118,119]. Gao et al. revealed that the aggressive G allele of rs11672691 enhanced the
binding of transcription factor HOXA?2 and elevated the levels of the plausible candidate genes PCAT19
and CEACAM?21, which are implicated in prostate cancer cell growth and progression (Figure 4A).
A wide range of acting enhancers in the noncoding region of DNA participates in various regulatory
activities of gene regulation and developmental processes. This part of the review discusses enhancer
dysfunction due to genetic variations and chromosomal aberrations and addresses the ways these
variations cause disease. Genetic variations and chromosomal aberrations affect the binding affinity of
clusters of activators, mediators, and transcription factors, thereby dysregulating the expression of
target genes and causing human disease (Figure 4B).
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Figure 4. Enhancers in gene regulation and disease. (A) The aggressive G allele of rs11672691 enhances
the binding of transcription factor HOXA2, thus increasing the expression level of the plausible
candidate genes PCAT19 and CEACAM21, which results in prostate cancer cell growth and progression.
(B) In wild-type cells, the driver of transcription factor binding with other factors in the enhancer
region contributes to promoter interaction with the promoter of target genes to upregulate gene
expression. However, in disease conditions, genetic variation and chromosomal aberrations affect the
binding affinity of clusters of activators, mediators, and transcription factors, thereby dysregulating the
expression of target genes.

Inappropriate epigenetic modifications and/or genetic variants in the enhancer region greatly
contribute to humancarcinogenesis. The analysis of innumerable epigenetic abnormalities and somatic
mutations in chromatin regulatory factors showed that epigenetic disruption is a major hallmark of
cancer progression. Accumulating evidence has revealed that aberrant enhancer and super enhancer
clusters playing important roles in the activation of oncogenes and the dysregulation of tumor
suppressor genes [110]. Enhancers are more likely to be altered than promoters in many human cancer
cell lines and in different patients, resulting in normal tissue malignancy to primary tumors and even
metastases [120]. For example, Chen et al. analyzed thousands of tumor samples across 33 cancer
types and observed global enhancer activation in most cancers. They further discovered interactions of
causal enhancer-genes and identified an enhancer of PD-L1, which is a major immunotherapy target,
suggesting that enhancers have potential clinical applications [67]. Corces et al. investigated genetic
risk loci of cancer that are active DNA regulatory elements and identified regulatory interactions
involved in cancer immune evasion and pinpointed noncoding mutations, which affected enhancer
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activation and patient survival in 410 tumor samples representing 23 cancer types in TCGA (The Cancer
Genome Atlas) [38]. Moreover, the driver and enhancer of causal gene contribute to cancer progression.
For example, Bahr et al. showed that the enhancer of the MYC gene is essential for regulating
the expression of MYC in hematopoietic malignancies [121]. Roe et al. reported that FOXA1 is a
driver of enhancer activation, rendering pancreatic ductal adenocarcinoma cells more invasive and
metastatic [17]. In addition, aberrant enhancer or variation involve in the oncogenesis. For example,
Xiong et al. reported that aberrant enhancer hypomethylation in hepatocellular carcinomas contributes
to hepatocarcinogenesis through whole genome transcriptional reprogramming [90]. A risk variant
in a noncoding distal enhancer element regulates the expression of SNCA (x-synuclein), a key gene
involved in the pathogenesis of Parkinson’s disease [9].

9. Enhancer Hijacking

Recently, studies have shown that enhancer hijacking plays a significant role in medulloblastoma
and oncogenesis [122]. Previously, this kind of activity had been reported in the immunoglobulin
gene due to the translocation of MYC and BCL2 in the active enhancer region. Medulloblastoma
comprises four groups, and two groups, group 3 and group 4, showed an important role in most cases
of pediatric malignancy [121,123]. The results from this study indicated that genomic rearrangements
are responsible for activating growth factor-independent 1 family proto-oncogenes GFI1 and GFI1B,
which are in medulloblastoma group 3 and group 4. Earlier reports emphasized the role of somatic
MYC and MYCN gene amplification as a prevalent driver of medulloblastoma, but recent analyses of
the whole genome sequencing data for medulloblastoma, in which all chromosomal rearrangements
were considered, led to the identification of a novel region with highly disparate structural variant
classes—i.e., focal deletion, tandem duplication, and inversion—in chromosome 9q34.13. These highly
disparate genomic rearrangements led to the oncogene activation of GFI1 and GFI1B, and results from
the epigenomic profiling of the region suggested that the active enhancer mark was that of enhancer
hijacking [124,125]. Haller et al. reported that the rearrangement of an enhancer upregulated the
expression of NR4A3 (nuclear receptor subfamily 4 group A member 3), which increased the expression
of NR4A3 target genes and stimulated cell proliferation, suggesting the importance of enhancer
hijacking in salivary gland acinic cell carcinoma [124]. Structure variants disturb TAD boundaries,
which are likely caused by enhancer hijacking, exposing enhancers to new TSS (transcription start
sites) in both human cancer and other disease [125].

10. Super Enhancer Variations

Sequence variation in the super enhancer domain can result in specific diseases. Many diseases
are reportedly associated with SNPs in super enhancer regions in relevant cell types. 76 SNPs have
been reported for type-1 diabetes, 13 of which associate the super enhancer region. Furthermore,
systemic lupus erythematosus also is associated with 22 SNPs found the super enhancer regions of
16 genes [110]. The super enhancer of MYC is essential for the leukemic stem cell hierarchy and
hematopoiesis in humans and mice, and it has multiple enhancer modules that recruit a number of
transcription factors, including MYB and RUNX. Deletion of this super enhancer causes a complete
loss of MYC expression in hematopoiesis cells and an accumulation of multipotent progenitors [121].

11. CRISPR/Cas9 System for Genome Editing

Genome editing was hampered by lack of an efficient tool that can break double-stranded DNA
at a designed place. CRISPR (clustered regularly interspaced short palindromic repeats)/Cas9 was
originally identified in the archaeal adaptive immune system of bacteria that was based on RNA-guided
degradation of foreign nucleic acid. The CRISPR/Cas9 system has proven efficiency in many different
organisms, including humans [126]. CRISPR/Cas9 is more cost-effective and efficient than the earlier
genomic editing methods, i.e., zinc finger nuclease and TALENS (transcription activator-like effector
nucleases). This technique is widely used for genome editing. A study compared the CRISPR/Cas9
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system and TALENS, and the results indicated that the efficiency of the CRISPR/Cas9 system is superior
to that of TALENS [127]. The CRISPR/Cas9 system of genome editing is very useful in manipulating
DNA sequences and correcting them at the molecular level. We can manipulate the enhancer DNA
sequence by creating the insertion or deletion to determine the influence on gene activity [128]. Recently,
a study used CRISPR/Cas 9 to regulate gene expression by targeting enhancers in iPS cells, and the
results suggested preferential activity of activators inside the enhancer region [127]. The study has
indicated that a CRISPR/Cas9-mediated large genomic deletion can be created easily in mammalian
cells, suggesting that a deletion strategy could be useful for generating mutations in the noncoding
region [128-130]. Furthermore, a large library of gRNAs that is useful for altering or regulating genes
of interest is expected to be helpful in understanding genetic mechanisms. The high efficiency of the
CRISPR/Cas9 system has revolutionized biomedical research and genomic regulation. For example,
Pan et al. used a CRISPR-Cas9 genome screen to explore the molecular mechanism of tumor cell
resistance to cytotoxic T cells and discovered that the tumors were resistant to immunotherapy when
PBRM1 was inactivated [129]. Matharu et al. reported that CRISPR-mediated activation of an enhancer
or promoter of Siml in heterozygous mice rescued the obesity phenotype [131]. In addition, the
CRISPR/Cas9 is useful technology for cancer risk variants research. For example, Soldner et al. reported
a novel method to functionally identify the cis-regulatory genetic risk variants in gene expression by
combining genome epigenetic information with CRISPR/Cas9 genome editing in human pluripotent
stem cells [9]. Ping et al. and Junjie et al. applied the CRISPR/Cas9 system to clarify the molecular
mechanisms of how the risk SNP rs11672691 affects enhancer activity and causes progression of
aggressive PCa [118,119]. The CRISPR system is expected to be helpful in targeting enhancers to
understand how they modulate the transcription of genes [126,131-133].

