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Abstract

Regulatory DNAs serve as templates to bring weakly interacting transcription factors into close
proximity so they can work synergistically to switch genes on and off in time and space. Most of
these regulatory DNAs are enhancers that can work over long distances — a million base pairs or
more in mammals — to control gene expression. Critical enhancers are sometimes even found
within the introns of neighboring genes. This review summarizes well-defined examples of
enhancers controlling key processes in animal development. Potential mechanisms of
transcriptional synergy are discussed with regard to enhancer structure and contemporary ChiP-
sequencing assays, whereby just a small fraction of the observed binding sites represent bona fide
regulatory DNAs. Finally, there is a discussion of how enhancer evolution can produce novelty in
animal morphology and of the prospects for reconstructing transitions in animal evolution by
introducing derived enhancers in basal ancestors.

Introduction

Shortly after the first glimpse into the molecular organization of eukaryotic genes it became
clear that critical regulatory DNAs could be uncoupled from the core promoter, the docking
site for RNA Polymerase 11 (Pol I1) [1]. The first eukaryotic enhancers were identified in
animal viruses due to their ability to co-opt the transcriptional machinery of host cells upon
infection [2-5]. The prototypic enhancer was identified in the SV40 animal virus, an
unlikely source for long-range regulatory elements as the SV40 genome is just 5.2 kilobases
(kb) in length [1].

The SV40 enhancer contains two 72 base pair (bp) repeats located ~200 bp 5’ of the gene
encoding T-antigen, which is essential for viral replication and transcription of late viral
genes in infected cells [1]. This 5’-regulatory sequence was shown to work at a distance
when attached to a f-globin reporter gene and transfected in cultured monkey kidney cells
[1]. Subsequent studies identified several sequence-specific transcription factors that bind to
discrete sites within the 72 bp repeats, including the bZIP transcription factor AP1 and the
Rel-containing factor NF-xB [6,7]. Both transcription factors are modulated by signaling
pathways, receptor tyrosine kinases (RTKs) and Toll, respectively [8,9], and thereby
anticipate the importance of enhancers in integrating cell signaling processes — a key
insight not appreciated for another decade, e.g., [10]. Indeed, the synergistic activation of the
prototypic SV40 enhancer by distinct classes of activators is a common theme of enhancer
function and a number of examples will be considered in the course of this review.
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Evidence that enhancers might have a more divine purpose than merely augmenting the
efficacy of viral infection was obtained by examining genes that exhibit tissue-specific
expression. The first cellular enhancers that were identified control the expression of the
immunoglobulin (Ig) heavy chain gene in mammalian B lymphocytes [11-13]. Subsequent
studies identified a number of sequence-specific transcription factors that bind Ig enhancers,
including NF-xB and the basic helix-loop-helix (bHLH) activator E12/E47 [14,15]. Both
proteins were subsequently shown to be critical effectors of a variety of processes in animal
development and disease, including programmed cell death, inflammation, and lymphocyte
differentiation [16,17].

Remote enhancers located tens or even hundreds of kilobases from the target gene are a
distinctive property of metazoans that is absent in yeast and rarely seen in plants [18,19].
Such long-range interactions open the door to complex gene control, whereby a given gene
can be used in a variety of developmental or physiological processes, as discussed below.

I will first review the general properties of metazoan enhancers, particularly those engaged
in developmental processes, and then discuss several well-defined examples.

Principles of Enhancer Function

Activator Synergy

Most developmental enhancers have a number of shared properties, regardless of the overall
size of the genomes from which they originate [20-22]. Such enhancers are typically 200 bp
to 1 kb in length. They contain multiple binding sites for two or more classes of sequence-
specific transcription factors [23]. A recurring theme is the use of at least two different
activators to regulate expression, such as NF-xB and AP1 in the case of the SV40 enhancer
mentioned above [6,7]. Many enhancers also contain binding sites for sequence-specific
repressors, which exclude expression in inappropriate tissues, e.g. [24,25].

