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Transcriptional enhancers are a major class of functional element embedded

in the vast non-coding portion of the human genome. Acting over large

genomic distances, enhancers play critical roles in the tissue and cell type-

specific regulation of genes, and there is mounting evidence that they

contribute to the aetiology of many human diseases. Methods for genome-

wide mapping of enhancer regions are now available, but the functional

architecture contained within human enhancer elements remains unclear.

Here, we review recent approaches aimed at understanding the functional

anatomy of individual enhancer elements, using systematic qualitative and

quantitative assessments of mammalian enhancer variants in cultured cells

and in vivo. These studies provide direct insight into common architectural

characteristics of enhancers including the presence of multiple transcription

factor-binding sites and the mixture of both transcriptionally activating and

repressing domains within the same enhancer. Despite such progress in

understanding the functional composition of enhancers, the inherent com-

plexities of enhancer anatomy continue to limit our ability to predict the

impact of sequence changes on in vivo enhancer function. While providing

an initial glimpse into the mutability of mammalian enhancers, these obser-

vations highlight the continued need for experimental enhancer assessment

as genome sequencing becomes routine in the clinic.
1. Introduction
Transcriptional enhancers are non-coding regulatory sequences, important for

the temporal and spatial in vivo expression of genes [1]. They can be located

tens to hundreds of thousands of base pairs away from their target genes

and function through chromatin remodelling and DNA looping to activate

transcription of their target genes’ promoters [2,3]. Recent evidence suggests

the existence of hundreds of thousands of enhancers distributed throughout

our genome [4,5]. Furthermore, a majority of polymorphisms associated with

human diseases through genome-wide association studies do not fall within

protein-encoding sequence, nor are they in substantial linkage disequilibrium

with protein-encoding sequences [1,6,7]. In conjunction with examples of indi-

vidual enhancers implicated in human diseases, as outlined below, this raises

the possibility that sequence changes in regulatory elements, particularly

enhancers, contribute to a wide spectrum of human phenotypes.

Despite their proposed important roles in development and disease, major

unanswered questions remain about enhancers. Unlike coding sequence, which

has clearly defined and standardized structures, little is known about the

sequence architecture present within enhancers. This lack of structural insight

has thus far hampered efforts to predict enhancers computationally using

DNA sequence alone [8], although recent computational methods using

additional information such as transcription-factor binding data and collections

of experimentally verified enhancers allow for substantially improved predic-

tion of tissue-specific enhancers [9]. Furthermore, this lack of understanding

about enhancer structure makes it difficult to assess the functional consequences

of sequence changes within enhancers. Moving forward, as whole-genome

sequencing becomes standard in human disease studies, sequence variants in

enhancers will be identified with regularity, and the ability to quickly distinguish
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between functionally neutral, deleterious and possibly advan-

tageous mutations will be of paramount importance. An

understanding of enhancer architecture is needed to help

predict the functional consequences of enhancer sequence var-

iants in a way that is analogous to using in silico methods to

predict the functional consequences of non-sense and missense

protein-coding mutations.

Here, we review the role of enhancers in human disease

and recent studies that have begun to illuminate the func-

tional architecture present in mammalian enhancers. We

also describe current experimental methods of assessing the

impact of sequence changes on enhancer function. These

studies suggest that mammalian enhancer architecture is

highly heterogeneous, supporting the need for additional

experimental characterization of such elements. Despite

the variability, a few common characteristics of enhancer

architecture are emerging. Mammalian enhancers often exhibit

a high density of transcription-factor binding sites (TFBSs), a

high degree of functional redundancy and a mixture of both

transcriptionally activating and repressing elements.
59
2. Enhancers in human disease
The first human disease-associated enhancer mutations