12. Conclusions and Perceptive

Gene regulation in eukaryotes is a complex process of recruiting various transcription factors,
activators and repressors to the cis-regulatory module at different stages of development and disease.
Most critical regulation of gene expression occurs at the transcription level. Therefore, it is important
to identify the cis-regulatory sequences and their functional activity. It is essential to find biomarkers
for disease diagnosis and treatment. The mutations in germline and somatic cells were analyzed
by high-throughput sequencing techniques at the genome or transcript level. Then, integrative
analysis of disease-related genes or pathways combined with histological data might contribute to
the identification of biomarkers for clinical treatment (Figure 5). Somatic mutation of a noncoding
region may lead to an oncogenic super enhancer. Moreover, the noncoding region activates nearby
target genes, which may also encode for proteins that function as tumor suppressors [52]. In this
review, we have discussed the genome-wide methods used for enhancer identification, their mode
of action, unique chromatin features, and histone modifications. We have also looked into enhancer
dysfunction due to chromosomal rearrangements and a genome-editing strategy for remedying the
genetic variation by insertion or deletion.
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Figure 5. Integrated analysis of germline and somatic mutations. The mutation in germline and
somatic cells can be tested by high-throughput sequencing techniques at the genetic or transcript level.
Integrated analyses of disease-related gene expression or pathways combined with histological data
might contribute to the identification of biomarkers for disease diagnoses and treatment.

Advancements in genome-wide methods for the identification of cis-regulatory elements, i.e.,
enhancers, have revolutionized the field of regulatory genomics. However, ChIP-seq methods
for recognizing cis-regulatory elements also have biased towards specific DNA sequences [35].
Genome-wide methods combined with high-throughput tools have provided a tremendous number
of putative enhancers, which are slowly being validated for their regulatory activity. The biggest
challenge is determining the appropriate functional annotation of the identified enhancer and then
linking the enhancer to the target gene. After finding the target gene, it will be possible to identify the
affected pathway.

Recently, genome-editing methods have yielded efficient results for various organisms. With the
help of CRISPR/Cas9 and TALENS, both transcription factors [134] and cofactors [135] can be recruited
at a predetermined locus. Furthermore, a recent study indicated that CRISPR/Cas9 insertions or
deletions can be very effective in directly targeting of enhancers. These genome-editing methods
require proper optimization and are expected to be particularly useful in the future.

Considering all these recommendations, future work should focus more on improving technology
to make tools more robust and powerful for functional research on enhancers. Furthermore,
genome-wide data should be integrated into analysis in a more meaningful way that may provide new
breakthroughs in enhancer identification, which will be helpful overall in transcriptional regulation.
An optimized CRISPR/Cas9 system will be more effective in targeting enhancers and modifying the
desired location. Increasing evidence has revealed that the enhancer region might play a critical role as
a key therapeutic target in clinical applications for human cancers and other diseases.

Author Contributions: J.-H.X. and G.-H.W. structured and wrote the review.

Funding: This work was supported by funding from the Academy of Finland (284618 and 279760); Jane and
Aatos Erkko Foundation.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Kellis, M.; Wold, B.; Snyder, M.P,; Bernstein, B.E.; Kundaje, A.; Marinov, G.K.; Ward, L.D.; Birney, E.;
Crawford, G.E.; Dekker, J.; et al. Defining functional DNA elements in the human genome. Proc. Natl. Acad.
Sci. USA 2014, 111, 6131-6138. [CrossRef] [PubMed]


http://dx.doi.org/10.1073/pnas.1318948111
http://www.ncbi.nlm.nih.gov/pubmed/24753594

Cells 2019, 8, 1281 13 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Gao, L; Wu, K; Liu, Z; Yao, X,; Yuan, S.; Tao, W.; Yi, L.; Yu, G.; Hou, Z.; Fan, D.; et al. Chromatin Accessibility
Landscape in Human Early Embryos and Its Association with Evolution. Cell 2018, 173, 248-259. [CrossRef]
[PubMed]

Bunnik, E.M.; Venkat, A.; Shao, J.; McGovern, K.E.; Batugedara, G.; Worth, D.; Prudhomme, J.; Lapp, S.A.;
Andolina, C.; Ross, L.S.; et al. Comparative 3D genome organization in apicomplexan parasites. Proc. Natl.
Acad. Sci. USA 2019. [CrossRef] [PubMed]

Chatterjee, S.; Kapoor, A.; Akiyama, J.A.; Auer, D.R.; Lee, D.; Gabriel, S.; Berrios, C.; Pennacchio, L.A;
Chakravarti, A. Enhancer Variants Synergistically Drive Dysfunction of a Gene Regulatory Network in
Hirschsprung Disease. Cell 2016, 167, 355-368. [CrossRef]

Anonymous. The ENCODE (ENCyclopedia of DNA Elements) Project. Science 2004, 306, 636—-640. [CrossRef]
Birney, E.; Stamatoyannopoulos, J.A.; Dutta, A.; Guigd, R.; Gingeras, T.R.; Margulies, E.H.; Weng, Z;
Snyder, M.; Dermitzakis, E.T.; Thurman, R.E.; et al. Identification and analysis of functional elements in 1%
of the human genome by the ENCODE pilot project. Nature 2007, 447, 799-816. [CrossRef]

Roy, S.; Ernst, J.; Kharchenko, P.V.; Kheradpour, P.; Negre, N.; Eaton, M.L.; Landolin, ].M.; Bristow, C.A.; Ma, L.;
Lin, M.E; et al. Identification of functional elements and regulatory circuits by Drosophila modENCODE.
Science 2010, 330, 1787-1797.

Banerji, J.; Rusconi, S.; Schaffner, W. Expression of a beta-globin gene is enhanced by remote SV40 DNA
sequences. Cell 1981, 27, 299-308. [CrossRef]

Soldner, E; Stelzer, Y.; Shivalila, C.S.; Abraham, B.].; Latourelle, J.C.; Barrasa, M.I.; Goldmann, J.; Myers, R.H.;
Young, R.A.; Jaenisch, R. Parkinson-associated risk variant in distal enhancer of x-synuclein modulates
target gene expression. Nature 2016, 533, 95-99. [CrossRef]

Swygert, S.G.; Kim, S.; Wu, X,; Fu, T.; Hsieh, T.; Rando, O.].; Eisenman, R.N.; Shendure, J.; McKnight, ].N.;
Tsukiyama, T. Condensin-Dependent Chromatin Compaction Represses Transcription Globally during
Quiescence. Mol. Cell 2019, 73, 533-546. [CrossRef]

Benveniste, D.; Sonntag, H.; Sanguinetti, G.; Sproul, D. Transcription factor binding predicts histone
modifications in human cell lines. Proc. Natl. Acad. Sci. USA 2014, 111, 13367-13372. [CrossRef] [PubMed]
Malik, S.; Roeder, R.G. The metazoan Mediator co-activator complex as an integrative hub for transcriptional
regulation. Nat. Rev. Genet. 2010, 11, 761-772. [CrossRef] [PubMed]

Gu, C,; Liu, S;; Wu, Q.; Zhang, L.; Guo, F. Integrative single-cell analysis of transcriptome, DNA methylome
and chromatin accessibility in mouse oocytes. Cell Res. 2019, 29, 110-123. [CrossRef] [PubMed]

Valencia, A.M.; Kadoch, C. Chromatin regulatory mechanisms and therapeutic opportunities in cancer.
Nat. Cell Biol. 2019, 21, 152-161. [CrossRef] [PubMed]

Cao, J; Cusanovich, D.A,; Ramani, V., Aghamirzaie, D.; Pliner, H.A,; Hill, A]J; Daza, RM,;
McFaline-Figueroa, J.L.; Packer, J.S.; Christiansen, L.; et al. Joint profiling of chromatin accessibility
and gene expression in thousands of single cells. Science 2018, 361, 1380-1385. [CrossRef] [PubMed]
Ahmad, S.E; Martins, C. The Modern View of B Chromosomes Under the Impact of High Scale Omics
Analyses. Cells 2019, 8, 156. [CrossRef] [PubMed]