Several different modes of transcriptional synergy are known, including cooperative
occupancy of linked sites via protein—protein interactions [26,27] and the coordinate
recruitment of co-activators such as CBP to the DNA template [28,29]. It is also possible
that different classes of activators recruit distinct co-activators, which in turn function
synergistically to activate gene expression (Figure 1). For example, activator A might recruit
CBP, which mediates acetylation of core histones, while activator B might recruit Swi/Snf,
which remodels chromatin by displacing nucleosomes [30,31]. Finally, indirect modes of
cooperative binding have been suggested, whereby activator A binds its target site and helps
displace the associated nucleosome to facilitate binding of activator B to a neighboring site
[32,33] (Figure 1C,D). Most of these mechanisms of activator synergy are non-exclusive, so
it is possible, for example, that two activators bind cooperatively to linked sites and
coordinately recruit one or more co-activators to the DNA template. Regardless of the exact
mechanism, A-B activator synergy depends on close spatial linkage of the binding sites,
typically within a half turn of the nucleosome.

The best-characterized enhancer is the enhanceosome controlling the expression of the
mammalian B-interferon gene in response to viral infection [34-36]. The enhanceosome is
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activated by three heterodimeric protein complexes, c-Jun/ATF-2, IRF3/IRF7 and NF-xB,
which bind tightly linked recognition sequences that are highly conserved in evolution. A
co-crystal of the enhanceosome along with the DNA binding domains of the three activator
complexes reveals an extended composite protein surface spanning the length of the ~200 bp
enhanceosome [37]. It has been suggested that this surface provides a template for the
effective recruitment of co-activators such as CBP (Figure 2).

DNA Looping

Once an appropriate combination of sequence-specific activators and co-activators has
bound to an enhancer how does it control gene expression? There is considerable evidence
that active enhancers loop to the promoter regions of target genes [38]. These loops can be
visualized using chromosome conformation capture (3C) assays and various modifications
thereof [39]. These methods are based on identifying the joining of distant DNA segments
via PCR.

The exact relationship between the binding of activators and enhancer looping is unclear
[40,41]. The Drosophila melanogaster Pax2 enhancer contains a discrete region that is
important for activation at a distance, but not when the enhancer is placed immediately
adjacent to a reporter gene [42]. Cohesins have been implicated as mediators of long-range
looping [43,44]. Once the enhancer loops to the promoter it might stimulate transcription by
the recruitment of general transcription factors such as the Mediator complex (MED) [45].
In cases of genes containing paused Pol 11, activation might be achieved by the recruitment
of transcriptional elongation factors such as pTEFb [46].

Enhancer—-Promoter Interactions

Whole-genome assays suggest that genes are often contained within larger chromosomal
domains that are flanked by insulator DNA [47,48]. Insulators — also known as
‘chromosomal barrier elements’ or “boundary elements” — prevent enhancers located within
one chromosomal domain from inappropriately activating genes located in neighboring
domains [49-55]. In principle, chromosomal inversions or deletions can result in the
rearrangement or loss of insulator DNA, and as a result, genes can acquire novel patterns of
expression due to activation by enhancers that are normally located within a separate
domain.

In some cases, enhancers can bypass a nearby gene in order to activate a more distal
transcription unit. This is seen in the Drosophila Antennapedia complex, whereby the T1
enhancer is located 3’ of the fushi tarazu (ftz) transcription unit but bypasses ftz in order to
activate the more distal Sex combs reduced (Scr) gene [56-58]. Selective T1-Scr
interactions depend on a proximal tethering element located immediately 5’ of the Scr core
promoter (Figure 3A). T1 can activate gene expression from the ftz promoter upon insertion
of the ~300 bp tethering element. This type of enhancer—promoter specificity is also
influenced by sequence elements contained within core promoters. TATA-containing
promoters might preferentially interact with certain enhancers, while DPE-containing
promoters are activated by different enhancers [59-61].
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Tethering elements, and promoter specificity, might enable remote enhancers to ignore
nearby genes and activate distal transcription units. These and other mechanisms lead to
remarkable examples of uncoupling of enhancers from their target genes. For example, the
sonic hedgehog (Shh) gene is essential for the patterning of the neural tube and limbs [62].
These processes are controlled by separate enhancers, and those regulating expression in the
notochord and floor plate are located relatively close to the Shh transcription unit. However,
the enhancer that regulates Shh expression in the developing limb buds is located nearly one
megabase away, within the intron of a neighboring locus (Lmbr) [63] (Figure 3B). Once
enhancers are decoupled from their target genes, it is thus easy to imagine that they can be
re-routed to produce novel patterns of gene expression during animal evolution.