were identified in b-thalassemia patients who harboured

unexplained deletions of non-coding sequence within the

b-globin locus. Upon further study, it was recognized that

these deletions removed important non-coding DNA that regu-

lated b-globin expression, thereby linking enhancer loss to

human disease [10,11]. Additional subsequent studies have

identified alterations, including both internal mutations and

full deletions, of enhancer elements that contribute to a

variety of rare developmental disorders. These include limb

malformations such as preaxial polydactyly [12], the bone mor-

phology disorder van Buchem disease [13–15], the intestinal

disorder Hirschsprung disease [16] and the eye malformation

disorder aniridia [17]. A second set of examples of human

disease in which enhancers likely play a role include disease-

associated balanced translocations that disrupt the sequence

contiguity between non-coding sequences and nearby genes

[18]. These changes in genome structure, typically referred to

as ‘position effects,’ have long been thought to cause disease

by separating genes from the distant-acting regulatory elements

required for their normal expression.

Evidence for a potential role of enhancers in more

common human diseases has emerged from the observation

that a significant fraction of disease-associated loci identified

through genome-wide association studies contain no linked

gene-coding sequence variants [1,6,7]. Furthermore, such

non-coding disease-associated variants are highly enriched

in putative enhancers [6,19]. Recently, there have been several

reports of common and rare non-coding variants that alter

gene expression and are associated with common human

phenotypes. For example, large deletions or duplications of

nearby non-coding sequences that change the expression

levels of IRGM [20,21] and VIPR2 [22] have been associated

with Crohn’s disease and schizophrenia, respectively. Single

nucleotide variants in a non-coding locus at 9p21 near the

CDKN2A/B genes have been proposed to affect the risk for

cardiovascular disease by changing the regulatory function

of enhancers present in this interval [23–26]. Furthermore,

prostate cancer-associated variants located in a 17q24.3
gene desert have been shown to alter the function of an

enhancer regulating the expression of SOX9 [27,28].

Because most human disease studies have initially focused

on functionally characterizing the effects of protein-coding

variants, the examples listed above likely represent only a

small subset of a potentially much larger pool of enhancer var-

iants that contribute to both rare and common diseases.

Human disease studies are currently poised to shift from

whole-exome sequencing and genome-wide single nucleotide

polymorphism genotyping to whole-genome sequencing as

sequencing costs continue to decrease. This shift in technology

will mean the discovery of a deluge of novel non-coding

sequence variants. The first challenge in characterizing such

variants will be identifying whether or not novel variants

fall within functional non-coding elements, such as enhancers.

Effective experimental methods for the genome-wide identifi-

cation of enhancers have been developed [29], and the

ENCODE project [4] and many others are currently using

such methods to systematically identify where enhancers are

located in the human genome. The second, currently more dif-

ficult, challenge will be determining whether or not a newly

discovered enhancer variant is likely to be pathogenic. In con-

trast to enhancers, protein-coding sequences have clearly

defined and well-understood structures. This has allowed for

the development of computational programs that can quickly

assess the likelihood that a coding variant is pathogenic

[30,31], which has greatly facilitated human disease studies

that use exome sequencing [32]. However, in silico tools are

not currently available for assessing enhancer variants, and a

better understanding of enhancer architecture is needed for

such tools to be developed. What, then, is the current under-

standing of the architecture present in enhancers, and what

experimental methods can be used to assess enhancer vari-

ation and facilitate the development of computational tools

for predicting the pathogenic effects of enhancer variants?
3. Architectural studies of enhancers
Studies of enhancer architecture have largely focused

on characterizing enhancers identified in invertebrate organ-

isms, particularly the sea urchin Endo16 and CyIIIa
enhancers [33], and the Drosophila even-skipped (eve) stripe 2

enhancer [34]. Architectural studies of these enhancers have

identified numerous regulatory modules contained within

each enhancer, and these modules are typically composed of

one or a few TFBSs. These modules are often capable of carry-

ing out specialized functions, generally independent of the

other modules contained within the enhancer. These invert-

ebrate examples have led to the so-called billboard, or

information display, hypothesis of enhancer architecture:

enhancers act as a collection of independent TFBS modules

rather than as a cooperative unit [35]. Under this model, an

enhancer is made up of several, often functionally redundant,

modules, some of which activate transcription, some of which

repress transcription and some of which amplify these other

signals. The overall regulatory output of an enhancer is, there-

fore, produced by the net sum of all the independent elements

contained within, and the order of the modules should have

little effect on enhancer function [35]. As a consequence of

functional redundancy and the lack of constraint on internal

spatial organization, enhancers conforming to this model are

predicted to be buffered against the effects of many mutations.



