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Transcriptional enhancers are short segments of genomic DNA (50 bp to 1 kb in length) that can work over long distances
(>1 Mb) to regulate gene expression in specific cells and tissues. Genomic assays have identified on the order of 400,000 to
one million putative enhancers in the human genome (e.g., ENCODE Consortium). This suggests that a typical gene is
regulated by tens of enhancers, ensuring stringent regulation of gene expression in response to a variety of intrinsic and
external signals. Despite the discovery of the first transcriptional enhancer more than 30 years ago, we know surprisingly little
about how enhancers regulate gene expression. In particular, the relationship between primary DNA sequence and enhancer
specificity remains obscure. Here we summarize recent high-throughput studies in whole embryos aimed at the systematic
identification of the sequence and organizational constraints underlying enhancer function and specificity.

A detailed understanding of how enhancers mediate
tissue-restricted gene expression requires the functional
analysis of thousands or even millions of enhancer vari-
ants in all of the cell types of an organism. This has
not been possible in the context of whole animals because
the methods of creating transgenic organisms are slow
and tedious. For example, it takes weeks for a single
enhancer variant to be incorporated in the Drosophila
germline and then examined in F1 and F2 descendants.
Similar experiments take even longer, several months, in
vertebrate systems. These low-throughput methods have
hindered comprehensive structure—function studies of
transcriptional enhancers.

To circumvent this bottleneck we have exploited the
potential of the model chordate, Ciona intestinalis, com-
monly known as sea squirts, which are a member of the
tunicates, the closest living relatives of vertebrates (Del-
suc et al. 2006). Despite the modest appearance of adults,
the embryos and larvae look like simplified vertebrate
tadpoles with a head and a tail that possess a prominent
notochord and dorsal neural tube. These tadpoles share
many common properties with vertebrates, including
simplified rudiments for vertebrate-specific innovations
such as second heart field (Stolfi et al. 2010), neural crest
(Abitua et al. 2012; Stolfi et al. 2015), and neurogenic
placodes (Abitua et al. 2015). In addition to these verte-
brate features, Ciona also possesses a particularly com-
pelling property for high-throughput structure—function
studies of developmental enhancers. Namely, thousands
of synchronously developing embryos can be readily
transformed with transgenic DNA using simple electro-
poration methods (Corbo et al. 1997; Christiaen et al.
2009).

Ciona has become a laboratory workhorse because of
its worldwide distribution, the ease with which it can be
experimentally manipulated, and its durability in culture.

Adults are hermaphrodites and thereby contain both
sperm and eggs. These are easily extracted from a few
adults, mixed to produce fertilized eggs, combined with
transgenic DNA, and then electroporated en masse to
generate thousands of synchronously developing trans-
formed embryos (Corbo et al. 1997; Christiaen et al.
2009). These methods have been successfully used to
identify a number of tissue-specific enhancers, including
those mediating expression in the central nervous system
(Bertrand et al. 2003; Stolfi et al. 2011) and notochord
(Corbo et al. 1997).

Typically one or just a handful of transgenic DNAs are
electroporated into thousands of fertilized Ciona eggs.
We sought to multiplex the facile electroporation method
to conduct a high-throughput analysis of the best-charac-
terized developmental enhancer in Ciona, the Otx-a en-
hancer, which mediates expression in the neural plate
(Fig. 1; Bertrand et al. 2003; Rothbacher et al. 2007,
Khoueiry et al. 2010). The enhancer is only 69 bp in
length and contains five well-defined DNA binding mo-
tifs: two ETS sites that mediate activation by fibroblast
growth factor (FGF) signaling and three GATA binding
sites that restrict expression to the ectoderm (Rothbacher
et al. 2007; Khoueiry et al. 2010). Combinatorial activa-
tion of the Otx-a enhancer by pleiotropic FGF signaling
and the tissue-determinant GATA ensure restricted ex-
pression in the neural plate (Rothbacher et al. 2007,
Khoueiry et al. 2010). The Otx-a enhancer is not normal-
ly activated in any of the other tissues that receive FGF
signals, such as the notochord, hindbrain, anterior endo-
derm, and heart (Hudson and Lemaire 2001; Bertrand
et al. 2003; Yasuo and Hudson 2007; Shi and Levine
2008; Stolfi et al. 2011; Wagner and Levine 2012).

