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Abstract
Transcriptional enhancers are DNA elements capable of regulating gene expression in-cis over
great distances. With the recent availability of genomic approaches to define epigenetic marks and
RNA levels, these previously difficult to study elements are now being extensively examined for
their critical role in lineage-specific transcriptional regulation. This review sets out to highlight the
use of embryonic stem cells (ESCs) in the study of enhancers, emphasizing that ESC have become
an ideal model system for questions regarding mammalian transcriptional regulation. This review
highlights the epigenetic “signature” of enhancers, their mechanism of action, and the role of non-
coding RNAs (ncRNAs) on enhancer function. We briefly review insulators, a sub-type of
enhancers, and a novel model system for studying enhancer function in vivo. We conclude with
some ongoing questions within the field.
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Introduction
The transcriptional regulation of gene expression in eukaryotes is governed by two distinct
classes of genetic elements: trans-acting factors are typically proteins or non-coding RNAs
(ncRNAs) which subsequently bind to cis-acting DNA elements such as promoters or
enhancers, which must be on the same DNA segment as the gene they regulate. Promoters
are short (≈1–2kb) regions of DNA required to be immediately upstream of a gene in the
correct orientation to ensure proper transcription. Enhancers, in contrast, are cis-acting
elements that act independent of distance from their target gene(s), and are orientation
independent. In mammals, given the size of the genome, enhancers have been identified to
act upon their target gene up to 100 kb away, and in rare circumstances up to 1 MB away
[1].

Enhancers have been a challenge to study because of the vast distances they can act over,
and the requirement that they be defined exclusively through functional assays. This has
limited their identification on a genome-wide basis. However, recent work utilizing new,
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genome-wide techniques allows the identification of enhancer based upon epigenetic marks,
protein binding events, and/or tissue-specific DNase hypersensitivity sites (DNase HS) [2].
Collectively, these techniques allow for a non-functional definition of enhancers. The
purpose of this review is to lay-out the important role that Embryonic Stem Cells (ESCs)
have played in recent work to identify transcriptional enhancers and study their biology. For
a broader discussion of enhancers in general, the author would like to suggest two excellent
recent reviews [3,4]. Given the explosion of literature within this field, an encyclopedic
cataloguing of all the work is impossible, and the author would like to apologize if a
discussion of some work is omitted for the sake of clarity and/or brevity.

Importance of Enhancers
With the advent of the complete genomic sequence of a number of organisms, a surprising
and important discovery was noted, as illustrated in Table 1. While the number of cells
varies by many orders of magnitude, the length of the genome from a single-celled
eukaryote (S. Cerevisae) to a human varies by slightly more than two orders of magnitude.
In contrast, the number of protein coding loci varies by far less with virtually no difference
between humans and C. Elegans. This implies that organismal complexity is not directly a
function of the number of protein-coding genes, and therefore must be determined by a
different mechanism. The most likely explanation for increasing organismal complexity
from essentially the same number of protein-coding loci is through more intricate
transcriptional regulatory mechanisms. In this way, the combinatorial expression pattern of
different factors can be varied to a much greater degree, allowing the same number of
protein coding genes to be expressed in a far more complex manner.

Complex gene regulation in a multi-cellular organism is akin to tissue-specific regulation. In
this situation, specific combinations of both ubiquitous and tissue-specific factors are co-
expressed to allow lineage-restricted expression of many genes. While promoters of tissue
specific genes often contain binding sites for lineage-restricted transcription factors (TFs), in
general promoters are too small to allow for the proper combinatorial binding of all the
factors required for lineage-restricted tissue expression. In contrast, enhancers, which can
act over great distances, can be utilized much more easily to allow lineage-restricted factors
to regulate gene expression. Thus, the increased size of the genome of higher metazoans, at
least in part, is needed to encompass the larger number of cis-acting elements required for
tissue specific transcription. Multiple groups have demonstrated that enhancers are highly
tissue-specific, and likely responsible for most lineage-restricted gene expression [5–9].

Barriers to Studying Enhancers
In a post-genomic world, it is trivial to identify genes and then study the surrounding regions
to identify regulatory sites. Promoters have been far easier to study because of their close
proximity to the transcriptional start site (TSS) of a gene.