rstb.royalsocietypublishing.org
PhilTransR

SocB
368:20120359

3
In contrast to the enhancer architectures described in

invertebrates, one of the most well-characterized mamma-

lian enhancers, the human interferon-b 1 (IFNB1) enhancer,

shows very limited modularity and a strong dependence

upon proper spatial organization [36]. This enhancer contains

several distinct regulatory domains [37,38], but the domains

are highly interdependent. Individually mutating any of the

domains, or altering the spacing between them, is sufficient

to significantly decrease or eliminate enhancer activity

[36–38]. This locus has led to the ‘enhanceosome’ model of

enhancer architecture: enhancers contain TFBSs that recruit

proteins that act in a highly cooperative manner [35,36].

Proper spatial organization of these proteins, determined by

the relative placement of their binding sites, is required for

this synergistic activity and, thus, for proper enhancer func-

tion. As a consequence of these spatial constraints, enhancers

conforming to this model are predicted to display little func-

tional redundancy and be highly susceptible to inactivating

mutations. Structural studies of transcription factor binding to

the IFNB1 enhancer have experimentally demonstrated several

aspects of this model and offer a mechanistic explanation for

the susceptibility of this enhancer to inactivating mutations

[39,40]. These studies have shown that a variety of transcription

factors simultaneously interact with this enhancer and, collec-

tively, make physical contact with nearly every nucleotide

within the highly conserved core domain, providing additional

support for the recruitment of an enhanceosome to this site.

The billboard and the enhanceosome models, both shaped

by evidence derived from a relatively small set of prototypic

examples, are useful approaches to explain general characteristics

of enhancers, but evidence available for many other enhancers

suggests that they merely represent the extreme ends of a spec-

trum of architectural diversity [34]. Supporting this, studies in

Drosophila indicate that enhancers often fall somewhere on a

continuum between complete modularity, where the spatial

relationship between domains is unimportant, and total spatial

constraint [41,42]. This raises the possibility that, likewise, obser-

vations at the well-studied human IFNB1 enhancer may not

be useful as a generalized model of mammalian enhancers.

Indeed, several recent in vivo studies examining the architecture

found in mammalian enhancer sequences showcase the high

degree of architectural diversity present in mammalian enhan-

cers. We have divided these studies into those that examine

qualitative versus quantitative effects of sequence variation on

enhancer function to highlight the differences and trade-offs

between the two types of experimental approaches.
(a) Qualitative in vivo assays of enhancer variation
Transgenic mouse reporter assays are one of the most widely

used qualitative measures of mammalian in vivo enhancer

activity. For these experiments, allelic variants of enhancers

are linked to a reporter gene (for example, LacZ) and then

individually delivered into mouse zygotes through pronuc-

lear injection [43]. The resulting transgenic embryos or

animals can then be scored visually for changes in reporter

gene expression patterns. The strength of these in vivo exper-

iments lies in their usefulness in assessing enhancer activity

in whole organs or other structures found throughout the

body of the organism, allowing for the identification of

changes in both the intensity and the spatial pattern of

gene expression resulting from enhancer mutations.
Like the IFNB1 enhancer discussed above, recent trans-

genic studies of several mouse enhancers are consistent

with some enhancers having a low degree of functional

redundancy and a high degree of domain interdependence.