The Question of Grammar

The enhanceosome represents an extreme example of cis-regulatory ‘grammar’ or ‘syntax’,
as it contains a fixed arrangement of binding sites spanning the entire length of the enhancer
[37]. “Grammar’ here refers to the phenomenon that spacing and arrangement of binding
sites matter for the activity of the enhancer, just like the order of words in a sentence can
affect its meaning. Just about any change in spacing between adjacent sites disrupts
enhanceosome function, except the insertion of 10 bp of DNA, one turn of the helix, which
maintains the orientation of adjacent heterodimer complexes [34—-36]. Developmental
enhancers have a more flexible arrangement of binding sites than the enhanceosome. For
example, changing the spacing of adjacent Bicoid and Hunchback activator sites does not
alter the even-skipped (eve) stripe 2 expression pattern in Drosophila, although there are
diminished levels of expression [64]. Nonetheless, it is conceivable that developmental
enhancers contain limited arrangements of fixed binding sites.

Just a handful of well-defined developmental enhancers were identified during the 1980s
and 1990s. Back in the day, 5’ flanking regions were ‘blindly’ fused to a reporter gene and
the fusion genes were examined in transgenic embryos after incorporation into the germline
via microinjection assays [65]. Even so-called ‘short-cuts’, such as transient expression in
injected sea urchin and mouse embryos, required the establishment of demanding
microinjection methods [66,67].

The post-genome era provided an opportunity to identify putative enhancers using a host of
computational methods, such as phylogenetic foot-printing [68,69], the identification of
conserved non-coding sequences among distantly related genomes (e.g., pufferfish and
mice). Additional methods include the computational identification of clusters of binding
sites [70,71] and whole-genome chromatin immuno-precipitation (ChlP) assays [72,73]. Of
course, these methods are not sufficient to identify enhancers, but they can be used to
pinpoint the locations of putative enhancers within extended genomic intervals. The
combination of computer and experiment has greatly augmented the collection of
developmental enhancers, providing a foundation for investigating the question of whether
developmental enhancers contain fixed arrangements of binding sites.

The analysis of enhancers that direct gene expression in the presumptive neurogenic
ectoderm of the early Drosophila embryo suggests a limited grammar in the arrangement of
Dorsal and Twist activator binding sites [74]. Dorsal is a Rel-containing transcription factor
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that is related to mammalian NF-xB, while Twist is a bHLH activator implicated in
mesoderm development in a variety of animal embryos [75,76]. Dorsal activates Twist, and
low levels of the two proteins work synergistically to activate a number of neurogenic genes
(so-called ‘type 2 Dorsal target genes”), which restrict EGF and Dpp (TGFp) signaling in the
early embryo [74].

Although the six known type 2 enhancers are unrelated by simple sequence homology, they
all contain closely linked Dorsal and Twist binding sites, and the asymmetric Twist site is
oriented towards the adjacent Dorsal site. This arrangement fosters cooperative interactions
between Dorsal and Twist, but only a subset of the binding sites displays such linkage.
Recent computer simulations have been used to argue that linked binding sites might
represent evolutionary ‘mirages’ [77]. However, this example of grammar does not depend
on evolutionary constraint, but is seen as a convergent design feature among unrelated
enhancers. Moreover, the importance of grammar in the interferon enhanceosome is clear-
cut.

Thus, there is no denying that grammar occurs in certain enhancers. The question is whether
it is a pervasive feature of developmental enhancers. Later in the review | will describe how
changes in the arrangement of binding sites in the Drosophila Pax2 enhancer alter gene
expression in the Drosophila eye [42].

The Proposed Importance of Off-Rates

Sequence-specific DNA binding proteins scan the DNA double helix and then dwell at
favored recognition sequences [78,79]. The primary determinant of a ‘good’ or high-affinity
binding site as opposed to a low-affinity site is the off-rate. DNA binding proteins dwell
longer at preferred recognition sequences as compared with sequences that deviate from the
optimal consensus sequence.