Enhancers have been far more challenging, since they have up until recently been
functionally defined. In other cellular contexts, enhancers have most often been identified
based upon their (relative) proximity to a locus of interest, and other criteria such as
conserved linear DNA sequence across species, because it is assumed that non-coding DNA
sequences without regulatory functions will quickly diverge through evolution. However,
because enhancers are often lineage specific, linear DNA sequence conservation is a highly
stringent criteria, which will miss some possible enhancers [10,11]. If sequence conservation
does exist at a DNA element far from a known TSS, the linear DNA sequence can provide
hints, based upon the presence of consensus binding sites for transcription factors. In
addition, the presence of DNase hypersensitivity sites (DNase HS) within a DNA region,
which indicates that a specific DNA sequence is occupied by a protein within the cell, can
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further substantiate that a region of non-coding DNA may have regulatory potential [12].
While previously a laborious, and time consuming process, DNase HS mapping is now
possible on a genome-wide basis by identifying the hypersensitive sites either with
microarrays [13] or next-generation sequencing [14]. Nonetheless, the validation of the
presence of an enhancer required a functional assay-typically the putative enhancer was
cloned into a reporter vector, and the tissue specific expression expressed by transient
transfection into a variety of cell lines. While this method remains the classically accepted
approach in mammalian cells to assess whether a given DNA sequence contains enhancer
activity, it clearly has limitations. In addition to the substantial amount of “wet-bench” work
required to validate a region of DNA as possessing enhancer potential, by removing the
enhancer from its normal cellular context, a broader, in vivo view of the role of these
elements is lost. Lastly, given the very fact that these approaches can be applied essentially
only to single sites within the genome, a global view of the role of enhancers on
transcriptional regulation was impossible.

ESCs to the Rescue: An Ideal Model System to Study Transcriptional
Regulation

For the above reasons, the biology of enhancers was limited by both their identification and
the need to confirm them with a functional assay. Chromatin Immunoprecipitation (ChIP)
coupled with microarray hybridization (ChIP-Chip) or next-generation sequencing (ChIP-
Seq [15]), collectively termed genome wide location analysis (GWLA), allows the
comprehensive determination of the DNA sites enriched for specific epigenetic marks and/or
bound by specific transcription factors (TFs). This technology was early on applied to
embryonic stem cells [16–19]. Embryonic stem cells are derived from early mammalian
embryos, and in the case of mouse ESC the inner-cell mass (ICM) of day 3.5 dpc embryos
[20]. The ICM contains all the cells that eventually go on to form the embryo. Both human
and mouse ESCs are similar in that they share two canonical properties of stem cells, self-
renewal and pluripotency.

Self-renewal is the ability to continually propagate in an undifferentiated state. Pluripotency
is the ability to differentiate into all three primitive germ layers (mesoderm, endoderm, and
ectoderm). Given their ability to differentiate into virtually any cell type, pluripotent cells
have become an active area of research for regenerative medicine strategies. In addition,
because they represent a cell-line that can recapitulate the earliest steps of lineage
commitment in mammals, they represent a potent tool for understanding the regulation of
early developmental processes.

The importance of transcription regulation on ESCs was explored through a variety of
techniques initially. Both of the canonical properties of ESCs, self-renewal and
pluripotency, are critically regulated at the level of transcription [20–22]. Collectively, the
importance of transcriptional regulation on ESC is highlighted by seminal work showing
that a handful (four to six) transcription factors, when expressed together, can reprogram
somatic cells into a pluripotent state (iPSC or induced pluripotent stem cells) [23–26].
Defined factor reprogramming has transformed regenerative medicine, with the promise of
the generation of patient-derived tissues, thereby bypassing the need for both cadaveric or
living donors and the issues with rejection and/or graft-versus host disease.