To understand the basis for tissue-specific induction in
the neural plate, we created millions of synthetic variants
of the Otx-a enhancer (Fig. 1B). These were systemati-
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Figure 1. High-throughput characterization of the Otx-a enhancer. (4) Endogenous Ofx-a expression pattern. Expression can be seen
in the anterior neural plate: anterior brain (br) and palps (pal), dorsal nerve chord (nc), dorsal epidermis (epi), and two tail muscle cells
(TM). (B) Sequence of the Otx-a enhancer and schematic showing randomized variants. (C') Small proportion of an electroporation.
(D) Schematic of experimental approach. Electroporation of library of Ofx-a enhancer variants into Ciona embryos to identify
functional enhancer variants. Analysis of functional variants enables identification of principles governing tissue-specific gene

expression patterns. (Adapted from Farley et al. 2015.)

cally electroporated into thousands of embryos, which
were grown to the stage when the Ofx gene is normally
activated. RNA was extracted from these embryos, re-
verse transcribed to produce cDNAs, and then system-
atically sequenced to identify active enhancers using a
barcoding scheme that links specific 3’ transcribed bar-
codes with particular enhancer variants (Fig. 1D).

SUBOPTIMAL AFFINITY BINDING SITES
ARE ESSENTIAL FOR RESTRICTED
EXPRESSION

Altogether, our analysis identified approximately
20,000 functional enhancer variants. This collection rep-
resents, by far, the largest data set of active enhancers
identified in developing embryos. Computational meth-
ods were used to identify sequence features overrepre-
sented in the active enhancers. This analysis led to a
clear-cut finding: Short dinucleotide sequences flanking
each of the five core ETS and GATA binding sites are
necessary and sufficient for full enhancer activity in the

neural plate (Fig. 2A). The consensus flanking sequences
that were identified, CCGGAARY and SMGATAAS,
possess 0.98 and 0.96 Pearson coefficient correlations
with the highest-affinity position weight matrices identi-
fied by high-throughput binding assays for orthologous
ETS and GATA transcription factors in flies, mice, and
humans (Badis et al. 2009; Wei et al. 2010; Jolma et al.
2013; Nitta et al. 2015).

The sufficiency of these dinucleotide flanking se-
quence motifs was showed by “Lazarus” experiments,
whereby inactive enhancer variants were restored by sim-
ply altering these sequences (Fig. 2). Changing the flank-
ing dinucleotide sequences was sufficient to restore the
activities of an inactive enhancer that essentially lacks
sequence homology with the native Otx-a enhancer, ex-
cept for the five core ETS (GGAA) and GATA binding
sites (Fig. 2B,C). In this first experiment the flanking
dinucleotides were modified to mimic the sequences
present in the native Otx-a enhancer. This produces nor-
mal levels of expression and specific expression within
the neural plate (Fig. 2C).
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Figure 2. Suboptimal affinity binding sites are necessary and sufficient for tissue-specific enhancer activity. (4) Position weight
matrices (PWMs) of the motifs enriched in functional enhancers. These PWMs match those identified by high-throughput in vitro
binding assays (Badis et al. 2009; Wei et al. 2010; Jolma et al. 2013; Nitta et al. 2015). (B) Otx-a RS1—an inert enhancer variant that
drives no expression in reporter assays. (C) Otx-a RS1 WT, in which the dinucleotide flanking of the binding sites has been altered so
the affinity matches that of the native Otx-a enhancer. Changes to the dinucleotides create a functional tissue-specific neural enhancer
indistinguishable from the Ofx-a enhancer. (D) Embryo electroporated with Ofx-a RS1 opt, a variant in which the dinucleotides
flanking the binding sites have been changed so these sites are the highest-affinity sites. Expression is seen in the native neural location
as well as ectopic expression in the notochord, endoderm, and posterior brain—all regions of FGF signaling. All images are taken at the
same exposure with no manipulation. (Adapted from Farley et al. 2015.)

To our surprise, the native Ofx-a enhancer contains
mediocre matches to the consensus flanking sequences
identified by our high-throughput functional assays.
Converting the flanking sequences in the inactive Otx-a
variant (Fig. 2A) to produce perfect matches to the con-
sensus dinucleotide motifs, and thus creating the highest-
affinity binding motifs, causes both an increase in the
levels of green fluorescent protein (GFP) reporter gene
expression and a loss of tissue specificity (Fig. 2D). Sig-
nificant expression is now observed at additional sites
of FGF signaling, including the notochord. These results
suggest that the native Otx-a enhancer contains binding
sites with suboptimal affinity, and these are essential for
restricted activity in the neural plate (Farley et al. 2015).
Other studies have highlighted the importance of subop-
timal binding motifs for tissue-specific patterns of gene
expression in both Drosophila and differentiating T cells
(Small et al. 1991; Hentsch et al. 1992; Jiang and Levine
1993; Swanson et al. 2011; Ramos and Barolo 2013;
Crocker et al. 2015).