Roe, J.; Hwang, C.; Somerville, T.D.D.; Milazzo, ].P.; Lee, E.].; Da Silva, B.; Maiorino, L.; Tiriac, H.; Young, C.M.;
Miyabayashi, K.; et al. Enhancer Reprogramming Promotes Pancreatic Cancer Metastasis. Cell 2017, 170,
875-888. [CrossRef]

He, ].; Fu, X;; Zhang, M.; He, F; Li, W,; Abdul, M.M.; Zhou, J.; Sun, L.; Chang, C.; Li, Y,; et al. Transposable
elements are regulated by context-specific patterns of chromatin marks in mouse embryonic stem cells.
Nat. Commun. 2019, 10, 34. [CrossRef]

Huang, Q.; Whitington, T.; Gao, P; Lindberg, ].E; Yang, Y.; Sun, J.; Vaisanen, M.R.; Szulkin, R.; Annala, M.;
Yan, J.; et al. A prostate cancer susceptibility allele at 6q22 increases RFX6 expression by modulating HOXB13
chromatin binding. Nat. Genet. 2014, 46, 126-135. [CrossRef]

Abecasis, G.R.; Auton, A.; Brooks, L.D.; DePristo, M.A.; Durbin, RM.; Handsaker, R.E.; Kang, HM,;
Marth, G.T.; McVean, G.A. An integrated map of genetic variation from 1092 human genomes. Nature 2012,
491, 56-65. [CrossRef]

Yngvadottir, B.; Macarthur, D.G.; Jin, H.; Tyler-Smith, C. The promise and reality of personal genomics.
Genome Biol. 2009, 10, 237. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.cell.2018.02.028
http://www.ncbi.nlm.nih.gov/pubmed/29526463
http://dx.doi.org/10.1073/pnas.1810815116
http://www.ncbi.nlm.nih.gov/pubmed/30723152
http://dx.doi.org/10.1016/j.cell.2016.09.005
http://dx.doi.org/10.1126/science.1105136
http://dx.doi.org/10.1038/nature05874
http://dx.doi.org/10.1016/0092-8674(81)90413-X
http://dx.doi.org/10.1038/nature17939
http://dx.doi.org/10.1016/j.molcel.2018.11.020
http://dx.doi.org/10.1073/pnas.1412081111
http://www.ncbi.nlm.nih.gov/pubmed/25187560
http://dx.doi.org/10.1038/nrg2901
http://www.ncbi.nlm.nih.gov/pubmed/20940737
http://dx.doi.org/10.1038/s41422-018-0125-4
http://www.ncbi.nlm.nih.gov/pubmed/30560925
http://dx.doi.org/10.1038/s41556-018-0258-1
http://www.ncbi.nlm.nih.gov/pubmed/30602726
http://dx.doi.org/10.1126/science.aau0730
http://www.ncbi.nlm.nih.gov/pubmed/30166440
http://dx.doi.org/10.3390/cells8020156
http://www.ncbi.nlm.nih.gov/pubmed/30781835
http://dx.doi.org/10.1016/j.cell.2017.07.007
http://dx.doi.org/10.1038/s41467-018-08006-y
http://dx.doi.org/10.1038/ng.2862
http://dx.doi.org/10.1038/nature11632
http://dx.doi.org/10.1186/gb-2009-10-9-237
http://www.ncbi.nlm.nih.gov/pubmed/19723346

Cells 2019, 8, 1281 14 of 19

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Dadaev, T.; Saunders, E.J.; Newcombe, PJ.; Anokian, E.; Leongamornlert, D.A.; Brook, M.N.; Cieza-Borrella, C.;
Mijuskovic, M.; Wakerell, S.; Olama, A.A.A; et al. Fine-mapping of prostate cancer susceptibility loci in a
large meta-analysis identifies candidate causal variants. Nat. Commun. 2018, 9, 2256. [CrossRef] [PubMed]
Quigley, D.A.; Dang, H.X,; Zhao, S.G.; Lloyd, P.; Aggarwal, R.; Alumkal, ].].; Foye, A.; Kothari, V.; Perry, M.D.;
Bailey, A.M.; et al. Genomic Hallmarks and Structural Variation in Metastatic Prostate Cancer. Cell 2018,
175, 889. [CrossRef]

Wingender, E. The TRANSFAC project as an example of framework technology that supports the analysis of
genomic regulation. Brief. Bioinform. 2008, 9, 326-332. [CrossRef]

Khan, A.; Mathelier, A. JASPAR RESTful API: Accessing JASPAR data from any programming language.
Bioinformatics 2018, 34, 1612-1614. [CrossRef]

Hume, M.A.; Barrera, L.A.; Gisselbrecht, S.S.; Bulyk, M.L. UniPROBE, update 2015: New tools and content
for the online database of protein-binding microarray data on protein-DNA interactions. Nucleic Acids Res.
2015, 43, 117. [CrossRef] [PubMed]

Park, PJ. ChIP-seq: Advantages and challenges of a maturing technology. Nat. Rev. Genet. 2009, 10, 669-680.
[CrossRef]

Furey, T.S. ChIP-seq and beyond: New and improved methodologies to detect and characterize protein-DNA
interactions. Nat. Rev. Genet. 2012, 13, 840-852. [CrossRef]

Lefrancois, P; Gallagher, ].E.G.; Snyder, M. Global analysis of transcription factor-binding sites in yeast using
ChIP-Seq. Methods Mol. Biol. 2014, 1205, 231-255. [CrossRef]

Harada, A.; Maehara, K.; Handa, T.; Arimura, Y.; Nogami, ].; Hayashi-Takanaka, Y.; Shirahige, K
Kurumizaka, H.; Kimura, H.; Ohkawa, Y. A chromatin integration labelling method enables epigenomic
profiling with lower input. Nat. Cell Biol. 2019, 21, 287-296. [CrossRef]

Rhee, H.S.; Pugh, B.F. Comprehensive genome-wide protein-DNA interactions detected at single-nucleotide
resolution. Cell 2011, 147, 1408-1419. [CrossRef] [PubMed]

Daniel, B.; Nagy, G.; Nagy, L. The intriguing complexities of mammalian gene regulation: How to link
enhancers to regulated genes. Are we there yet? FEBS Lett. 2014, 588, 2379-2391. [CrossRef] [PubMed]

De Dieuleveult, M.; Yen, K.; Hmitou, I; Depaux, A.; Boussouar, F; Bou Dargham, D.; Jounier, S.;
Humbertclaude, H.; Ribierre, F.; Baulard, C. Genome-wide nucleosome specificity and function of chromatin
remodellers in ES cells. Nature 2016, 530, 113-116. [CrossRef] [PubMed]

He, H.H.; Meyer, C.A,; Hu, S.S.; Chen, M.; Zang, C.; Liu, Y.; Rao, PK,; Fei, T.; Xu, H.; Long, H. Refined
DNase-seq protocol and data analysis reveals intrinsic bias in transcription factor footprint identification.
Nat. Methods 2014, 11, 73-78. [CrossRef] [PubMed]

Meyer, C.A,; Liu, X.S. Identifying and mitigating bias in next-generation sequencing methods for chromatin
biology. Nat. Rev. Genet. 2014, 15, 709-721. [CrossRef] [PubMed]

Song, L.; Zhang, Z.; Grasfeder, L.L.; Boyle, A.P.; Giresi, P.G.; Lee, B.; Sheffield, N.C.; Gréf, S.; Huss, M.;
Keefe, D. Open chromatin defined by DNasel and FAIRE identifies regulatory elements that shape cell-type
identity. Genome Res. 2011, 21, 1757-1767. [CrossRef]

Buenrostro, ].D.; Giresi, P.G.; Zaba, L.C.; Chang, H.Y.; Greenleaf, W.]J. Transposition of native chromatin for
fast and sensitive epigenomic profiling of open chromatin, DNA-binding proteins and nucleosome position.
Nat. Methods 2013, 10, 1213-1218. [CrossRef]

Corces, M.R.; Granja, ].M.; Shams, S.; Louie, B.H.; Seoane, J.A.; Zhou, W.; Silva, T.C.; Groeneveld, C.;
Wong, C.K.; Cho, S.W. The chromatin accessibility landscape of primary human cancers. Science 2018, 362.
[CrossRef]