For these loci, modest enhancer variation can have dramatic

effects on enhancer function. For example, dissection of two

independent enhancers near the Gata4 gene [44,45] and one

enhancer near Gjd3 [46] have demonstrated that mutating a

single TFBS can be sufficient to abolish the enhancer’s

activity. Indeed, these enhancers contain several necessary

TFBSs, and individually mutating any one of a handful of

these sites appears to be sufficient to abolish activity, indicat-

ing a potentially high susceptibility of these enhancers to

inactivating sequence changes.

By contrast, some mammalian enhancers appear to dis-

play the more modular, functionally redundant architecture

common to invertebrate enhancers. Supporting this are two

elegant studies that have recently examined the architecture

present in the ZRS, the distant-acting enhancer that regulates

limb expression of Sonic Hedgehog (SHH) during embryonic

development [47,48]. Single base-pair changes in this highly

conserved enhancer lead to preaxial polydactyly (extra digits

occurring on the thumb side of the hand) and other limb

abnormalities in humans [49], mice [49], cats [48] and chickens

[50]. In vivo characterization of both naturally occurring

variants and artificial variants affecting ZRS TFBSs have ident-

ified important domains throughout the 800 bp long ZRS that

contribute to its activity [47,48]. Decreasing or eliminating

normal ZRS activity requires rather severe mutations, such as

the simultaneous removal of at least two TFBSs, indicating

that the numerous TFBSs in this enhancer exhibit a high

degree of functional redundancy. How, then, do single point

mutations confer the polydactyly phenotype? Interestingly,

the ZRS, like many other enhancers, contains a mixture of acti-

vating and repressing functional domains [47]. It is this balance

between activation and repression that is responsible for

the discrete activity of the ZRS, which primarily drives SHH
expression only in the posterior portion of both the fore- and

hindlimbs. When this balance is tipped further towards

activation, as in the case of at least two of the preaxial polydac-

tyly mutations that have been shown to create additional

activating TFBSs, the spatial activity of the ZRS can expand

into the anterior portion of the limbs. This, in turn causes ecto-

pic anterior expression of SHH and, thereby, polydactyly.

Although less common than loss-of-function mutations, this

locus highlights that gain-of-function mutations in enhancers,

which can be caused either by the creation of additional acti-

vating TFBSs or the disruption of repressing TFBSs, are

important to consider in human disease studies.

In addition to the ZRS, we provide here another, previously

unpublished, example of a mammalian limb enhancer that dis-

plays characteristics of functional modularity and redundancy.

This enhancer, SALL1-D5, is located approximately 500 kb

upstream of the human SALL1 gene and was originally ident-

ified based on its extreme sequence conservation in most

vertebrates [51]. When fused to a minimal promoter and

LacZ reporter transgene, SALL1-D5 drives highly reproducible

reporter gene expression throughout mouse embryonic limbs

at embryonic day (e) 11.5 (figure 1a) in a pattern that recapi-

tulates the expression pattern of Sall1 mRNA in the limb

(figure 1a; [52]). Together, these observations suggest that

SALL1-D5 is a regulator of SALL1 expression during vertebrate

limb development. To better understand which sequences
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within SALL1-D5 are important for its enhancer function,

we constructed a series of alleles containing substitutions that

disrupt predicted binding sites for transcription factors active

in limb development: Hox, Tbx2 and Gli (figure 1b). To help

define the minimum sequence necessary for enhancer activity

and to further elucidate the regulatory architecture present

within SALL1-D5, we also constructed alleles containing del-

etions of sequences within the enhancer that are highly

conserved between human and Fugu (figure 1b). These alleles

were fused to a minimal promoter and LacZ reporter gene,
and their effect on reporter gene expression in limb was

tested at mouse embryonic day 11.5.

Alterations to SALL1-D5 led to a variety of reproducible

LacZ expression patterns in the developing limbs (figure 1b,c).