The central role that pluripotent cells play in regenerative medicine strategies and the
importance of transcriptional regulation on their canonical properties has created enormous
interest in the pathways utilized by these cells. Better understanding of the gene expression
pathways utilized by pluripotent cells will allow these same pathways to be manipulated to
increase both the efficiency of iPS generation but also their differentiation into other tissue
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types. For this reason, a wide range of genome wide approaches such as GWLA,
transcriptome analysis (typically microarray based gene expression measurements), and
proteomics have been used on ESCs, which are more easily studied than primary cell types
because they can be grown in relatively large quantities. An unintended consequence of
these studies is that a large range of datasets now exists for ESCs, making them one of the
most widely studied mammalian cell systems. In the GEO omnibus alone, there are over
2000 datasets deposited that involve embryonic stem cells in some fashion. These datasets,
when integrated, can provide unparalleled understanding behind the interplay between DNA
binding proteins such as transcription factors, epigenetic marks such as histone
modifications, and their effects on gene expression. Thus, ESCs have become an attractive
model system to explore questions regarding mammalian transcriptional regulation. The
creation of a novel dataset can be layered onto other datasets to better understand how the
complex interplay of a variety of processes influence gene expression on a global scale [27].
In addition, the ability to perturb specific pathways, either by deleting specific DNA
elements or depleting trans-acting factors through RNAi strategies, which can be easily
utilized in ESCs, allows mechanistic studies to be undertaken. Given the ability of ESCs to
differentiate into all three germ-layers, this allows fundamental questions about lineage
commitment to be tackled. Collectively, these facts have made ESCs an exceptionally
powerful system to understand the role of enhancers on transcriptional regulation, but
especially on cell-type specific issues, since ESC can be differentiated into a wide variety of
cell types.

Epigenetic marks, TF binding and Enhancers
Epigenetics, in its strictest definition, are heritable traits not encoded within the linear DNA
sequence. Mechanistically, this can be explained by the fact that within a cell, there is
essentially no isolated DNA, it is almost entirely contained within a complex mixture of
proteins, predominantly histones, termed chromatin. There are a wide variety of
modifications to DNA (methylation, 5-hydroxy methylation, and others), histones (including
methylation, acetylation, and phosphorylation), and nucleosomes positioning which all have
important roles in regulating transcriptional expression [28]. Collectively, these epigenetic
marks can be a mark of gene expression, but also directly influence it.

The initial work on understanding the effects, histone marks on transcriptional regulation
was primarily focused at promoters, since their epigenetic profile could be directly linked to
the expression of nearby genes [7,19,29,30]. In ESCs, seminal work(s) by multiple labs
highlighted that specific histone methylation marks within promoters could correlate directly
with the transcriptional activity of the locus. The most commonly discussed marks near
promoters include Histone 3 Lysine 4 trimethylation (H3K4me3), which tends to mark
transcriptionally active genes, and H3K27me3 which tends to mark transcriptionally active
genes (Figure 1). Most surprisingly, originally observed in ESCs but later extended to other
cell types, is that both H3K4me3 and H3k27me3 mark a subset of promoters. These
promoters are termed “bivalent” due to the presence of two opposing histone marks, and are
typically thought to represent “poised genes”, which can be quickly activated by removal of
the repressive H3K27me3 marks [30]. Similar studies, based upon GWLA, determined that
the regions immediately adjacent to the TSS of well-annotated genes in ESCs tend to be
bound by known pluripotency-associated transcription factors such as Nanog, Oct4, and
Sox2 [17,18], with actively transcribed genes required for ESC self-renewal and/or
pluripotency bound by two or more of these important TFs. While these studies initially
pointed to these highly-occupied TF units as being within the promoter of nearby genes,
given the size ranges examined (up to 8–10 kb away from TSS), many of these binding
events likely occurred outside of the promoter. These regions are likely enhancers, but in
general have been examined in a limited fashion. One of the best-characterized example is a
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clear enhancer element approximately 5kb upstream of the Nanog TSS [31]. This region has
been shown to be highly-occupied by ESC-critical TFs such as Nanog, Oct4, Sox2, and
Sall4, all of which contribute to the proper expression of the Nanog locus [17,32].