It is reasonable to suppose that critical recognition sequences must be stably occupied within
an enhancer in order to augment transcription. Stable interactions are likely to be required
for the recruitment of co-activators, such as CBP, as well as for other aspects of enhancer
function such as looping to the core promoter. Stable occupancy depends not only on the
intrinsic quality of the binding sites but also on protein—protein interactions, including
cooperative binding and interactions with co-activator proteins. It is unlikely that current
whole-genome methods, such as ChlP-sequencing, can distinguish between binding sites
based on off-rates [80]. Such methods fail to provide kinetic measurements, but represent
average states of binding site occupancy. Authentic binding sites responsible for the control
of gene expression might depend on regulatory grammar such as protein—protein interactions
at linked sites, as discussed earlier.

Function of Individual Enhancers in Animal Development

Below I describe a few specific examples of enhancers mediating localized patterns of gene
expression during animal development. There is a particular emphasis on the role of
enhancers as DNA templates for integrating complex positional information, including
localized signaling molecules.
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Xenopus Organizer

The dorsal-ventral patterning of the Xenopus laevis embryo is controlled by the famous
Spemann-Mangold organizer, located at the dorsal lip of the blastopore [81]. The cells
comprising the dorsal lip secrete a variety of BMP/TGFf signaling antagonists, including
Noggin and Chordin [82]. The homeobox gene, Goosecoid (Gsc), is one of the first genes to
be activated in the presumptive organizer, where it is thought to participate in the subsequent
regulation of patterning genes such as Noggin [83].

The Xenopus egg contains a number of localized maternal MRNAs, including Vg1 and
VegT, the latter of which encodes a T-box transcription factor that activates Nodal-related
genes (XNRs) [84,85]. VegT-XNR interactions create localized activation of pSmad
transcription factors in vegetal regions of the early embryo. As pSmads become activated in
the vegetal embryonic cells (blastomeres) a process of cortical rotation leads to the localized
activation of B-catenin and the Lef/Tcf transcription factor along the presumptive dorsal
surface of the early embryo [81,82]. Activated Tcf triggers the expression of the Samois
homeobox gene in these dorsal regions [86]. Blastomeres located at the intersection of the
vegetal and dorsal regions express both Samois and pSmads (Figure 4). These two
sequence-specific transcription factors interact with a 5 enhancer in the Gsc locus to
activate Gsc expression and thereby help delineate the organizer [87].

Ciona Heart Primordium

The beating heart of the adult sea squirt Ciona intestinalis arises from a single pair of
blastomeres (B7.5) at the 110-cell stage of embryogenesis [88]. A key step in the
specification of the heart is the restricted expression of the bHLH regulatory gene MesP in
the B7.5 blastomeres. MesP activates a number of subordinate genes that are required for the
directed migration and differentiation of the cardiomyocytes in the developing tadpole [89].

MesP is regulated by a 5’ enhancer that contains linked binding sites for two distinct
activators, Lhx3 and Thx6 [90]. Lhx3 is expressed throughout the presumptive endoderm
and extends into the B7.5 blastomere, which is located at the boundary between the
endoderm and presumptive tail muscles. Thx6 is expressed in the presumptive tail muscles
as well as B7.5. Thus, only the B7.5 blastomeres express both Lhx3 and Thx6. An
outstanding question, posed earlier, is whether a fixed arrangement of Siamois/pSmad and
Lhx3/Tbx6 binding sites are essential for the accurate expression of Gsc in the Xenopus
organizer and MesP in Ciona cardiomyocytes.

Drosophila Eye

Pax2 is essential for the specification of cone cells within the adult fly eye. It is regulated by
a 362 bp enhancer located ~850 bp upstream of the Pax2 transcription start site [10,42].
Localized expression within presumptive cone cells depends on Notch and EGF signaling,
along with cellular determinants, including Lozenge (Lz), a Runx-containing transcription
factor. The Pax2 enhancer contains a series of 12 binding sites for all three critical
regulators: Su(H) (Notch signaling), Ets (EGF signaling) and Lz. Altering the arrangement
of binding sites causes the modified enhancer to be active in the R1 and R6 photoreceptor
cells rather than cone cells [42]. These experiments clearly illustrate the importance of
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enhancer structure, or grammar, in the cell-specific regulation of Pax2 expression. However,
there is no evidence for long-range arrangements of binding sites along the length of the
enhancer. Rather, there is rapid turnover of binding sites in the Pax2 enhancers of divergent
drosophilids, such as D. pseudoobscura [42]. It would appear that grammar may be limited
to just a subset of closely linked sites, as seen for the Dorsal/Twist linkage in type 2
neurogenic enhancers.

