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Enhancer (genetics)

In genetics, an enhancer is a short (50—-1500 bp) region

of DNA that can be bound by proteins (activators) to \X\%-- VS
increase the likelihood that trar.lscrlptlon of a particular e
gene will occur.[12] These proteins are usually referred to elator Enamcer  Gemes |-:)nsu.am.

as transcription factors. Enhancers are cis-acting. They can
be located up to 1 Mbp (1,000,000 bp) away from the gene,
upstream or downstream from the start site.[21l3] There are
hundreds of thousands of enhancers in the human genome.[2] o e i——
They are found in both prokaryotes and eukaryotes.[4] ' >, )

The first discovery of a eukaryotic enhancer was in the
immunoglobulin heavy chain gene in 1983.[51l6[7] This &

enhancer, located in the large intron, provided an explanation

ﬂ
L
for the transcriptional activation of rearranged Vh gene
promoters while unrearranged Vh promoters remained C \.v,)
)]

inactive.
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Locations

In eukaryotic cells the structure of the chromatin complex of DNA is folded in a way that
functionally mimics the supercoiled state characteristic of prokaryotic DNA, so although the
enhancer DNA may be far from the gene in a linear way, it is spatially close to the promoter and
gene. This allows it to interact with the general transcription factors and RNA polymerase I1.[8] The
same mechanism holds true for silencers in the eukaryotic genome. Silencers are antagonists of
enhancers that, when bound to its proper transcription factors called repressors, repress the
transcription of the gene. Silencers and enhancers may be in close proximity to each other or may
even be in the same region only differentiated by the transcription factor the region binds to.

An enhancer may be located upstream or downstream of the gene it regulates. Furthermore, an
enhancer doesn't need to be located near the transcription initiation site to affect transcription, as
some have been found located in several hundred thousand base pairs upstream or downstream of
the start site.[9 Enhancers do not act on the promoter region itself, but are bound by activator
proteins. These activator proteins interact with the mediator complex, which recruits polymerase II
and the general transcription factors which then begin transcribing the genes. Enhancers can also
be found within introns. An enhancer's orientation may even be reversed without affecting its
function; additionally, an enhancer may be excised and inserted elsewhere in the chromosome, and
still affect gene transcription.[1°] That is one reason that introns polymorphisms may have effects
although they are not translated. Enhancers can also be found at the exonic region of an unrelated
genel1112][13] 3nd they may act on genes on another chromosome.[14]

Enhancers are bound by p300-CBP and their location can be predicted by ChIP-seq against this
family of coactivators.[15116][17][18]

Role in gene expression

Gene expression in mammals is regulated by many cis-regulatory elements, including core
promoters and promoter-proximal elements that are located near the transcription start sites of
genes. Core promoters are sufficient to direct transcription initiation, but generally have low basal
activity.[19] Other important cis-regulatory modules are localized in DNA regions that are distant
from the transcription start sites. These include enhancers, silencers, insulators and tethering
elements.[20] Among this constellation of elements, enhancers and their associated transcription
factors have a leading role in the regulation of gene expression.[22] An enhancer localized in a DNA
region distant from the promoter of a gene can have a very large effect on gene expression, with
some genes undergoing up to 100-fold increased expression due to an activated enhancer.[22]

Enhancers are regions of the genome that are major gene-regulatory elements. Enhancers control
cell-type-specific gene expression programs, most often by looping through long distances to come
in physical proximity with the promoters of their target genes.[23] While there are hundreds of
thousands of enhancer DNA regions,[2] for a particular type of tissue only specific enhancers are
brought into proximity with the promoters that they regulate. In a study of brain cortical neurons,
24,937 loops were found, bringing enhancers to their target promoters.[22] Multiple enhancers,
each often at tens or hundreds of thousands of nucleotides distant from their target genes, loop to
their target gene promoters and can coordinate with each other to control the expression of their
common target gene.[23]
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Regulation of transcription in mammals. An active enhancer regulatory region of
DNA is enabled to interact with the promoter DNA region of its target gene by the
formation of a chromosome loop. This can initiate messenger RNA (mRNA)
synthesis by RNA polymerase Il (RNAP Il) bound to the promoter at the
transcription start site of the gene. The loop is stabilized by one architectural protein
anchored to the enhancer and one anchored to the promoter and these proteins are
joined to form a dimer (red zigzags). Specific regulatory transcription factors bind to
DNA sequence motifs on the enhancer. General transcription factors bind to the
promoter. When a transcription factor is activated by a signal (here indicated as
phosphorylation shown by a small red star on a transcription factor on the
enhancer) the enhancer is activated and can now activate its target promoter. The
active enhancer is transcribed on each strand of DNA in opposite directions by
bound RNAP lIs. Mediator (a complex consisting of about 26 proteins in an
interacting structure) communicates regulatory signals from the enhancer DNA-
bound transcription factors to the promoter.