SUBOPTIMAL SPACING OF LINKED SITES IS
FOUND IN THE ENDOGENOUS ENHANCER

Having identified the sequence constraints sufficient
for tissue-specific expression, we next asked whether
the spacing between binding sites was important for en-
hancer activity. Our reasoning is that cooperative interac-
tions of GATA and ETS, or cooperative recruitment of
secondary “coactivators,” might be important for restrict-
ed expression in the neural plate. Manipulations of the
native Otx-a enhancer and synthetic variants showed that
the spacing between ETS and GATA sites influences the
levels of gene expression (Farley et al. 2015). In the native
enhancer, the 5’ pair of GATA and ETS binding sites is
separated by 10 bp, whereas the 3’ ETS and GATA sites
are separated by 13 bp. In both the endogenous enhancer
and synthetic variants, changing the spacing of the 5’ pair
from 10 to 13 bp caused a significant increase in expres-
sion. Conversely, changing the spacing of both pairs of
ETS and GATA to 10 bp (10—10 spacing) results in very
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Figure 3. Suboptimization of spacing and binding affinity is required for tissue specificity. (4) Embryo electroporated with WT
enhancer with suboptimal spacing and suboptimal affinity binding sites mediates weak expression restricted to the neural tissue. (B)
Embryo electroporated with a synthetic enhancer with high-affinity binding sites and spacing optimized for transcriptional output.
This “optimized” enhancer shows strong expression in the entire nervous system, notochord, and endoderm. Schematics of the
enhancers are shown above the images. Blue boxes depict ETS binding sites, orange GATA binding sites. Asterisks above binding
sites represent high-affinity sites. Numbers describe distance in base pairs between binding sites. All images are taken at the same

exposure with no manipulation. (Adapted from Farley et al. 2015.)

poor expression (Farley et al. 2015). These findings sug-
gest that the native Otfx-a enhancer contains mediocre
ETS and GATA binding motifs that are poorly organized
for optimal transcriptional output. This suboptimization
appears to be important for tissue-specific expression in
the neural plate.

OPTIMIZATION OF THE Otx-a ENHANCER
RESULTS IN LOSS OF TISSUE SPECIFICITY

To test this idea of suboptimization, we created a syn-
thetic Otx-a enhancer that contains optimized binding
motifs and spacing. Each ETS and GATA recognition
sequence corresponds to the highest-affinity binding
site, and both pairs of sites are separated by 13 bp. The
resulting enhancer mediates intense expression in the
neural plate, as well as significant expression in most of
the other tissues receiving FGF signals, including the
notochord, hindbrain, and anterior endoderm (Fig. 3B;
cf. 3A). These results suggest that the evolution of devel-
opmental enhancers is constrained by the need for tissue
specificity. Design features that allow optimal biochem-
ical interactions cause a loss of specificity.

TRADE-OFF IN LEVELS AND SPECIFICITY
OF GENE EXPRESSION

Enhancers with suboptimal binding affinities and sub-
optimal organization produce specific but weak patterns
of expression. It is possible that this trade-off in specific-
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ity and expression levels is circumvented by clusters of
enhancers with overlapping activities. To test this idea,
we multimerized a suboptimized Otx-a enhancer. A sin-
gle copy of this enhancer directs only very weak expres-
sion of the GFP reporter gene in the neural plate, whereas
two tandem copies generate strong and specific expres-
sion (Farley et al. 2015).

The preceding results suggest that there are two ways to
obtain strong expression in the neural plate: (1) optimized
binding motifs and spacing or (2) multimers of subopti-
mized enhancers. Optimization results in ectopic sites
of expression in response to pleiotropic FGF signaling,
whereas suboptimal multimers retain tissue specificity.
We suggest that this principle of suboptimization is the
basis for many cases of enhancer clusters such as “super-
enhancers” in vertebrate genomes. It might also explain
why so many of the patterning genes in the Drosophila
embryo contain pairs of primary and shadow enhancers
(Hong et al. 2008; Perry et al. 2010; Cannavo et al. 2016).

TRADE-OFF IN BINDING AFFINITIES
AND SYNTAX

The organization of the native Otx-a enhancer raises
the possibility of a balance between binding affinities and
regulatory syntax (spacing and orientation of linked
sites). The Otx-a enhancer contains two pairs of linked
ETS and GATA sites (Fig. 4). The distal pair shows sub-
optimal spacing (10 bp) but possesses relatively high
binding affinities (0.9 and 0.6 of the optimal motifs,
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Figure 4. The Otx-a enhancer has a balance between affinity and regulatory syntax. Schematic of Otx-a enhancer. The 5’ pair of ETS
and GATA have higher-affinity binding sites but spacing that is suboptimal for transcriptional output. In contrast, the second pair of
ETS and GATA have lower affinities but optimal spacing for transcriptional output.
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Figure 5. Regulatory syntax can compensate for poor binding affinity to mediate tissue-specific enhancer activity. A 70-bp enhancer
with poor-affinity ETS binding sites but optimal grammar mediates restricted expression in the notochord. This enhancer is a shadow
enhancer to the previously defined proximal Bra enhancer. (Adapted from Farley et al. 2016.)

respectively). In contrast, the proximal pair is separated
by the optimal distance (13 bp) but possesses lower rel-
ative affinities (0.4 and 0.2 of the optimal motifs, respec-
tively). This observation raises the possibility that there is
a trade-off between affinity and spacing of sites, whereby
optimal sites have suboptimal spacing to maintain re-
stricted expression.