Caenorhabditis elegans Nervous System

Examples

The gustatory (taste) neurons of the nematode C. elegans, ASER and ASEL, are specified by
a zinc finger transcription factor, CHE-1 [91]. A combination of conventional genetics and
microarray assays identified a number of putative CHE-1 target genes that are specifically
expressed in the taste neurons. The 5’ regulatory regions of a number of these genes contain
a critical cis-regulatory element that is essential for their expression in taste neurons [91].
The CHE-1 target gene cog-1 contains two copies of this element [92], which might work in
a partially redundant fashion to ensure robust expression of the gene in response to
environmental fluctuations, as seen for ‘shadow enhancers’ in Drosophila (see below). It is
unlikely that the CHE-1 recognition sequence is sufficient for the activation of gene
expression in taste neurons. Many target genes exhibit asymmetric expression in the left-
right pair of taste neurons, ASELand ASER, respectively. For example, cog-1 is specifically
expressed in the ASER neuron, and the 5’ regulatory region contains conserved binding
motifs that are likely to work in concert with CHE-1 to generate a restricted expression
pattern.

of Modular Enhancers in Development

While the preceding examples focused on the regulation of gene expression by individual
enhancers, | now consider examples of genes that are regulated by multiple enhancers.

Drosophila segmentation

The expression of pair-rule genes in two-segment wide stripes in the Drosophila blastoderm
embryo provides one of the most dramatic examples of combinatorial gene control in animal
development [93,94]. The pair-rule stripes arise after broadly expressed maternal activators
(Bicoid and Caudal) and localized gap repressors (Hunchback, Krippel, Knirps and Giant).
The first hint regarding how these broadly distributed regulatory factors produce sharp
stripes of gene expression came from the analysis of the 500 bp eve stripe 2 enhancer
[95,96]. This enhancer contains twelve binding sites; six activator sites and six repressor
sites. Bicoid and Hunchback bind the activator sites to augment eve expression throughout
the anterior half of the embryo (where the two proteins are present at highest levels). The
Giant and Kruppel gap proteins bind to the 6 repressor sites to define the anterior and
posterior borders of the stripe 2 pattern, respectively [64,97].

eve is regulated by 5 separate enhancers located upstream and downstream of the
transcription unit [98]. Each of these enhancers employs the same basic logic described for
the stripe 2 enhancer: broadly distributed activators working together with localized gap
repressors to define the stripe borders. Three of the gap repressors, Kriippel, Knirps, and
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Giant, interact with a common co-repressor protein, CtBP, which functions as a short-range
repressor [99]. That is, CtBP must bind within 50-100 bp of upstream activators or the core
promoter in order to inhibit gene expression. Such short-range repression ensures that the
five eve enhancers work independently of one another to produce the complete seven-stripe
pattern of gene expression.

Mouse Hindbrain

Hox genes control the anterior-posterior patterning of most or all metazoans [100]. They are
usually located within tightly regulated complexes or clusters. Both local and long-range cis-
regulatory DNA elements control complex patterns of Hox expression during development.
The best-characterized vertebrate Hox enhancers are those controlling the expression of
Hoxb1 in the mouse hindbrain [101,102]. A 3’ enhancer located downstream of the Hoxb1
transcription unit activates expression in the neurogenic ectoderm, in a broad domain
spanning rhombomeres 3 through 5 (R3-R5). A 5’ silencer element containing retinoic acid
response elements and Krox20 binding sites represses Hoxb1 expression in R3 and R5 and
restricts expression to the R4 rhombomere.