The schematic
illustration in  this

section shows an
enhancer looping
around to come into
close physical

proximity with the
promoter of a target
gene. The loop is
stabilized by a dimer of
a connector protein
(e.g. dimer of CTCF or
YY1), with one member
of the dimer anchored
to its binding motif on
the enhancer and the
other member
anchored to its binding
motif on the promoter
(represented by the red
zigzags in the
illustration).[24] Several
cell function specific
transcription  factors
(there are about 1,600
transcription factors in
a human cell25])

generally bind to
specific motifs on an
enhancer(26] and a
small combination of

these enhancer-bound transcription factors, when brought close to a promoter by a DNA loop,
govern level of transcription of the target gene. Mediator (a complex usually consisting of about 26
proteins in an interacting structure) communicates regulatory signals from enhancer DNA-bound
transcription factors directly to the RNA polymerase II (pol II) enzyme bound to the promoter.[27]

Enhancers, when active, are generally transcribed from both strands of DNA with RNA
polymerases acting in two different directions, producing two Enhancer RNAs (eRNAs) as
illustrated in the Figure.[28] An inactive enhancer may be bound by an inactive transcription factor.
Phosphorylation of the transcription factor may activate it and that activated transcription factor
may then activate the enhancer to which it is bound (see small red star representing
phosphorylation of transcription factor bound to enhancer in the illustration).[29] An activated
enhancer begins transcription of its RNA before activating transcription of messenger RNA from

its target gene.[3°]

Theories

As of 2005, there are two different theories on the information processing that occurs on

enhancers:[31]
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= Enhanceosomes — rely on highly cooperative, coordinated action and can be disabled by single
point mutations that move or remove the binding sites of individual proteins.

= Flexible billboards — less integrative, multiple proteins independently regulate gene expression
and their sum is read in by the basal transcriptional machinery.

Examples in the human genome

HACNS1

HACNS1 (also known as CENTG2 and located in the Human Accelerated Region 2) is a gene
enhancer "that may have contributed to the evolution of the uniquely opposable human thumb,
and possibly also modifications in the ankle or foot that allow humans to walk on two legs".
Evidence to date shows that of the 110,000 gene enhancer sequences identified in the human
genome, HACNS1 has undergone the most change during the evolution of humans following the
split with the ancestors of chimpanzees.

GADDA45G

An enhancer near the gene GADD45g has been described that may regulate brain growth in
chimpanzees and other mammals, but not in humans.!32] The GADD45G regulator in mice and
chimps is active in regions of the brain where cells that form the cortex, ventral forebrain, and
thalamus are located and may suppress further neurogenesis. Loss of the GADD45G enhancer in
humans may contribute to an increase of certain neuronal populations and to forebrain expansion
in humans.

In developmental biology

The development, differentiation and growth of cells and tissues require precisely regulated
patterns of gene expression. Enhancers work as cis-regulatory elements to mediate both spatial
and temporal control of development by turning on transcription in specific cells and/or repressing
it in other cells. Thus, the particular combination of transcription factors and other DNA-binding
proteins in a developing tissue controls which genes will be expressed in that tissue. Enhancers
allow the same gene to be used in diverse processes in space and time.[33]

Identification and characterization

Traditionally, enhancers were identified by enhancer trap techniques using a reporter gene or by
comparative sequence analysis and computational genomics. In genetically tractable models such
as the fruit fly Drosophila melanogaster, for example, a reporter construct such as the lacZ gene
can be randomly integrated into the genome using a P element transposon. If the reporter gene
integrates near an enhancer, its expression will reflect the expression pattern driven by that
enhancer. Thus, staining the flies for LacZ expression or activity and cloning the sequence
surrounding the integration site allows the identification of the enhancer sequence.[34]