In the initial era of GWLA in ESC the work focused on promoters, given the ease with
which they can be identified simply based upon their proximity to the TSS. However, the
first clues as an epigenetic “signature” for enhancers came from the work of multiple labs,
predominantly in non-ESC cell types. Cyclic AMP-responsive element binding (CREB)
protein (CBP) and p300 are highly similar proteins with histone acetyltransferase activity
that can interact with transcription factors as well as directly binding specific histone
modifications [33]. These factors are critical in mediating the transcriptional response to
multiple cell signaling cascades. Seminal studies done by the lab of Bing Ren in non-ESC
cell types demonstrated that CBP/p300 binding events were interspersed throughout genome
and identified novel enhancer elements that could recreate lineage specific gene expression
patterns in transgenic mouse models [6,7]. This initial work suggested that the binding of
specific factors, namely CBP/p300, could be utilized to identify possible enhancers. Within
a relatively short amount of time, a number of labs published work based upon ChIP-seq to
identify “signature” to describe enhancers. In mouse ESCs, the most commonly accepted
marks are H3K4me1, H3k27Ac, and binding by CBP/p300 [5–9]. All three marks have been
shown to be lineage specific in a variety of circumstances. In general, these enhancers have
been distinguished by their “activity”, with two groups publishing that H3K27Ac marked
active enhancers [8,9], whereas H3K4me1 alone tended to indicate enhancers which were
developmentally poised. It should be noted that CBP/p300 is known to bind to genomic
regions rich in H3K4me1 and acetylate H3K27Ac, and may indicate why putative enhancer
which are H3K4me1 rich and co-occupied by CBP/p300 seem to correlate better with
enhancer activity [8,9,34,35]. These results, importantly, needed to be put into the broader
context of how enhancer “activity” is defined. Typically, this is done by a nearest neighbor
analysis, whereby the transcriptional activity of the well-annotated gene most proximal to a
given enhancer is assessed. Controls are often included to try and correct for the fact that
any one locus may be acted upon by multiple enhancers and vice a versa, but can be a
challenge and may muddle the picture. In addition, given that there is a fair degree of
overlap between these epigenetic marks, teasing out whether there are important functional
differences between them remains an important area of research. Also complicating the
picture is that many histone modification(s) that mark enhancers also mark promoters. For
example, H3K27Ac is often found at the promoters of actively transcribed genes [11], and
thus may define un-annotated genes and/or pseudogenes as opposed to enhancers. Lastly,
there may be currently unidentified protein binding events and/or histone modifications that
mark enhancers, and therefore a complete annotation of all possible enhancers remains
elusive.

One important point is that at least in murine ESCs, the repressive H3K27me3 tends to
occur exclusively at promoters. In contrast, recent work [9] has shown that in human ESCs,
the distinction between poised and active enhancers is slightly different than murine ESCs.
In this study, they characterize active enhancers as occupied by p300, H3K4me1 rich, and
also rich in H3K27Ac. In contrast, they noted that poised enhancers are occupied by p300,
H3K4me1, and absent H3K27Ac, but in contrast to mouse ESCs also were relatively
H3K27me3 high, a polycomb-related mark typically seen close to repressed promoters. The
difference between mice and human ESCs represents whether species differences,
differences between the developmental origins of the two pluripotent cell types, or simply
technical differences between the two groups methodologies remains to be seen.
Nonetheless, the discrepancies between these two studies illustrates that, while histone
marks can be a powerful method to define enhancers, no “one-size-fits-all” enhancers
definition is currently possible. Further studies are needed to determine how enhancers
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marked by different histone modifications (such as H3K4me1+, H3K27Ac+ versus
H3K4me1+ CBP/p300+ enhancers) differ into their ability/role regulate gene expression.

While histone marks such as methylation and acetylation have been the predominant
epigenetic mark to be studied in defining signatures for ESCs, other types of epigenetic
marks have also been explored. Nucleosome repositioning is the basis for DNase HS
mapping, with the displacement of nucleosomes away from areas bound by proteins, thereby
providing increased access to DNA unprotected by histones, thereby making them
hypersensitive to cleavage by DNase I. The repositioning may be a specific process to
mammalian enhancers, with one study showing that the nucleosome remodeler, CHD7
which contains an SNF2 like ATPase domain, localizes to active enhancers in ESCs, where
it acts to modulate gene expression [36]. One important consideration is that nucleosome
positioning may be a secondary effects of the various epigenetic marks and/or protein
binding events by CBP/p300, and therefore required but not sufficient for enhancer function.