Hoxb1 expression is subsequently maintained in R4 via a 335 bp 5’ enhancer that mediates
auto-regulation. The 5" auto-regulatory enhancer (R4 ARE) contains a series of linked
binding sites for the Hoxb1 protein and a ‘ubiquitous’ homeobox activator, Pbx. Hox—Pbx
protein—protein interactions are thought to result in cooperative occupancy of the linked
binding sites, and also foster synergistic recruitment of co-activators [103]. Hoxbl
regulation is reminiscent of eve stripe 2 regulation, in that both systems employ spatially
localized repressors for delineating the limits of gene expression. However, the retinoic acid
repressor functions over long distances, nearly 2 kb, to silence the Hoxb1 transcription unit
in the R3 and R5 rhombomeres.

In addition to local enhancers that regulate individual Hox genes, such as Hoxbl, it appears
that at least some vertebrate Hox clusters are coordinately regulated by remote sequences
that have the properties of the locus control region (LCR) controlling the temporal order of
globin gene expression during hematopoiesis [104,105]. The global control region (GCR) of
the Hoxd complex ensures the sequential expression of the individual Hoxd genes along the
anterior-posterior axis of developing limbs. There is no evidence that such long-range
elements regulate Hox genes in invertebrates such as Drosophila. LCR/GCR regulatory
DNAs might thus be a distinctive innovation of vertebrates.

Evolution of Gene Expression Patterns

There is growing evidence that changes in gene expression underlie the evolution of novelty
and divergence of animal morphology, although there are warring schools of thought
regarding the molecular basis for animal diversity [106]. There are those who ascribe most
such change to sequential modifications in protein coding sequences, while others insist that
changes in cis-regulatory DNA are the key agent of animal diversity. There is little doubt
that both mechanisms contribute, with DNA duplication as a critical driving force for both
types of sequence evolution.

Curr Biol. Author manuscript; available in PMC 2014 December 30.
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A classical example that highlights the contributions of both protein and cis-regulatory
evolution in animal physiology is seen at the B-globin locus of vertebrates [107]. The -
globin gene, and its flanking regulatory sequences, underwent a series of duplication events.
v-globin genes are selectively expressed during embryogenesis and the encoded proteins
possess a high-affinity for oxygen. This permits the mammalian fetus to compete for the
oxygen supply. Upon birth, the embryonic globin genes are shut off and the B-globin genes
are activated. The adult globin protein has a lower affinity for oxygen, which is important
for gas exchange in deep tissues. In this example, DNA duplication and divergence
generated both regulatory DNAs and protein coding sequences with related but distinct
activities.

Insect Patterning Genes

Developmental control genes often exhibit distinctive expression patterns in divergent
insects. For example, the dorsal-ventral patterning gene simis critical for the specification of
the ventral midline of the insect central nervous system [108]. In Drosophila, the sim
expression pattern encompasses just a single row of cells spanning the length of the nerve
cord. However, in other insects, particularly the honeybee (Apis mellifera), the sim
expression pattern is broader and encompasses several cells in width, resulting in an
expanded midline [109].

In both Drosophila and Apis, the sim expression pattern is controlled by a proximal enhancer
located immediately upstream of the core promoter. The Drosophila simenhancer is
regulated by a combination of Dorsal, Twist, and Notch signaling. The latter regulatory
input restricts sim expression to a single line of cells on either side of the presumptive
mesoderm (which is the source of the localized Notch signaling protein, Delta). However,
the Apis simenhancer contains high-affinity Twist binding sites in place of Notch response
elements [109], resulting in an expanded sim expression pattern.

‘Shadow’ enhancers represent another potential source for the evolution of novel patterns of
gene expression. Whole-genome ChIP-chip assays suggest that many developmental
patterning genes active in the early Drosophila embryo contain secondary enhancers, which
produce patterns of gene expression that are the same or similar to those generated by more
proximal primary enhancers [110,111]. For example, sog encodes a secreted BMP inhibitor
that is related to Xenopus Chordin [112]. The computational identification of clustered
Dorsal binding sites identified an enhancer within the first intron of the sog transcription
unit that recapitulates the endogenous expression pattern in early embryos [70]. ChIP-chip
assays identified a cluster of Dorsal, Twist, and Snail binding sites that co-incides with this
intronic enhancer [110]. These assays also identified a second binding cluster located nearly
25 kb upstream of the sog transcription start site, on the other side of a neighboring gene.
Despite this remote location, the 5’ binding cluster functions as a sog enhancer when tested
in transgenic embryos [111]. The shadow enhancer produces a pattern of gene expression
that is similar to that seen for the primary, intronic enhancer. Recent studies suggest that
shadow enhancers might buffer the expression of developmental patterning genes in
response to environmental and genetic fluctuations, such as changes in temperature [113—
115]. Although fixed in populations by conferring developmental fitness, shadow enhancers
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might be able to deviate from primary enhancers to produce novel patterns of gene
expression at later stages of development.