The development of genomic and epigenomic technologies, however, has dramatically changed the
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outlook for cis-regulatory modules (CRM) discovery. Next-generation sequencing (NGS) methods
now enable high-throughput functional CRM discovery assays, and the vastly increasing amounts
of available data, including large-scale libraries of transcription factor-binding site (TFBS) motifs,
collections of annotated, validated CRMs, and extensive epigenetic data across many cell types, are
making accurate computational CRM discovery an attainable goal. An example of NGS-based
approach called DNase-seq have enabled identification of nucleosome-depleted, or open chromatin
regions, which can contain CRM. More recently techniques such as ATAC-seq have been developed
which require less starting material. Nucelosome depleted regions can be identified in vivo through
expression of Dam methylase, allowing for greater control of cell-type specific enhancer
identification.[35] Computational methods include comparative genomics, clustering of known or
predicted TF-binding sites, and supervised machine-learning approaches trained on known CRMs.
All of these methods have proven effective for CRM discovery, but each has its own considerations
and limitations, and each is subject to a greater or lesser number of false-positive
identifications.[30] In the comparative genomics approach, sequence conservation of non-coding
regions can be indicative of enhancers. Sequences from multiple species are aligned, and conserved
regions are identified computationally.[37] Identified sequences can then be attached to a reporter
gene such as green fluorescent protein or lacZ to determine the in vivo pattern of gene expression
produced by the enhancer when injected into an embryo. mRNA expression of the reporter can be
visualized by in situ hybridization, which provides a more direct measure of enhancer activity,
since it is not subjected to the complexities of translation and protein folding. Although much
evidence has pointed to sequence conservation for critical developmental enhancers, other work
has shown that the function of enhancers can be conserved with little or no primary sequence
conservation. For example, the RET enhancers in humans have very little sequence conservation to
those in zebrafish, yet both species' sequences produce nearly identical patterns of reporter gene
expression in zebrafish.[37] Similarly, in highly diverged insects (separated by around 350 million
years), similar gene expression patterns of several key genes was found to be regulated through
similarly constituted CRMs although these CRMs do not show any appreciable sequence
conservation detectable by standard sequence alignment methods such as BLAST.[38]

In segmentation of insects

The enhancers determining early segmentation in Drosophila melanogaster embryos are among
the best characterized developmental enhancers. In the early fly embryo, the gap gene
transcription factors are responsible for activating and repressing a number of segmentation genes,
such as the pair rule genes. The gap genes are expressed in blocks along the anterior-posterior axis
of the fly along with other maternal effect transcription factors, thus creating zones within which
different combinations of transcription factors are expressed. The pair-rule genes are separated
from one another by non-expressing cells. Moreover, the stripes of expression for different pair-
rule genes are offset by a few cell diameters from one another. Thus, unique combinations of pair-
rule gene expression create spatial domains along the anterior-posterior axis to set up each of the
14 individual segments. The 480 bp enhancer responsible for driving the sharp stripe two of the
pair-rule gene even-skipped (eve) has been well-characterized. The enhancer contains 12 different
binding sites for maternal and gap gene transcription factors. Activating and repressing sites
overlap in sequence. Eve is only expressed in a narrow stripe of cells that contain high
concentrations of the activators and low concentration of the repressors for this enhancer
sequence. Other enhancer regions drive eve expression in 6 other stripes in the embryo.[39]
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In vertebrate patterning

Establishing body axes is a critical step in animal development. During mouse embryonic
development, Nodal, a transforming growth factor-beta superfamily ligand, is a key gene involved
in patterning both the anterior-posterior axis and the left-right axis of the early embryo. The Nodal
gene contains two enhancers: the Proximal Epiblast Enhancer (PEE) and the Asymmetric
Enhancer (ASE). The PEE is upstream of the Nodal gene and drives Nodal expression in the
portion of the primitive streak that will differentiate into the node (also referred to as the primitive
node).[4°] The PEE turns on Nodal expression in response to a combination of Wnt signaling plus a
second, unknown signal; thus, a member of the LEF/TCF transcription factor family likely binds to
a TCF binding site in the cells in the node. Diffusion of Nodal away from the node forms a gradient
which then patterns the extending anterior-posterior axis of the embryo.[41] The ASE is an intronic
enhancer bound by the fork head domain transcription factor Fox1i. Early in development, Foxi-
driven Nodal expression establishes the visceral endoderm. Later in development, Fox1 binding to
the ASE drives Nodal expression on the left side of the lateral plate mesoderm, thus establishing
left-right asymmetry necessary for asymmetric organ development in the mesoderm.[42!