To test this idea we characterized the RS 6 synthetic
Otx-a enhancer, which directs strong expression in the
notochord, another tissue that receives FGF. This expres-
sion is mediated by Ets and a fortuitous ZicL binding site.
These factors have previously been shown to be impor-
tant for activation of the Ciona Brachyury gene (Ci-Bra),
a T-box transcription factor that controls notochord dif-
ferentiation (Imai et al. 2002; Yagi et al. 2004; Yasuo and
Hudson 2007). A variety of manipulations suggest that
the optimal spacing between this ZicL site and the distal
ETS site is 11 bp. Moreover, orientation of linked ZicL
and ETS sites also plays a role in enhancer function.
Simple inversion of the ETS site abolishes expression
of the synthetic enhancer in the notochord (Farley et al.
2016). The specificity of notochord expression, like
neural expression, is determined by binding sites with
suboptimal affinities and syntax (spacing, order, and ori-
entation of sites). This finding suggests that enhancer
suboptimization is a general mechanism for controlling
tissue specificity.

We surveyed the Ciona genome for putative notochord
enhancers containing linked ZicL and ETS binding
sites with appropriate constraints on spacing and orienta-
tion. One of the sequences that we identified represents
a particularly stringent test of the idea of compensation
between binding affinities and regulatory syntax. It con-
tains two ETS sites and a ZicL site showing perfect
regulatory syntax (viz., 11-bp spacing and convergent
orientation of the linked ETS site) (Fig. 5). However,
this sequence contains very poor ETS sites that possess
just 0.14 and 0.25 relative binding affinities compared
with the optimal site. It nonetheless functions as a sur-
prisingly strong notochord enhancer.

A 70-bp genomic DNA segment encompassing this
region was attached to the GFP reporter gene and ex-
pressed in electroporated embryos (Fig. 5). It directs
robust and restricted expression in the notochord, sug-
gesting that regulatory syntax can indeed compensate
for low-affinity binding sites. This newly identified en-
hancer maps 300 bp upstream of a previously identified
notochord-specific enhancer for the Ci-Bra gene. It ap-
pears to represent the first example of a shadow enhancer
in the Ciona genome; such enhancers are common in
Drosophila and vertebrates (Hong et al. 2008; Perry
et al. 2010; Nolte et al. 2013).

CONCLUSION

We propose that regulatory syntax is an underappreci-
ated property of developmental enhancers because of a
systematic bias in the way that enhancers are identified
in whole-genome surveys. The newly identified Ci-Bra
shadow enhancer would fall below the cutoff values used
by in silico detection methods because of poor matches
with the ETS and ZicL position weight matrices. Con-
versely, the identification of enhancers with good match-
es to these matrices are likely to lack optimal syntax
because this would be expected to trigger ectopic sites
of gene activation (e.g., Fig. 3). These properties, high-
affinity binding sites or optimal syntax, represent extreme
ends of a spectrum of enhancer design. It is likely that a
typical developmental enhancer has a mixture of optimal
and suboptimal binding site affinities and syntax, as seen
for the native Otx-a enhancer.

An important implication of enhancer suboptimization
is that sequence polymorphisms might augment binding
affinities and thereby cause gain-of-function expression
in unwanted tissues. It is therefore possible that enhan-
cer “optimization” could cause developmental disorders.
Such a mechanism might pertain to certain forms of poly-
dactyly in humans. The long-range ZRS (zone of polar-
izing activity regulatory sequence) enhancer regulates
sonic hedgehog (Shh) expression in developing limb
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buds (Lettice et al. 2008). This enhancer normally regu-
lates restricted expression within the ZPA (zone of polar-
izing activity) of the limb bud in response to FGF
signaling, but mutations in the ZRS cause ectopic activa-
tion of Shh and polydactyly (Lettice et al. 2008, 2014).
Indeed, sequence changes found in families with poly-
dactyly occur in the critical dinucleotide sequences flank-
ing core ETS binding sites, potentially augmenting their
affinities and causing excessive activation by FGF. Such a
scenario could underlie other diseases such as autoimmu-
nity and cancer.
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