Lazarovici, A.; Zhou, T.; Shafer, A.; Dantas Machado, A.C.; Riley, T.R.; Sandstrom, R.; Sabo, PJ.; Lu, Y,;
Rohs, R.; Stamatoyannopoulos, J.A. Probing DNA shape and methylation state on a genomic scale with
DNase I. Proc. Natl. Acad. Sci. USA 2013, 110, 6376-6381. [CrossRef]

Chung, H.; Dunkel, I; Heise, E; Linke, C.; Krobitsch, S.; Ehrenhofer-Murray, A.E.; Sperling, S.R.; Vingron, M.
The effect of micrococcal nuclease digestion on nucleosome positioning data. PLoS ONE 2010, 5, e15754.
[CrossRef]

Weatheritt, R.J.; Babu, M.M. Evolution. The hidden codes that shape protein evolution. Science 2013, 342,
1325-1326. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/s41467-018-04109-8
http://www.ncbi.nlm.nih.gov/pubmed/29892050
http://dx.doi.org/10.1016/j.cell.2018.10.019
http://dx.doi.org/10.1093/bib/bbn016
http://dx.doi.org/10.1093/bioinformatics/btx804
http://dx.doi.org/10.1093/nar/gku1045
http://www.ncbi.nlm.nih.gov/pubmed/25378322
http://dx.doi.org/10.1038/nrg2641
http://dx.doi.org/10.1038/nrg3306
http://dx.doi.org/10.1007/978-1-4939-1363-3_15
http://dx.doi.org/10.1038/s41556-018-0248-3
http://dx.doi.org/10.1016/j.cell.2011.11.013
http://www.ncbi.nlm.nih.gov/pubmed/22153082
http://dx.doi.org/10.1016/j.febslet.2014.05.041
http://www.ncbi.nlm.nih.gov/pubmed/24945732
http://dx.doi.org/10.1038/nature16505
http://www.ncbi.nlm.nih.gov/pubmed/26814966
http://dx.doi.org/10.1038/nmeth.2762
http://www.ncbi.nlm.nih.gov/pubmed/24317252
http://dx.doi.org/10.1038/nrg3788
http://www.ncbi.nlm.nih.gov/pubmed/25223782
http://dx.doi.org/10.1101/gr.121541.111
http://dx.doi.org/10.1038/nmeth.2688
http://dx.doi.org/10.1126/science.aav1898
http://dx.doi.org/10.1073/pnas.1216822110
http://dx.doi.org/10.1371/journal.pone.0015754
http://dx.doi.org/10.1126/science.1248425
http://www.ncbi.nlm.nih.gov/pubmed/24337281

Cells 2019, 8, 1281 15 0f 19

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Stergachis, A.B.; Haugen, E.; Shafer, A.; Fu, W.; Vernot, B.; Reynolds, A.; Raubitschek, A.; Ziegler, S.;
LeProust, E.M.; Akey, ].M. Exonic transcription factor binding directs codon choice and affects protein
evolution. Science 2013, 342, 1367-1372. [CrossRef] [PubMed]

Bulyk, M.L. Protein binding microarrays for the characterization of DNA-protein interactions. Adv. Biochem.
Eng. Biotechnol. 2007, 104, 65-85. [PubMed]

Jolma, A; Kivioja, T.; Toivonen, J.; Cheng, L.; Wei, G.; Enge, M.; Taipale, M.; Vaquerizas, ].M.; Yan, J;
Sillanpad, M.J. Multiplexed massively parallel SELEX for characterization of human transcription factor
binding specificities. Genome Res. 2010, 20, 861-873. [CrossRef]

Jolma, A.; Yan, J.; Whitington, T.; Toivonen, J.; Nitta, K.R.; Rastas, P.; Morgunova, E.; Enge, M.; Taipale, M.;
Wei, G. DNA-binding specificities of human transcription factors. Cell 2013, 152, 327-339. [CrossRef]
Dekker, J.; Rippe, K.; Dekker, M.; Kleckner, N. Capturing chromosome conformation. Science 2002, 295,
1306-1311. [CrossRef]

Fukaya, T.; Lim, B.; Levine, M. Enhancer Control of Transcriptional Bursting. Cell 2016, 166, 358-368.
[CrossRef]

Gavrilov, A.; Eivazova, E.; Priozhkova, L.; Lipinski, M.; Razin, S.; Vassetzky, Y. Chromosome conformation
capture (from 3C to 5C) and its ChIP-based modification. Methods Mol. Biol. 2009, 567, 171-188. [CrossRef]
Franke, M.; Ibrahim, D.M.; Andrey, G.; Schwarzer, W.; Heinrich, V.; Schopflin, R.; Kraft, K.; Kempfer, R.;
Jerkovig, I.; Chan, W. Formation of new chromatin domains determines pathogenicity of genomic duplications.
Nature 2016, 538, 265-269. [CrossRef]

Lieberman-Aiden, E.; van Berkum, N.L.; Williams, L.; Imakaev, M.; Ragoczy, T.; Telling, A.; Amit, I;
Lajoie, B.R.; Sabo, PJ.; Dorschner, M.O. Comprehensive mapping of long-range interactions reveals folding
principles of the human genome. Science 2009, 326, 289-293. [CrossRef]

Liu, X.; Zhang, Y.; Chen, Y,; Li, M.; Zhou, F; Li, K.; Cao, H.; Ni, M,; Liu, Y.;; Gu, Z. In Situ Capture of
Chromatin Interactions by Biotinylated dCas9. Cell 2017, 170, 1028-1043. [CrossRef] [PubMed]

Isoda, T.; Moore, A].; He, Z.; Chandra, V.; Aida, M.; Denholtz, M.; Piet van Hamburg, J.; Fisch, KM.;
Chang, A.N.; Fahl, S.P. Non-coding Transcription Instructs Chromatin Folding and Compartmentalization to
Dictate Enhancer-Promoter Communication and T Cell Fate. Cell 2017, 171, 103-119. [CrossRef] [PubMed]
Fullwood, M.].; Wei, C.; Liu, E.T; Ruan, Y. Next-generation DNA sequencing of paired-end tags (PET) for
transcriptome and genome analyses. Genome Res. 2009, 19, 521-532. [CrossRef] [PubMed]

Gibcus, ]. H.; Dekker, J. The hierarchy of the 3D genome. Mol. Cell 2013, 49, 773-782. [CrossRef]

De la Torre-Ubieta, L.; Stein, ].L.; Won, H.; Opland, C.K.; Liang, D.; Lu, D.; Geschwind, D.H. The Dynamic
Landscape of Open Chromatin during Human Cortical Neurogenesis. Cell 2018, 172, 289-304. [CrossRef]
Jack, J.; Dorsett, D.; Delotto, Y.; Liu, S. Expression of the cut locus in the Drosophila wing margin is required
for cell type specification and is regulated by a distant enhancer. Development 1991, 113, 735-747.

Lettice, L.A.; Heaney, S.J.H.; Purdie, L.A.; Li, L.; de Beer, P.; Oostra, B.A.; Goode, D.; Elgar, G.; Hill, RE;
de Graaff, E. A long-range Shh enhancer regulates expression in the developing limb and fin and is associated
with preaxial polydactyly. Hum. Mol. Genet. 2003, 12, 1725-1735. [CrossRef]

Sagai, T.; Amano, T.; Tamura, M.; Mizushina, Y.; Sumiyama, K.; Shiroishi, T. A cluster of three long-range
enhancers directs regional Shh expression in the epithelial linings. Development 2009, 136, 1665-1674.
[CrossRef]

Maston, G.A.; Landt, S.G.; Snyder, M.; Green, M.R. Characterization of enhancer function from genome-wide
analyses. Annu. Rev. Genom. Hum. Genet. 2012, 13, 29-57. [CrossRef]

Anonymous. An integrated encyclopedia of DNA elements in the human genome. Nature 2012, 489, 57-74.
[CrossRef]

Yadav, T.; Quivy, J.; Almouzni, G. Chromatin plasticity: A versatile landscape that underlies cell fate and
identity. Science 2018, 361, 1332-1336. [CrossRef] [PubMed]

Bulger, M.; Groudine, M. Functional and mechanistic diversity of distal transcription enhancers. Cell 2011,
144, 327-339. [CrossRef] [PubMed]