Where wild-type SALL1-D5 drove strong LacZ expression

throughout both the fore- and hindlimbs, some alleles resulted

in an expression pattern that, while still present throughout the

developing limb buds, was fainter, consistent with overall

decreased enhancer activity. Substitutions abolishing the pre-

dicted Hox and Tbx2 binding sites, along with the deletion of
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three subregions highly conserved in vertebrates (A, B and D in

figure 1b), had very modest effects on the enhancer activity of

SALL1-D5 (figure 1b). Most of the embryos with these alleles dis-

played either full or mildly diluted enhancer activity throughout

the limb buds. Other alleles resulted in LacZ patterns that were

restricted to either the anterior or posterior portions of the

limbs. Three alleles—a substitution to a predicted Gli-binding

site, deletion of conserved site E and deletion of conserved

sites D and E together—resulted in reporter gene expression

that was restricted to the anterior portion of the limb buds.

The deletion of conserved element C led to LacZ expression

that was restricted to the posterior side of the limb bud. Only a

substantial deletion of 62 bp, encompassing conserved elements

C through E, completely abolished SALL1-D5 activity.

Taken together, these results are consistent with the pres-

ence of independent domains within the SALL1-D5 enhancer

that are each responsible for only a portion of the enhancer’s

full spatial activity. It appears that sequences within conserved

site C are responsible for gene expression in the anterior regions

of the fore- and hindlimbs. Sequences within conserved site E,

and to a lesser extent the putative Gli-binding site, appear

responsible for enhancing gene expression in the posterior

portions of the limb buds. Despite the observed modularity,

the SALL1-D5 enhancer does not display a purely ‘billboard’

architecture. Some deletion alleles, particularly those missing

conserved site C, lead to an increase in the number of transgenic

embryos that have no reporter gene expression. These results

suggest that there may be some limited cooperation between

functional sites within the enhancer, and the loss of conserved

site C may partly disrupt the activities of other functional

elements. Like many of the Drosophila enhancers discussed pre-

viously, mammalian enhancers likely display characteristics of

both the modular and the highly interdependent architectural

models of enhancers.

(b) High-throughput quantitative assays of
enhancer variation

Qualitative transgenic assessments of enhancers are powerful

tools to detect spatial changes or the complete loss of enhancer

activity resulting from mutation, but these methods have very

limited ability to detect more modest alterations to enhancer

intensity, primarily owing to copy number and position

effect differences in transgenic animals. In addition, despite

their elegance, transgenic experiments suffer from limitations

in throughput, in part owing to their relatively high cost.

Instead, modest quantitative effects of enhancer mutations have

been studied predominantly using in vitro reporter assays,

whereby allelic variants of an enhancer are coupled to a lucifer-

ase reporter gene and transfected into cells [53–55]. The

resulting reporter gene intensity can then be measured quanti-

tatively with a luminometer, allowing for the detection of

modest changes to gene expression. Two recent studies have

reported major advances in the high-throughput quantitative

assessment of enhancers in cultured cells [56] and in vivo in

the context of a mouse organ [57].

Both methods use technological advances in DNA syn-

thesis and high-throughput DNA sequencing to parallelize

enhancer–reporter assays, resulting in the ability to test

many enhancer variants in a single experiment. As outlined

in figure 2, allelic enhancer variants are synthesized de novo,

and each allele is then coupled to a minimal promoter and a

reporter gene containing a unique DNA sequence, or barcode,
in its 30-untranslated region. This barcoding allows for the

testing of multiple variants at once because sequencing of

these unique sites can be used to distinguish between the

transcripts associated with different enhancer alleles. The

linked enhancer–reporter constructs are then delivered to

cells, where the reporter genes are transcribed according

to the instructions contained within the enhancer sequences.