Establishing three germ layers during gastrulation is another critical step in animal development.
Each of the three germ layers has unique patterns of gene expression that promote their
differentiation and development. The endoderm is specified early in development by Gata4
expression, and Gata4 goes on to direct gut morphogenesis later. Gata4 expression is controlled in
the early embryo by an intronic enhancer that binds another forkhead domain transcription factor,
FoxA2. Initially the enhancer drives broad gene expression throughout the embryo, but the
expression quickly becomes restricted to the endoderm, suggesting that other repressors may be
involved in its restriction. Late in development, the same enhancer restricts expression to the
tissues that will become the stomach and pancreas. An additional enhancer is responsible for
maintaining Gataq4 expression in the endoderm during the intermediate stages of gut
development.[43]

Multiple enhancers promote developmental robustness

Some genes involved in critical developmental processes contain multiple enhancers of
overlapping function. Secondary enhancers, or "shadow enhancers", may be found many kilobases
away from the primary enhancer ("primary" usually refers to the first enhancer discovered, which
is often closer to the gene it regulates). On its own, each enhancer drives nearly identical patterns
of gene expression. Are the two enhancers truly redundant? Recent work has shown that multiple
enhancers allow fruit flies to survive environmental perturbations, such as an increase in
temperature. When raised at an elevated temperature, a single enhancer sometimes fails to drive
the complete pattern of expression, whereas the presence of both enhancers permits normal gene
expression.[44]

Evolution of developmental mechanisms

One theme of research in evolutionary developmental biology ("evo-devo") is investigating the role
of enhancers and other cis-regulatory elements in producing morphological changes via
developmental differences between species.
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Stickleback Pitx1

Recent work has investigated the role of enhancers in morphological changes in threespine
stickleback fish. Sticklebacks exist in both marine and freshwater environments, but sticklebacks in
many freshwater populations have completely lost their pelvic fins (appendages homologous to the
posterior limb of tetrapods).

Pitx1 is a homeobox gene involved in posterior limb development in vertebrates. Preliminary
genetic analyses indicated that changes in the expression of this gene were responsible for pelvic
reduction in sticklebacks. Fish expressing only the freshwater allele of Pitx1 do not have pelvic
spines, whereas fish expressing a marine allele retain pelvic spines. A more thorough
characterization showed that a 500 base pair enhancer sequence is responsible for turning on Pitx1
expression in the posterior fin bud. This enhancer is located near a chromosomal fragile site—a
sequence of DNA that is likely to be broken and thus more likely to be mutated as a result of
imprecise DNA repair. This fragile site has caused repeated, independent losses of the enhancer
responsible for driving Pitx1 expression in the pelvic spines in isolated freshwater population, and
without this enhancer, freshwater fish fail to develop pelvic spines.[45]

In Drosophila wing pattern evolution

Pigmentation patterns provide one of the most striking and easily scored differences between
different species of animals. Pigmentation of the Drosophila wing has proven to be a particularly
amenable system for studying the development of complex pigmentation phenotypes. The
Drosophila guttifera wing has 12 dark pigmentation spots and 4 lighter gray intervein patches.
Pigment spots arise from expression of the yellow gene, whose product produces black melanin.
Recent work has shown that two enhancers in the yellow gene produce gene expression in
precisely this pattern — the vein spot enhancer drives reporter gene expression in the 12 spots, and
the intervein shade enhancer drives reporter expression in the 4 distinct patches. These two
enhancers are responsive to the Wnt signaling pathway, which is activated by wingless expression
at all of the pigmented locations. Thus, in the evolution of the complex pigmentation phenotype,
the yellow pigment gene evolved enhancers responsive to the wingless signal and wingless
expression evolved at new locations to produce novel wing patterns.[4]

In inflammation and cancer

Each cell typically contains several hundred of a special class of enhancers that stretch over many
kilobases long DNA sequences, called "super-enhancers".[47] These enhancers contain a large
number of binding sites for sequence-specific, inducible transcription factors, and regulate
expression of genes involved in cell differentiation.[48] During inflammation, the transcription
factor NF-kB facilitates remodeling of chromatin in a manner that selectively redistributes
cofactors from high-occupancy enhancers, thereby repressing genes involved in maintaining
cellular identify whose expression they enhance; at the same time, this F-kB-driven remodeling
and redistribution activates other enhancers that guide changes in cellular function through
inflammation.[491[50] As a result, inflammation reprograms cells, altering their interactions with
the rest of tissue and with the immune system.[51[52] In cancer, proteins that control NF-«B
activity are dysregulated, permitting malignant cells to decrease their dependence on interactions
with local tissue, and hindering their surveillance by the immune system.[531(54]
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See also

Shadow enhancers
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