Blackwood, E.M.; Kadonaga, ].T. Going the distance: A current view of enhancer action. Science 1998, 281,
60-63. [CrossRef] [PubMed]

Chen, EX; Xie, P; Collings, C.K,; Cao, K.; Aoi, Y.; Marshall, S.A.; Rendleman, E.J.; Ugarenko, M.; Ozark, PA;
Zhang, A. PAF1 regulation of promoter-proximal pause release via enhancer activation. Science 2017, 357,
1294-1298. [CrossRef]


http://dx.doi.org/10.1126/science.1243490
http://www.ncbi.nlm.nih.gov/pubmed/24337295
http://www.ncbi.nlm.nih.gov/pubmed/17290819
http://dx.doi.org/10.1101/gr.100552.109
http://dx.doi.org/10.1016/j.cell.2012.12.009
http://dx.doi.org/10.1126/science.1067799
http://dx.doi.org/10.1016/j.cell.2016.05.025
http://dx.doi.org/10.1007/978-1-60327-414-2_12
http://dx.doi.org/10.1038/nature19800
http://dx.doi.org/10.1126/science.1181369
http://dx.doi.org/10.1016/j.cell.2017.08.003
http://www.ncbi.nlm.nih.gov/pubmed/28841410
http://dx.doi.org/10.1016/j.cell.2017.09.001
http://www.ncbi.nlm.nih.gov/pubmed/28938112
http://dx.doi.org/10.1101/gr.074906.107
http://www.ncbi.nlm.nih.gov/pubmed/19339662
http://dx.doi.org/10.1016/j.molcel.2013.02.011
http://dx.doi.org/10.1016/j.cell.2017.12.014
http://dx.doi.org/10.1093/hmg/ddg180
http://dx.doi.org/10.1242/dev.032714
http://dx.doi.org/10.1146/annurev-genom-090711-163723
http://dx.doi.org/10.1038/nature11247
http://dx.doi.org/10.1126/science.aat8950
http://www.ncbi.nlm.nih.gov/pubmed/30262494
http://dx.doi.org/10.1016/j.cell.2011.01.024
http://www.ncbi.nlm.nih.gov/pubmed/21295696
http://dx.doi.org/10.1126/science.281.5373.60
http://www.ncbi.nlm.nih.gov/pubmed/9679020
http://dx.doi.org/10.1126/science.aan3269

Cells 2019, 8, 1281 16 of 19

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Sun, E; Chronis, C.; Kronenberg, M.; Chen, X.; Su, T.; Lay, ED.; Plath, K.; Kurdistani, S.K.; Carey, M.F.
Promoter-Enhancer Communication Occurs Primarily within Insulated Neighborhoods. Mol. Cell 2019, 73,
250-263. [CrossRef]

Bleu, M.; Gaulis, S.; Lopes, R.; Sprouffske, K.; Apfel, V.; Holwerda, S.; Pregnolato, M.; Yildiz, U.; Cordo’, V.;
Dost, A.E,; etal. PAX8 activates metabolic genes via enhancer elements in Renal Cell Carcinoma. Nat. Commun.
2019, 10, 1-10. [CrossRef]

Chen, H,; Li, C; Peng, X.; Zhou, Z.; Weinstein, ].N.; Liang, H. A Pan-Cancer Analysis of Enhancer Expression
in Nearly 9000 Patient Samples. Cell 2018, 173, 386-399. [CrossRef]

Dorsett, D. Distant liaisons: Long-range enhancer-promoter interactions in Drosophila. Curr. Opin. Genet. Dev.
1999, 9, 505-514. [CrossRef]

Yun, WJ,; Kim, YW.; Kang, Y.; Lee, J.; Dean, A.; Kim, A. The hematopoietic regulator TAL1 is required for
chromatin looping between the 3-globin LCR and human y-globin genes to activate transcription. Nucleic
Acids Res. 2014, 42, 4283-4293. [CrossRef]

Vakoc, C.R.; Letting, D.L.; Gheldof, N.; Sawado, T.; Bender, M.A.; Groudine, M.; Weiss, M.].; Dekker, J.;
Blobel, G.A. Proximity among distant regulatory elements at the beta-globin locus requires GATA-1 and
FOG-1. Mol. Cell 2005, 17, 453-462. [CrossRef]

Krivega, I.; Dale, R.K.; Dean, A. Role of LDB1 in the transition from chromatin looping to transcription
activation. Genes Dev. 2014, 28, 1278-1290. [CrossRef] [PubMed]

Cullen, K.E.; Kladde, M.P,; Seyfred, M.A. Interaction between transcription regulatory regions of prolactin
chromatin. Science 1993, 261, 203-206. [CrossRef] [PubMed]

Zhao, Z.; Tavoosidana, G.; Sjolinder, M.; Gondor, A.; Mariano, P.; Wang, S.; Kanduri, C.; Lezcano, M.;
Sandhu, K.S.; Singh, U. Circular chromosome conformation capture (4C) uncovers extensive networks
of epigenetically regulated intra- and interchromosomal interactions. Nat. Genet. 2006, 38, 1341-1347.
[CrossRef] [PubMed]

Jin, F; Li, Y,; Dixon, J.R.; Selvaraj, S.; Ye, Z.; Lee, A.Y.; Yen, C.; Schmitt, A.D.; Espinoza, C.A.; Ren, B. A
high-resolution map of the three-dimensional chromatin interactome in human cells. Nature 2013, 503,
290-294. [CrossRef]

Wang, Y.; Wang, H.; Zhang, Y.; Du, Z.; Si, W.; Fan, S.; Qin, D.; Wang, M.; Duan, Y.; Li, L. Reprogramming of
Meiotic Chromatin Architecture during Spermatogenesis. Mol. Cell 2019, 73, 547-561. [CrossRef]

Hug, C.B.; Grimaldi, A.G.; Kruse, K.; Vaquerizas, ].M. Chromatin Architecture Emerges during Zygotic
Genome Activation Independent of Transcription. Cell 2017, 169, 216-228. [CrossRef]

Barrington, C.; Georgopoulou, D.; Pezic, D.; Varsally, W.; Herrero, J.; Hadjur, S. Enhancer accessibility and
CTCF occupancy underlie asymmetric TAD architecture and cell type specific genome topology. Nat. Commun.
2019, 10, 1-14. [CrossRef]

Shi, J.; Whyte, W.A.; Zepeda-Mendoza, C.J.; Milazzo, ].P; Shen, C.; Roe, J.; Minder, ].L.; Mercan, E; Wang, E.;
Eckersley-Maslin, M.A. Role of SWI/SNF in acute leukemia maintenance and enhancer-mediated Myc
regulation. Genes Dev. 2013, 27, 2648-2662. [CrossRef]

Lin, Y.C,; Benner, C.; Mansson, R.; Heinz, S.; Miyazaki, K.; Miyazaki, M.; Chandra, V.; Bossen, C.; Glass, CK.;
Murre, C. Global changes in the nuclear positioning of genes and intra- and interdomain genomic interactions
that orchestrate B cell fate. Nat. Immunol. 2012, 13, 1196-1204. [CrossRef]

Denholtz, M.; Bonora, G.; Chronis, C.; Splinter, E.; de Laat, W.; Ernst, J.; Pellegrini, M.; Plath, K. Long-range
chromatin contacts in embryonic stem cells reveal a role for pluripotency factors and polycomb proteins in
genome organization. Cell Stem Cell 2013, 13, 602-616. [CrossRef]

Du, Z.; Zheng, H.; Huang, B.; Ma, R.; Wu, ].; Zhang, X.; He, J; Xiang, Y.; Wang, Q.; Li, Y. Allelic reprogramming
of 3D chromatin architecture during early mammalian development. Nature 2017, 547, 232-235. [CrossRef]
[PubMed]

Whyte, W.A ; Orlando, D.A.; Hnisz, D.; Abraham, B.J.; Lin, C.Y.; Kagey, M.H.; Rahl, P.B.; Lee, T.I;; Young, R.A.
Master transcription factors and mediator establish super-enhancers at key cell identity genes. Cell 2013, 153,
307-319. [CrossRef] [PubMed]