RNA is harvested from the cells and reverse transcribed, and

the barcodes within the transcripts are PCR amplified and

sequenced using high-throughput sequencing. To control for

the copy number of each enhancer–reporter construct, DNA

is also collected, and the barcodes contained within are ampli-

fied and sequenced in parallel. The number of RNA sequence

reads for each barcode is normalized by its number of DNA

sequence reads, and this ratio is used as a measure of reporter

gene expression. Comparing the reporter gene expression

of each enhancer variant relative to the wild-type enhancer

yields a quantitative mutation effect profile that shows

which mutations increase and which decrease transcription.

The primary differences between the two methods are the

cells used and how the enhancer–reporter constructs are

delivered to these different cell types. While Melnikov et al.
[56] used standard in vitro transient transfection of plasmid

DNA into human HEK293T cells, Patwardhan et al. [57]

used a method for in vivo transfection via mouse tail vein

injection. For this method, purified plasmid DNA is dis-

solved in a large volume of saline and quickly injected into

the tail vein of a mouse [58]. The large injection volume

and fast delivery causes the DNA solution to flow into

internal organs, particularly the liver, where the DNA is

taken up into cells.

Unlike the qualitative transgenic assays described in the

previous section, these methods are less amenable to study-

ing spatial changes in reporter gene expression. Performed

purely in vitro, the Melnikov et al. [56] method is incompatible

with studying spatial patterns of gene expression, which

requires the presence of organs or other body structures.

The Patwardhan et al. [57] method could, in principle, be

coupled with fine-scale liver dissection prior to RNA and

DNA sequencing to assess spatial changes in reporter gene

activity, but this remains to be demonstrated. The real strength

of these methods is the ability to simultaneously test the effects

of thousands of mutations on the intensity of enhancer

activity, which can be used for mapping enhancer architecture

with base-pair resolution. To this end, Patwardhan et al. [57]

studied the effect of several thousand base-pair substitutions

on three mammalian liver enhancers, and Melnikov et al.
[56] tested the effects of every possible single base-pair substi-

tution, a variety of longer consecutive substitutions, and small

insertions on one mammalian enhancer: the human IFNB1
enhancer described above.

For IFNB1, Melnikov et al. [56] found that nucleotide substi-

tutions or insertions to the core domains of the enhancer were

largely functionally deleterious, replicating the previous lower-

throughput mutagenesis studies and the structural analysis of

this enhancer [36,37,39,40]. This study also demonstrated the

utility of empirical data for enhancer engineering. Using their

experimental findings, Melnikov and co-workers were able to

make predictions of how to mutagenize the IFNB1 enhancer

to alter its activity and successfully demonstrated an increase

in its inducible activity.

In contrast to the IFNB1 example, the liver enhancers

studied by Patwardhan et al. [57] were more functionally
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resistant to mutagenesis. Although individual substitutions

to many of the bases within these enhancers resulted in

altered activity, and most of these activity-affecting substi-

tutions (approx. 70% of bases) resulted in a decrease of

reporter gene expression, the vast majority of substitutions

had quantitatively modest effects on expression. Only 3 per

cent of polymorphisms altered enhancer activity more than

twofold, suggesting that these enhancers are largely robust
to single base alterations. These results are consistent with a

large degree of functional redundancy contained within

these loci, similar to the SHH ZRS and the SALL1-D5 enhan-

cers discussed above. Also similar to the ZRS, this study

observed a few instances where mutating a single site to all

three alternative base sequences resulted in increased enhan-

cer activity, consistent with these sites acting as part of

negative regulatory elements.
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The divergent findings of these two recent high-resolution

studies emphasize the vast potential diversity of enhancer

architectures present in mammals. On one end of the

spectrum lies the IFNB1 enhancer, conforming to the enhan-

ceosome model with its high sensitivity to sequence

variation. On the other end of the spectrum lie the tested

liver enhancers, conforming more closely to the billboard

model with their large amount of functional redundancy

and robustness to mutation. Combined with the findings

from the in vivo qualitative assessments of enhancer architec-

ture, these studies clearly show that mammalian enhancer

architecture is highly heterogeneous.
 ilTransR
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4. Conclusions
Collectively, analyses of mammalian enhancers have shown