In addition, to nucleosome position, the third common epigenetic mark is direct alterations
to DNA, with methylation on cytosine being the most widely studied. Bisulfite sequencing,
the preferred method for identifying regions of methylated DNA was technically challenging
on a genome wide scale until recently. A novel technique, whole genome bisulfite
sequencing (BiSeq), was recently applied to ESCs and neural progenitors (NPs) [37]. Local
regions of quantitative hypomethylation, termed low-methylated regions (LMRs) appear to
be a unique pattern of methylation, occur distal to promoters of well-annotated genes, and
are distinct from classic CpG islands. Based upon a variety of criteria, these regions of
methylation overlap substantially with distal regulatory regions, either enhancers or
insulators, bound by CCCTC-binding factor (CTCF, discussed further below). These LMRs
are shaped by the binding of specific factors, with CTCF and RE1-silencing transcription
factor (REST) both being able to change a region from hypermethylation into an LMR by
binding to the site. The ability to modulate the epigenetic marks at a specific site through
DNA binding is important, because often it has been a challenge to determine how much
influence any given epigenetic change is the result of binding by a protein, versus the other
way around. One important caveat of this study is its limited study of only two cell types,
ESCs and neural progenitors, and therefore the conclusion may not be broadly applicable to
other tissues/lineages. In addition to methylation on cytosine, a more recent DNA
modification, 5′ hydroxylmethylation on cytosine (5′ hmC) has been described, with the
conversion being catalyzed by the Tet families of proteins [38]. Tet1 and Tet2 have been
shown to be required for ESC biology [39–41]. Genome wide-location analysis of Tet1 in
mouse ESCs or direct identification of 5′hmC in DNA all revealed that 5′hmC accumulated
near the promoters of genes, perhaps more frequently within CpG islands and genes which
exhibit the bivalent histone mark (H3K4me3/H3K27me3) [40,42–44]. Similar results have
been obtained in human ESCs, but there also seems to be enrichment for 5′ hmC within
enhancers defined by a variety of conditions [45,46]. However, the differences between
human and mouse ESCs may reflect the underlying biological differences between the two,
or perhaps simply represent technical differences in the approaches and analysis models
used by the different groups. These differences highlight the importance of using, if
possible, a single bioinformatics “pipeline” to analyze published datasets, thereby
eliminating disparities that may arise simply from the use of competing algorithms.
Importantly, the role of 5′ hmC in gene regulation remains to be determined, including
whether it is simply an intermediate DNA base pair, prior to conversion to another species.

Importantly, the distinction between these different types of enhancers remains unclear.
Many active enhancers, i.e. those actively engaged with promoters in any given cell-type,
likely contain a group of epigenetic marks, perhaps H3K27Ac and H3K4me1, etc. While the
presence of these marks seems to be better defined, the mechanism by which they are laid
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down and/or removed remains undetermined. One recent paper indicates that the histone
demethylase LSD1 is recruited to ESC specific enhancers, where doing the process of
differentiation it removes the H3K4me1 mark, thereby “decommissioning” the enhancer
[47]. This important finding is one of the first examples of how an enhancer can be “turned
off” during a developmental process. However, the recruitment and selective activity of
different epigenetic modifiers to make a specific DNA sequence either an active, poised, or
inactive enhancer, remains an important questions within the field.

Mechanism of Enhancer Action
Given the great distances that enhancers can act over, the obvious mechanistic question is,
how does this occur? Multiple models have been generated to explain their effects but
virtually all are variations on the so-called “looping” model [3,4,48] (Figure 2). This model
postulates that for enhancers to act they must be brought into close physical contact with a
promoter, thereby creating a DNA loop with the intervening segment. While most labs agree
that some type of DNA loop is formed, further details of the mechanism remain contentious
[49–51]. How the actual enhancer: promoter interaction occurs, whether simply by diffusion
or some type of active scanning mechanism remains to be definitively determined [51]. In
addition, some have postulated that RNA Pol II is initially nucleated at the enhancer
element, and then transferred to the promoter, which remains controversial [52].