The preceding examples focus on changes in enhancer sequences that can produce novel
patterns of gene expression in evolution. An example of re-directing enhancer—promoter
interactions is seen in the Tinman gene complex (Tin-C), which contains a series of
homeobox genes that control the patterning of cardial and pericardial cells in the Drosophila
heart [116]. The ladybird gene within the Tin-C is regulated by a 3’ enhancer, which
mediates expression in pericardial cells within the developing heart [117]. The ladybird
promoter region contains paused Pol Il and works as an insulator [118]. Consequently, the 3’
enhancer does not activate the C15 gene, which is located upstream of ladybird
(summarized in Figure 5). However, in the flour beetle Tribolium castaneum a chromosomal
inversion positions the ladybird 3’ enhancer upstream of the C15 gene [118], such that it is
now able to activate C15 expression (Figure 5).

Pelvic Fin Reduction in Sticklebacks

While the preceding examples produce only modest changes in morphology, the reduction
of pelvic fins in stickleback fish provides a more dramatic example. Sticklebacks are found
worldwide in both ocean and fresh water habitats. These different populations have been
isolated for over 10,000 years due to the recession of glaciers from the ice age [119]. The
ancestral fish contained a pair of prominent pelvic fins, and this is the prevailing phenotype
among open ocean populations where vigorous and extended swimming is a mandatory
aspect of life. However, a number of isolated fresh water populations have independently
loss their pelvic fins. This loss might help sticklebacks escape the grasping jaws of predatory
fish.

Crosses between sticklebacks from different populations allowed the genetic mapping of a
number of loci responsible for various morphological variations, and a single locus was
found to be a major determinant of reduced pelvic fins [119]. This region contains the Pitx1
homeobox gene, which has been implicated in a variety of developmental processes,
including the specification of the mandible, anterior pituitary, and hindlimbs in mammalian
embryos. The Pitx1 regulatory region appears to contain a series of separate enhancers for
these various regulatory activities [120].

Pitx1 is selectively expressed in the developing hindlimbs, but not forelimbs. Ectopic
expression of Pitx1 in the forelimbs is sufficient to transform forelimbs into hindlimbs
[121]. The pelvic fins of sticklebacks are thought to be homologous to the hindlimbs of
higher vertebrates. Causal DNA sequence polymorphisms associated with the loss of pelvic
fins do not map within the Pitx1 coding region. Instead, they map within the 5 regulatory
region. Different stickleback populations lacking pelvic fins exhibit deletions of a 5’ ~500
bp enhancer that activates Pitx1 expression in the developing pelvic fins [122]. This
enhancer is located in a “fragile’ region of the genome, near the telomere of linkage group 7.
It is therefore possible that the adaptive loss of pelvic fins is facilitated by the fortuitous
location of Pitx1 in the stickleback genome, a location that might foster a high rate of
chromosomal deletions.

Curr Biol. Author manuscript; available in PMC 2014 December 30.
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The modularity of the Pitx1 regulatory DNA is crucial for this loss of pelvic fins without
compromising its other activities in development. In mammals, 3’ enhancers are important
for different aspects of Pitx1 function, such as the development of the anterior pituitary.
These enhancers are unaffected by the chromosomal deletions that remove the 5’ enhancer
in sticklebacks.

Reconstructing the Past

The study of pelvic fin reduction in sticklebacks represents a harbinger of the future of ‘evo-
devo’ research, namely, the ability to reconstruct past evolutionary processes in the
laboratory. The ancestral pelvic fin enhancer was attached to the Pitx1 transcription unit and
the fusion gene was introduced into a stickleback population containing rudimentary pelvic
fins [122]. Remarkably, the transgene was sufficient to restore the pelvic fins in this
population, even though they lost their fins over 10,000 years ago (Figure 6). Despite this
loss, the entire genetic machinery is competent to respond to the critical expression of Pitx1
and form fully normal pelvic fins. Thus, it would appear that there has not been significant
genetic drift in the regulatory DNAs of the Pitx1 downstream target genes required for fin
morphogenesis.