Nora, E.P; Lajoie, B.R.; Schulz, E.G.; Giorgetti, L.; Okamoto, I.; Servant, N.; Piolot, T.; van Berkum, N.L.;
Meisig, J.; Sedat, J. Spatial partitioning of the regulatory landscape of the X-inactivation centre. Nature 2012,
485, 381-385. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.molcel.2018.10.039
http://dx.doi.org/10.1038/s41467-019-11672-1
http://dx.doi.org/10.1016/j.cell.2018.03.027
http://dx.doi.org/10.1016/S0959-437X(99)00002-7
http://dx.doi.org/10.1093/nar/gku072
http://dx.doi.org/10.1016/j.molcel.2004.12.028
http://dx.doi.org/10.1101/gad.239749.114
http://www.ncbi.nlm.nih.gov/pubmed/24874989
http://dx.doi.org/10.1126/science.8327891
http://www.ncbi.nlm.nih.gov/pubmed/8327891
http://dx.doi.org/10.1038/ng1891
http://www.ncbi.nlm.nih.gov/pubmed/17033624
http://dx.doi.org/10.1038/nature12644
http://dx.doi.org/10.1016/j.molcel.2018.11.019
http://dx.doi.org/10.1016/j.cell.2017.03.024
http://dx.doi.org/10.1038/s41467-019-10725-9
http://dx.doi.org/10.1101/gad.232710.113
http://dx.doi.org/10.1038/ni.2432
http://dx.doi.org/10.1016/j.stem.2013.08.013
http://dx.doi.org/10.1038/nature23263
http://www.ncbi.nlm.nih.gov/pubmed/28703188
http://dx.doi.org/10.1016/j.cell.2013.03.035
http://www.ncbi.nlm.nih.gov/pubmed/23582322
http://dx.doi.org/10.1038/nature11049
http://www.ncbi.nlm.nih.gov/pubmed/22495304

Cells 2019, 8, 1281 17 of 19

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Zuin, J.; Dixon, J.R; van der Reijden, M.L].A ; Ye, Z.; Kolovos, P.; Brouwer, R W.W.; van de Corput, M.P.C;
van de Werken, H.].G.; Knoch, T.A.; van IJcken, W.E].; et al. Cohesin and CTCF differentially affect chromatin
architecture and gene expression in human cells. Proc. Natl. Acad. Sci. USA 2014, 111, 996-1001. [CrossRef]
Seitan, V.C.; Faure, A.].; Zhan, Y.; McCord, R.P; Lajoie, B.R.; Ing-Simmons, E.; Lenhard, B.; Giorgetti, L.;
Heard, E.; Fisher, A.G. Cohesin-based chromatin interactions enable regulated gene expression within
preexisting architectural compartments. Genome Res. 2013, 23, 2066-2077. [CrossRef]

Jain, S.; Ba, Z.; Zhang, Y,; Dai, H.; Alt, EW. CTCF-Binding Elements Mediate Accessibility of RAG Substrates
During Chromatin Scanning. Cell 2018, 174, 102-116. [CrossRef]

Haarhuis, J.H.I; van der Weide, R.H.; Blomen, V.A.; Yanez-Cuna, J.O.; Amendola, M.; van Ruiten, M.S.;
Krijger, PH.L.; Teunissen, H.; Medema, R.H.; van Steensel, B. The Cohesin Release Factor WAPL Restricts
Chromatin Loop Extension. Cell 2017, 169, 693-707. [CrossRef]

Ke, Y,; Xu, Y;; Chen, X,; Feng, S.; Liu, Z.; Sun, Y,; Yao, X,; Li, E; Zhu, W,; Gao, L. 3D Chromatin Structures of
Mature Gametes and Structural Reprogramming during Mammalian Embryogenesis. Cell 2017, 170, 367-381.
[CrossRef]

Wiench, M.; John, S.; Baek, S.; Johnson, T.A.; Sung, M.; Escobar, T.; Simmons, C.A.; Pearce, K.H.; Biddie, S.C.;
Sabo, P.J. DNA methylation status predicts cell type-specific enhancer activity. EMBO J. 2011, 30, 3028-3039.
[CrossRef]

Xiong, L.; Wu, F; Wu, Q.; Xu, L.; Cheung, O.K.; Kang, W.; Mok, M.T.; Szeto, L.L.M.; Lun, C.; Lung, RW.
Aberrant enhancer hypomethylation contributes to hepatic carcinogenesis through global transcriptional
reprogramming. Nat. Commun. 2019, 10, 335. [CrossRef]

Fabrizio, P; Garvis, S.; Palladino, F. Histone Methylation and Memory of Environmental Stress. Cells 2019, 8,
339. [CrossRef] [PubMed]

Romero-Bueno, R.; de la Cruz Ruiz, P.; Artal-Sanz, M.; Askjaer, P.; Dobrzynska, A. Nuclear Organization in
Stress and Aging. Cells 2019, 8, 664. [CrossRef] [PubMed]

Stadler, M.B.; Murr, R.; Burger, L.; Ivanek, R.; Lienert, F.; Scholer, A.; van Nimwegen, E.; Wirbelauer, C.;
Oakeley, E.J.; Gaidatzis, D. DNA-binding factors shape the mouse methylome at distal regulatory regions.
Nature 2011, 480, 490-495. [CrossRef] [PubMed]

Yang, Y.; Yamada, T.; Hill, KK.; Hemberg, M.; Reddy, N.C.; Cho, H.Y.; Guthrie, A.N.; Oldenborg, A.;
Heiney, S.A.; Ohmae, S. Chromatin remodeling inactivates activity genes and regulates neural coding. Science
2016, 353, 300-305. [CrossRef] [PubMed]

Bonev, B.; Mendelson Cohen, N.; Szabo, Q.; Fritsch, L.; Papadopoulos, G.L.; Lubling, Y.; Xu, X.; Lv, X;;
Hugnot, J.; Tanay, A. Multiscale 3D Genome Rewiring during Mouse Neural Development. Cell 2017, 171,
557-572. [CrossRef] [PubMed]

Hovestadt, V.; Jones, D.T.W.; Picelli, S.; Wang, W.; Kool, M.; Northcott, P.A.; Sultan, M.; Stachurski, K.;
Ryzhova, M.; Warnatz, H. Decoding the regulatory landscape of medulloblastoma using DNA methylation
sequencing. Nature 2014, 510, 537-541. [CrossRef]

Hon, G.C.; Rajagopal, N.; Shen, Y.; McCleary, D.F;; Yue, F; Dang, M.D.; Ren, B. Epigenetic memory at
embryonic enhancers identified in DNA methylation maps from adult mouse tissues. Nat. Genet. 2013, 45,
1198-1206. [CrossRef]

Zenk, F,; Loeser, E.; Schiavo, R.; Kilpert, F.; Bogdanovi¢, O.; Iovino, N. Germ line-inherited H3K27me3
restricts enhancer function during maternal-to-zygotic transition. Science 2017, 357, 212-216. [CrossRef]
Hon, G.C.; Song, C.; Du, T;; Jin, F; Selvaraj, S.; Lee, A.Y.; Yen, C.; Ye, Z.; Mao, S.; Wang, B. 5mC oxidation
by Tet2 modulates enhancer activity and timing of transcriptome reprogramming during differentiation.
Mol. Cell 2014, 56, 286-297. [CrossRef]

Kim, T.; Hemberg, M.; Gray, ].M.; Costa, A.M.; Bear, D.M.; Wu, J.; Harmin, D.A.; Laptewicz, M.;
Barbara-Haley, K.; Kuersten, S. Widespread transcription at neuronal activity-regulated enhancers. Nature
2010, 465, 182-187. [CrossRef]

Kouno, T.; Moody, ].; Kwon, A.T.; Shibayama, Y.; Kato, S.; Huang, Y.; Béttcher, M.; Motakis, E.; Mendez, M.;
Severin, J. C1 CAGE detects transcription start sites and enhancer activity at single-cell resolution.
Nat. Commun. 2019, 10, 360. [CrossRef] [PubMed]