Nonetheless, the presence of a DNA loop between a promoter and enhancer is considered in
vivo evidence of an enhancer’s engagement and regulation of a specific locus. These DNA
loops can be assessed by an assay originally developed in 2002 termed chromosomal
conformational capture (3C), in which DNA from nuclei is isolated and interactions between
genomic regions are determined by crosslinking, endonuclease digestion, intermolecular
ligation, and PCR or quantitative PCR analysis of ligated products [48]. Using this assay,
interactions can be mapped and quantified, allowing an in vivo assessment of not just
enhancer activity, but their developmental regulation. Genome wide approaches based upon
this approach include coupling 3C to next-generation sequencing in approaches such as 4C,
5C, or Hi-C, [53]. Collectively, these assays allow the identification and characterization of
the DNA loops formed during enhancer engagement with a promoter.

While the formation of these loops has been studied for some time, a group recently focused
on the proteins critical for DNA loop formation/stabilization using the power of ESCs.
Kagey et al. [54] first performed a short-hairpin RNA interference (shRNA) screen to
identify factors required for pluripotency. Common ESC-critical TFs such as Nanog, Sall4,
and Tcf1 were recovered, but surprisingly, two important protein complexes were also
uncovered, the cohesin complex and the mediator complex. The mediator complex is a
large, ill-defined group of proteins conserved through evolution and are known to mediate
transcriptional activation by enhancers [55]. The cohesin complex was surprising. This is a
ubiquitously expressed group of proteins, which collectively assist in maintaining sister-
chromatid cohesin through mitosis [56,57]. Recently, they have been shown to be critical in
transcriptional regulation through a direct interaction with the insulator protein CTCF [58].
Thus, the fact that a widely expressed group of proteins could be critical for an ESC-specific
property, pluripotency, was surprising. Through a combination of GWLA and 3C analysis,
the authors were able to demonstrate that the cohesin complex mediates DNA loops to
facilitate the engagement of enhancer elements into promoters of critical pluripotency loci
such as Nanog, Oct4, and others. These DNA loops were distinct from the elements where
the cohesin complex mediates looping of insulator elements through a direct interaction with
CTCF. Thus, a single group of proteins, the cohesin complex, are responsible for mediating
DNA loops between different types of cis-acting elements. Collectively, this work highlights
not just the importance of enhancers in ESC biology, but also raises important questions,
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about how a ubiquitously expressed group of proteins can mediate a cell-type specific
phenotype, pluripotency, when depleted.

Insulators Versus Enhancers
While enhancers are classically defined as cis-acting elements that can act regulate
transcription over great distances, this relatively broad definition covers a variety of DNA
elements. Two broad classes that are discussed predominantly in ESCs are enhancers, which
are usually meant to indicate DNA elements that cause transcriptional activation in specific
cells types. Insulators, in contrast, are thought to be a distinct subclass of distal cis-acting
elements, which are typically bound by CTCF [59]. While insulators have pleiotropic effects
in mammalian cells, in general they are thought to repress transcription. This may be done
either by the insulator creating a buffer between the chromatin structure and epigenetic
marks of nearby elements, or by preventing enhancers from being brought into close
proximity of promoters. The latter is termed the “enhancer blocking” model, and is
illustrated in Figure 3. In contrast to enhancers, insulator tend to be relatively invariant
across different cell types, making it unclear precisely how these elements work. One group
recently attempted to identify on a genome wide basis all the binding sites of CTCF in
mouse ESCs and all the possible DNA loops generated by a combination analysis termed
chromatin interaction analysis-paired end tag sequencing (ChIA-PET) [60]. In this
pioneering work, the authors identified 39,371 CTCF binding sites, and a total of 1,816
DNA sites that were distal to each other but clearly interacted in this assay. Surprisingly, of
these interactions, 1,480 were intrachromosomal and 336 (19%) were interchromosomal.
Many of these interchromosomal interactions could be verified by 4C methodologies or
fuorescent in-situ hybridization (FISH). This opens the intriguing and counter-intuitive idea
that insulators, and possibly other types of enhancer(s) could act in trans. In addition, it may
indicate that insulators, and possibly other types of distal cis-acting elements could play an
important role in regulating the global architecture of chromatin within the nucleus, perhaps
by organizing specific DNA segments into actively transcribed regions (enhancesomes) and
repressed, heterochromatin regions. This may be a global phenomenon, in which repressed
regions of chromatin are targets to specific areas of the nucleus, such as the nuclear lamina
in a sequence specific manner [61].