The loss of stickleback pelvic fins is the premier example of retrograde evolution, the loss of
complexity. What is the molecular basis for the acquisition of complexity during evolution?
In future years, it might be possible to reconstruct key morphological transitions in animal
evolutionary diversity. For example, the gene network underlying the emigration of neural
crest cells from the dorsal neural tube of vertebrate embryos is nearly elucidated [123]. It
might be possible to promote neural crest formation in an ancestral chordate lacking neural
crest, such as amphioxus, by expressing key regulatory genes in the dorsal neural tube (e.g.,
FoxD and Msx) [124]. Such genes are present in the amphioxus genome, but they are not
normally expressed in the dorsal neural tube as seen in vertebrates. The forced expression of
these genes using appropriate FoxD and Msx enhancers from vertebrates might be sufficient
to produce aspects of neural crest formation in amphioxus. Similarly, forced expression of
Shh in the fleshy fins of “transitional’ fish might be sufficient to trigger the development of
rudimentary tetrapod limbs.
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Figure 1. Activator synergy
Several nonexclusive mechanisms can be envisioned by which two transcriptional activators

augment each other’s function. (A) Activators A and B cooperatively bind to linked sites.
(B) A and B coordinately bind a third protein, X, which stabilizes the binding of A and B.
(C) A recruits a histone remodeling protein that facilitates the binding of B. (D) A leads to
‘slippage’ of the nucleosome and thereby uncovers the B binding site. Reproduced with
permission from [125].
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Figure 2. Coordinate recruitment of co-activators at the B-interferon enhanceosome
HMG bends the enhanceosome and facilitates the binding of NF-«xB, IRF, and Jun/ATF to

linked sites. The three activator complexes form an extended surface for the recruitment of
co-activators such as CBP. Reproduced with permission from [125].
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Figure 3. Long-range enhancer—promoter interactions
(A) The T1 enhancer bypasses the ftz locus to activate Scr within the Antennapedia gene

complex of Drosophila. Reproduced with permission from [58]. (B) The primary enhancer
controlling Shh expression in the developing vertebrate limb bud is located within the intron
of the Lmbr1 locus (unfilled box), which maps nearly one megabase from the Shh
transcription start site. Reproduced with permission from [63].
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(A) Xenopus blastula. Xnrs (Xenopus Nodal-related signaling molecules) and pSmads are
expressed in vegetal regions of the embryo. The homeobox gene Siamois is selectively
expressed along the presumptive dorsal surface of the embryo. The two activators, pSmads
and Siamois, are co-expressed in the region of the presumptive organizer where they
activate the expression of the Goosecoid (Gsc) gene. (B) Summary of Gsc regulation in the
organizer. The Smads and Siamois interact with Gsc regulatory sequences and activate
expression. Reproduced with permission from [125].
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Figure 5. Redirecting a conserved enhancer
In Drosophila melanogaster, 3’ enhancers (blue) activate ladybird expression (both the Ibl

and Ibe genes) in the developing cardiac mesoderm. The Ibe promoter contains paused Pol
I1, and has an enhancer blocking activity, preventing the activation of the neighboring C15
gene. In the flour beetle (Tribolium castaneum) the single ladybird gene is inverted relative
to the orientation of the C15 locus. As a result the 3’ cardiac enhancer is able to activate C15
expression. Reproduced with permission from [118].
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Figure 6. Reconstructing the past
Ancestral stickleback populations contain pelvic fins (A,C). Certain freshwater populations

have reduced fins (B; arrowhead). The fins are restored in these populations upon expression
of a transgene containing 2.5 kb of the 5’ flanking region of the Pitx1 locus from a
population with pelvic fins. This regulatory sequence was attached to the coding region of
Pitx1 derived from a population lacking pelvic fins. Expression of this transgene restores the
pelvic fins in populations normally lacking them — compare (C) with transgene to (D)
lacking the transgene. Reproduced with permission from [122].
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