Natoli, G.; Andrau, J. Noncoding transcription at enhancers: General principles and functional models.
Annu. Rev. Genet. 2012, 46, 1-19. [CrossRef] [PubMed]


http://dx.doi.org/10.1073/pnas.1317788111
http://dx.doi.org/10.1101/gr.161620.113
http://dx.doi.org/10.1016/j.cell.2018.04.035
http://dx.doi.org/10.1016/j.cell.2017.04.013
http://dx.doi.org/10.1016/j.cell.2017.06.029
http://dx.doi.org/10.1038/emboj.2011.210
http://dx.doi.org/10.1038/s41467-018-08245-z
http://dx.doi.org/10.3390/cells8040339
http://www.ncbi.nlm.nih.gov/pubmed/30974922
http://dx.doi.org/10.3390/cells8070664
http://www.ncbi.nlm.nih.gov/pubmed/31266244
http://dx.doi.org/10.1038/nature10716
http://www.ncbi.nlm.nih.gov/pubmed/22170606
http://dx.doi.org/10.1126/science.aad4225
http://www.ncbi.nlm.nih.gov/pubmed/27418512
http://dx.doi.org/10.1016/j.cell.2017.09.043
http://www.ncbi.nlm.nih.gov/pubmed/29053968
http://dx.doi.org/10.1038/nature13268
http://dx.doi.org/10.1038/ng.2746
http://dx.doi.org/10.1126/science.aam5339
http://dx.doi.org/10.1016/j.molcel.2014.08.026
http://dx.doi.org/10.1038/nature09033
http://dx.doi.org/10.1038/s41467-018-08126-5
http://www.ncbi.nlm.nih.gov/pubmed/30664627
http://dx.doi.org/10.1146/annurev-genet-110711-155459
http://www.ncbi.nlm.nih.gov/pubmed/22905871

Cells 2019, 8, 1281 18 of 19

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Andersson, R.; Gebhard, C.; Miguel-Escalada, I.; Hoof, I.; Bornholdt, J.; Boyd, M.; Chen, Y.; Zhao, X,;
Schmidl, C.; Suzuki, T. An atlas of active enhancers across human cell types and tissues. Nature 2014, 507,
455-461. [CrossRef] [PubMed]

Liu, L.; Leng, L.; Liu, C,; Lu, C; Yuan, Y,; Wu, L.; Gong, F; Zhang, S.; Wei, X.; Wang, M. An integrated
chromatin accessibility and transcriptome landscape of human pre-implantation embryos. Nat. Commun.
2019, 10, 364. [CrossRef]

Spurrell, C.H.; Dickel, D.E.; Visel, A. The Ties That Bind: Mapping the Dynamic Enhancer-Promoter
Interactome. Cell 2016, 167, 1163-1166. [CrossRef]

Schaukowitch, K.; Joo, J.; Liu, X.; Watts, ] K.; Martinez, C.; Kim, T. Enhancer RNA facilitates NELF release
from immediate early genes. Mol. Cell 2014, 56, 29-42. [CrossRef]

@rom, U.A.; Derrien, T.; Beringer, M.; Gumireddy, K.; Gardini, A.; Bussotti, G.; Lai, F; Zytnicki, M.;
Notredame, C.; Huang, Q. Long noncoding RNAs with enhancer-like function in human cells. Cell 2010, 143,
46-58. [CrossRef]

Beagrie, R.A.; Scialdone, A.; Schueler, M.; Kraemer, D.C.A.; Chotalia, M.; Xie, S.Q.; Barbieri, M.; de Santiago, I.;
Lavitas, L.; Branco, M.R. Complex multi-enhancer contacts captured by genome architecture mapping.
Nature 2017, 543, 519-524. [CrossRef]

Kubota, S.; Tokunaga, K.; Umezu, T.; Yokomizo-Nakano, T.; Sun, Y.; Oshima, M.; Tan, K.T,; Yang, H.; Kanai, A.;
Iwanaga, E. Lineage-specific RUNX2 super-enhancer activates MYC and promotes the development of
blastic plasmacytoid dendritic cell neoplasm. Nat. Commun. 2019, 10, 1653. [CrossRef]

Hnisz, D.; Abraham, B.J.; Lee, T.I.; Lau, A.; Saint-André, V.; Sigova, A.A.; Hoke, H.A.; Young, R.A.
Super-enhancers in the control of cell identity and disease. Cell 2013, 155, 934-947. [CrossRef]

Parker, S.C.J.; Stitzel, M.L.; Taylor, D.L.; Orozco, ].M.; Erdos, M.R.; Akiyama, J.A.; van Bueren, K.L,;
Chines, P.S.; Narisu, N.; Black, B.L. Chromatin stretch enhancer states drive cell-specific gene regulation and
harbor human disease risk variants. Proc. Natl. Acad. Sci. USA 2013, 110, 17921-17926. [CrossRef] [PubMed]
Hong, J.; Hendrix, D.A.; Levine, M.S. Shadow enhancers as a source of evolutionary novelty. Science 2008,
321, 1314. [CrossRef] [PubMed]

Liu, X,; Wang, C.; Liu, W,; Li, ].; Li, C.; Kou, X.; Chen, ]J.; Zhao, Y.; Gao, H.; Wang, H. Distinct features of
H3K4me3 and H3K27me3 chromatin domains in pre-implantation embryos. Nature 2016, 537, 558-562.
[CrossRef] [PubMed]

Creyghton, M.P,; Cheng, A.W.; Welstead, G.G.; Kooistra, T.; Carey, B.W.; Steine, E.J.; Hanna, J.; Lodato, M.A.;
Frampton, G.M.; Sharp, P.A. Histone H3K27ac separates active from poised enhancers and predicts
developmental state. Proc. Natl. Acad. Sci. USA 2010, 107, 21931-21936. [CrossRef]

Wu, J; Xu, J; Liu, B.; Yao, G.; Wang, P;; Lin, Z.; Huang, B.; Wang, X.; Li, T.; Shi, S. Chromatin analysis in
human early development reveals epigenetic transition during ZGA. Nature 2018, 557, 256-260. [CrossRef]
Whyte, W.A; Bilodeau, S.; Orlando, D.A.; Hoke, H A ; Frampton, G.M.; Foster, C.T.; Cowley, S.M.; Young, R.A.
Enhancer decommissioning by LSD1 during embryonic stem cell differentiation. Nature 2012, 482, 221-225.
[CrossRef]

Cejas, P; Drier, Y.; Dreijerink, KM.A.; Brosens, L.A.A.; Deshpande, V.; Epstein, C.B.; Conemans, E.B.;
Morsink, EH.M.; Graham, M.K,; Valk, G.D. Enhancer signatures stratify and predict outcomes of
non-functional pancreatic neuroendocrine tumors. Nat. Med. 2019, 25, 1260-1265. [CrossRef]

Gao, P; Xia, J.; Sipeky, C.; Dong, X.; Zhang, Q.; Zhang, P; Zhang, K; Yang, Y.; Cruz, S.P; Zhu, J. Biology and
Clinical Implications of the 19q13 Aggressive Prostate Cancer Susceptibility Locus. Cell 2018, 174, 576-589.
[CrossRef]

Hua, J.T.; Ahmed, M.; Guo, H.; Zhang, Y.; Chen, S.; Soares, F; Lu, J.; Zhou, S.; Wang, M.; Li, H. Risk
SNP-Mediated Promoter-Enhancer Switching Drives Prostate Cancer through IncRNA PCAT19. Cell 2018,
174, 564-575. [CrossRef]

Bell, R.E.; Golan, T.; Sheinboim, D.; Malcov, H.; Amar, D.; Salamon, A.; Liron, T.; Gelfman, S.; Gabet, Y.;
Shamir, R. Enhancer methylation dynamics contribute to cancer plasticity and patient mortality. Genome Res.
2016, 26, 601-611. [CrossRef]