Non-coding RNAs and Enhancers
One of the most important recent insights from the advent of next-generation sequencing of
RNA (RNA-seq) based techniques is that a large fraction of the genome is transcriptionally
active, even though a small percentage (approximately 1–2%) encodes for proteins. While
many of these transcriptional products remain to be defined, a relatively large number are
non-coding (ncRNAs). Their biology is actively being investigated, and the “classification”
of ncRNAs remains in flux [62]. While one class of ncRNAs, microRNAs, have well-
defined biological functions and mechanisms attached to them, others are poorly understood.
Within this group of non-coding RNAs, it has been recently noted that a wide-range of
enhancer are bound by RNA Pol II, and produce short, bidirectional transcripts, referred to
as eRNAs [63–65]. In all the initial publications (neurons, macrophages, and prostate cancer
cells), these transcripts were assessed at extragenic sites enriched in the enhancer specific
marks H3K4me1 and co-occupied by p300/CBP. These transcripts appear to be distinct from
another class of ncRNAs, termed long intergenic ncRNAs (lincRNAs), which have histone
marks (H3K4me3 and H3K36me3) more classically associated with protein coding loci. The
bi-directional nature of these transcripts is intriguing. In ESCs, these same transcripts have
been identified at a subset of enhancers in ESCs [66] and appear to be more highly
correlated with the H3K27Ac mark in murine ESCs [8]. In human ESCs, developmentally
poised enhancers see an increase in their eRNA production during differentiation [9]. There
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are many intriguing hypothesis to explain these transcripts. One is that they are the result of
spurious transcription of actively transcribed loci, with Pol II “accidentally” transcribed the
enhancer when it is in close proximity to the promoter. This seems unlikely, with at least
one example near the β-globin locus where transcription occurs independent of the promoter
[67]. Another hypothesis is that these eRNAs play a critical role in enhancer function. This
question remains untested, and will be required to determine if enhancer derived transcripts
serve a biological function. Nonetheless, these transcripts may eventually allow another
method for enhancer identification on a genome-wide scale [66].

Novel Methods for Enhancer Functional Assessment
While identifying enhancers by epigenetic marks has allowed a non-functional approach to
their identification, a functional validation scheme remains useful. First, this allows careful,
mechanistic studies to be performed upon enhancers. Second, it is not possible to profile
histone marks in all possible cell type, making an in vivo technique that could be utilized in
animals appealing. Lastly, an approach that could be utilized in a high-throughput fashion,
to screen a large number of enhancers important for early development would be invaluable.
Transient transfection assays, in which a DNA element with putative enhancer activity are
fused to a reporter sequence containing a minimal promoter is the classic approach. The
advantage of this approach is it allows for careful, mechanistic question to be addressed.
Unfortunately, in this situation, the cellular context, and the complexities of chromatin are
fundamentally lost. Similar studies in animals, whereby the effects of deleting/altering the
linear DNA sequence of a given enhancer element in vivo are laborious and time-
consuming, eliminating the chances of assessing a large number of enhancers. Recently, a
new ESC based system has been generated to allow rapid in vivo screening of enhancer
activity [68]. Homologous recombination allows the insertion of putative enhancers coupled
to β-lactamase (lacZ) into the ubiquitously expressed Rosa26 locus. The ESCs can then be
differentiated in vitro or injected into blastocysts for in vivo analysis to study the
developmental expression of enhancers. Given the rapid throughput possible with these
cells, this approach could also be utilized to perform the kinds of mechanistic studies that
have been the purview of transient transfection assays.

Conclusions, pending questions, and Future directions
While the work outlined above in ESCs and other model systems has uncovered new
methods to identify and characterize enhancers, a whole host of questions remain. First and
foremost, the mechanism by which enhancers operate remains an open question. Do they
load RNA Pol II onto promoters, change RNA Pol II conformation/phosphorylation state to
enhancer transcription, perhaps by causing it to be released from promoter proximal
pausing? Next, how do the different epigenetic marks seen at enhancers, H3K4me1,
H3K27Ac, etc. compare? Are they developmentally distinct, do they recruit different
proteins/TF to mediate their function, and by what mechanism are these marks laid down
and removed? With the intriguing finding that enhancers are bound by Pol II and transcribed
into eRNAs, it is important to understand if this small group of enhancers have special
biological properties, and if the eRNAs produced themselves perform a specific function.
Other types of ncRNAs such as lincRNAs can act as scaffolds to recruit epigenetic modifiers
to specific loci in trans. While eRNAs may perform a similar role, until this is proven their
biology remains unclear. Perhaps the most fundamental question that remains is how does
any given promoter “choose” which enhancer(s) it is engaged with at any given time (Figure
1). Given the sheer size of the genome, and the exciting possibility that enhancers may be
able to work in trans [60], in theory a promoter could be activated by virtually any enhancer
within the genome, even on different chromosomes. This fundamental question may help
elucidate the reasons behind the size, and regulatory complexity of the mammalian genome.
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Many of the above questions are complex and will require the use of both currently known
and yet undeveloped techniques, ESCs remain well positioned to make substantial
contributions to all of the above questions. As transcriptional regulation in ESCs remains a
broad, and widely studied model system, the ESC may soon become the prototypical model
system for understanding mammalian gene regulation.
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Figure 1.
Histone Modifications at different classes of cis-regulatory elements. Active promoters tend
to be marked by H3K4me3 in the absence of H3K27me3. Inactive promoters tend to be
marked by H3K27me3, with the additional presence of H3K4me3 termed the “bivalent”
mark, and are thought to represent promoters “poised” for activation after removal of the
repressive H3K27me3 mark. Enhancers tend to be marked differently, with active enhancers
marked by H3K4me1, H3K27Ac, and Cyclic AMP-responsive element binding protein
(CBP)/p300 binding. Poised enhancers tend to be marked by H3K4me1 alone, CBP/p300,
and in human ESCs H3K27me3. The combination of histone marks and their implications
for gene expression remain an open question. Insulators are defined by the binding of
CCCTC-binding factor (CTCF). Transcriptional start sites (TSS) are indicated with arrows.
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Figure 2.
Illustrating of the “looping” model of enhancer function. In this model, the promoter and
enhancer, which are separated by a large distance, are brought into close physical proximity
by “looping” out the intervening DNA segment. This allows direct, physical contact
between the two DNA elements and their associated epigenetic marks and bound proteins.
In this example, the enhancer is marked by H3K4me1, and co-occupied by a transcription
factor (TF) and Cyclic AMP-responsive element binding protein (CBP). The promoter is
marked by H3K4me3, indicating it is actively transcribed by RNA Pol II (Pol II). The DNA
loop is stabilized by the cohesin complex.
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Figure 3.
Model of transcriptional looping. The cohesion complex can loop either insulator, defined
by CCCTC-binding factor (CTCF) binding, or enhancer elements bound by transcription
factors. As can be seen, the intervening DNA sequence is “looped-out” to allow the
enhancer/insulator and promoters to be brought into close physical proximity. In addition,
the ability of an insulator to “block” the enhancer from interacting with its target promoter is
illustrated. How the choice between which type of element, enhancer versus insulator, is
utilized remains unknown.
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Table 1

Number of cells varying by the length of the genome and number of genes.

S. Cerevisae C. Elegan H. Sapiens

Cell Number 1 × 100 1 × 103 1 × 1012

Genomic Length (bp) 1 × 107 1 × 108 3 × 109

Number of Genes 6 × 103 2 × 105 2 × 105
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