Bahr, C.; von Paleske, L.; Uslu, V.V,; Remeseiro, S.; Takayama, N.; Ng, S.\W.; Murison, A.; Langenfeld, K.;
Petretich, M.; Scognamiglio, R. A Myc enhancer cluster regulates normal and leukaemic haematopoietic
stem cell hierarchies. Nature 2018, 553, 515-520. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/nature12787
http://www.ncbi.nlm.nih.gov/pubmed/24670763
http://dx.doi.org/10.1038/s41467-018-08244-0
http://dx.doi.org/10.1016/j.cell.2016.10.054
http://dx.doi.org/10.1016/j.molcel.2014.08.023
http://dx.doi.org/10.1016/j.cell.2010.09.001
http://dx.doi.org/10.1038/nature21411
http://dx.doi.org/10.1038/s41467-019-09710-z
http://dx.doi.org/10.1016/j.cell.2013.09.053
http://dx.doi.org/10.1073/pnas.1317023110
http://www.ncbi.nlm.nih.gov/pubmed/24127591
http://dx.doi.org/10.1126/science.1160631
http://www.ncbi.nlm.nih.gov/pubmed/18772429
http://dx.doi.org/10.1038/nature19362
http://www.ncbi.nlm.nih.gov/pubmed/27626379
http://dx.doi.org/10.1073/pnas.1016071107
http://dx.doi.org/10.1038/s41586-018-0080-8
http://dx.doi.org/10.1038/nature10805
http://dx.doi.org/10.1038/s41591-019-0493-4
http://dx.doi.org/10.1016/j.cell.2018.06.003
http://dx.doi.org/10.1016/j.cell.2018.06.014
http://dx.doi.org/10.1101/gr.197194.115
http://dx.doi.org/10.1038/nature25193
http://www.ncbi.nlm.nih.gov/pubmed/29342133

Cells 2019, 8, 1281 19 of 19

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

Haller, F.; Bieg, M.; Will, R.; Korner, C.; Weichenhan, D.; Bott, A.; Ishaque, N.; Lutsik, P.; Moskalev, E.A.;
Mueller, S.K. Enhancer hijacking activates oncogenic transcription factor NR4A3 in acinic cell carcinomas of
the salivary glands. Nat. Commun. 2019, 10, 368. [CrossRef] [PubMed]

Northcott, P.A.; Jones, D.T.W.; Kool, M.; Robinson, G.W.; Gilbertson, R.].; Cho, Y.; Pomeroy, S.L.; Korshunov, A;
Lichter, P; Taylor, M.D. Medulloblastomics: The end of the beginning. Nat. Rev. Cancer 2012, 12, 818-834.
[CrossRef] [PubMed]

Northcott, P.A.; Lee, C.; Zichner, T.; Stiitz, AM.; Erkek, S.; Kawauchi, D.; Shih, D.J.H.; Hovestadt, V.;
Zapatka, M.; Sturm, D. Enhancer hijacking activates GFI1 family oncogenes in medulloblastoma. Nature
2014, 511, 428-434. [CrossRef]

Fudenberg, G.; Pollard, K.S. Chromatin features constrain structural variation across evolutionary timescales.
Proc. Natl. Acad. Sci. USA 2019, 116, 2175-2180. [CrossRef]

Cong, L.; Zhang, F. Genome engineering using CRISPR-Cas9 system. Methods Mol. Biol. 2015, 1239, 197-217.
[CrossRef]

Gao, X,; Tsang, ].C.H.; Gaba, F.; Wu, D.; Lu, L.; Liu, P. Comparison of TALE designer transcription factors and
the CRISPR/dCas9 in regulation of gene expression by targeting enhancers. Nucleic Acids Res. 2014, 42, e155.
[CrossRef]

Canver, M.C.; Bauer, D.E,; Dass, A.; Yien, Y.Y.; Chung, J.; Masuda, T.; Maeda, T.; Paw, B.H.; Orkin, S.H.
Characterization of genomic deletion efficiency mediated by clustered regularly interspaced short palindromic
repeats (CRISPR)/Cas9 nuclease system in mammalian cells. J. Biol. Chem. 2014, 289, 21312-21324. [CrossRef]
Pan, D.; Kobayashi, A.; Jiang, P; Ferrari de Andrade, L.; Tay, R.E.; Luoma, A.M.; Tsoucas, D.; Qiu, X.; Lim, K,;
Rao, P. A major chromatin regulator determines resistance of tumor cells to T cell-mediated killing. Science
2018, 359, 770-775. [CrossRef]

Osterwalder, M.; Barozzi, I.; Tissieres, V.; Fukuda-Yuzawa, Y.; Mannion, B.J.; Afzal, S.Y.; Lee, E.A.;
Zhu, Y.; Plajzer-Frick, I; Pickle, C.S. Enhancer redundancy provides phenotypic robustness in mammalian
development. Nature 2018, 554, 239-243. [CrossRef]

Matharu, N.; Rattanasopha, S.; Tamura, S.; Maliskova, L.; Wang, Y.; Bernard, A.; Hardin, A.; Eckalbar, W.L.;
Vaisse, C.; Ahituv, N. CRISPR-mediated activation of a promoter or enhancer rescues obesity caused by
haploinsufficiency. Science 2019, 363. [CrossRef] [PubMed]

Mahfouz, M.M.; Piatek, A.; Stewart, C.N. Genome engineering via TALENs and CRISPR/Cas9 systems:
Challenges and perspectives. Plant Biotechnol. J. 2014, 12, 1006-1014. [CrossRef] [PubMed]

Fulco, C.P; Munschauer, M.; Anyoha, R.; Munson, G.; Grossman, S.R.; Perez, E.M.; Kane, M.; Cleary, B.;
Lander, E.S.; Engreitz, ] M. Systematic mapping of functional enhancer-promoter connections with CRISPR
interference. Science 2016, 354, 769-773. [CrossRef] [PubMed]

Gilbert, L.A.; Larson, M.H.; Morsut, L.; Liu, Z.; Brar, G.A.; Torres, S.E.; Stern-Ginossar, N.; Brandman, O.;
Whitehead, E.H.; Doudna, J.A.; et al. CRISPR-mediated modular RNA-guided regulation of transcription in
eukaryotes. Cell 2013, 154, 442-451. [CrossRef] [PubMed]

Mendenhall, E.M.; Williamson, K.E.; Reyon, D.; Zou, ].Y.; Ram, O.; Joung, ].K.; Bernstein, B.E. Locus-specific
editing of histone modifications at endogenous enhancers. Nat. Biotechnol. 2013, 31, 1133-1136. [CrossRef]
[PubMed]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1038/s41467-018-08069-x
http://www.ncbi.nlm.nih.gov/pubmed/30664630
http://dx.doi.org/10.1038/nrc3410
http://www.ncbi.nlm.nih.gov/pubmed/23175120
http://dx.doi.org/10.1038/nature13379
http://dx.doi.org/10.1073/pnas.1808631116
http://dx.doi.org/10.1007/978-1-4939-1862-1_10
http://dx.doi.org/10.1093/nar/gku836
http://dx.doi.org/10.1074/jbc.M114.564625
http://dx.doi.org/10.1126/science.aao1710
http://dx.doi.org/10.1038/nature25461
http://dx.doi.org/10.1126/science.aau0629
http://www.ncbi.nlm.nih.gov/pubmed/30545847
http://dx.doi.org/10.1111/pbi.12256
http://www.ncbi.nlm.nih.gov/pubmed/25250853
http://dx.doi.org/10.1126/science.aag2445
http://www.ncbi.nlm.nih.gov/pubmed/27708057
http://dx.doi.org/10.1016/j.cell.2013.06.044
http://www.ncbi.nlm.nih.gov/pubmed/23849981
http://dx.doi.org/10.1038/nbt.2701
http://www.ncbi.nlm.nih.gov/pubmed/24013198
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Progress in Genome-Wide Dissection of the Cis-Regulatory Code 
	New Knowledge of the Cis-Regulatory Code 
	Genome-Wide Methods to Study Regulatory Interactions 

	Importance of Enhancers as cis-Regulatory Drivers 
	Lineage-Specific Factors Mediate Long-Distance Interactions with Enhancers 
	Spatiotemporal Organization of Enhancers in the Nucleus 

	Effect of DNA Methylation on Enhancer Activity 
	Enhancer-Produced Enhancer RNA (eRNA) 
	Types of Enhancers—Super Enhancers, Stretch Enhancers, and Shadow Enhancers 
	Identification of Chromatin Marks for Enhancers 
	Enhancer Dysfunction and Human Disease 
	Enhancer Hijacking 
	Super Enhancer Variations 
	CRISPR/Cas9 System for Genome Editing 
	Conclusions and Perceptive 
	References