that they can display a wide range of architectures, but sev-

eral universal characteristics of these sites have begun to

emerge. First, the mammalian enhancers studied to date all

contain a collection of putative or experimentally validated

TFBSs, and these sites typically play functional roles within

the enhancers. Second, enhancers often contain both activat-

ing and repressing domains, and it is likely that this

interplay between transcriptional activation and repression

accounts for the very specific spatial and temporal gene

expression patterns produced by enhancers. The primary

source of heterogeneity in enhancers is the degree to which

they display functional redundancy and, relatedly, how

important their internal spatial organization is for proper

function. Many mammalian enhancers are robust to sequence

alterations, consistent with a high degree of functional redun-

dancy. By contrast, others, such as the canonical IFNB1
enhancer, are highly susceptible to inactivation, consistent

with a high degree of domain synergism and a low degree

of redundancy. Functional enhancer redundancy for the

genes regulated by such enhancers may, instead, be estab-

lished by the presence of multiple independent enhancers

with overlapping activities. This is particularly likely for

Gata4, for which at least four separate enhancers have

thus far been identified, including two with overlapping

spatio-temporal activities [45,59,60].

The finding of a high degree of functional redundancy

within mammalian enhancers has posed an interesting conun-

drum: if mammalian enhancers can exhibit a large degree

of internal functional redundancy, why do many of them

also exhibit strong evolutionary sequence conservation? For

example, the SHH ZRS and SALL1-D5 enhancers discussed

above exhibit functional redundancy but are also highly con-

served across vertebrate evolution. If mutating or deleting a

functional domain has apparently little effect on the enhancer’s

function, what selective forces are acting to maintain these

apparently unnecessary or redundant sequences? Is proper

gene expression so important that alterations of even minimal

effect are strongly selected out of populations? Or could these

sites instead be conserved because they are active in regulating

gene expression at a different developmental time point than

the ones examined? Does this mean that enhancer architecture

can be different depending upon the spatio-temporal context of

the enhancer within a developing embryo or organism?

Clearly, additional studies are needed, including the functional

dissection of enhancers under a variety of conditions.
The number of enhancers that have been architecturally

assessed by any type of in vivo or high-throughput in vitro
method remains very small, and the few that have

been studied hint at a rather high level of heterogeneity

in enhancer architecture. We have highlighted common

characteristics of enhancer anatomy, but we are still far

from being able to make de novo predictions regarding

the effects of enhancer variants using sequence data alone.

If enhancers do, in fact, have a high degree of architectural

heterogeneity, then the universal rules required for such

predictions may not exist or may be highly tissue-specific.

Therefore, experimental assessments will continue to be

necessary to characterize the pathogenicity of enhancer

sequence variants.

The methods described above will enable substantial

progress towards a deeper understanding of enhancer architec-

ture, but they also have a few limitations. Qualitative in vivo
assessments can provide detailed spatial information about

enhancers, but they are prohibitively expensive to use for asses-

sing more than a handful of variants. High-throughput

quantitative assays can be used for testing a multitude of var-

iants, but they are limited to in vitro cellular systems or a very

small number of in vivo organs (e.g. liver for tail vein assays).

High-throughput in vivo assays that work in a wider variety

of cell types could potentially be developed by exploring the

viral-based DNA delivery methods used for gene therapy.

Continued characterization of architectural elements within

enhancers and the development of better assays for such

characterization will thus be a major focus of functional geno-

mics moving forward. As human disease studies transition

from whole-exome to whole-genome sequencing, the need

for rapid experimental and computational methods to assess

regulatory sequence variants will soon become acute.
5. Material and methods
(a) Plasmid construction and transgenic enhancer assay
Mutations were made in the SALL1-D5 enhancer using Quik-

change II XL site-directed mutagenesis kit (Stratagene). The

electronic supplementary material, table S1 shows the primers

used to make the eleven different variants tested. The plasmids

were transformed using One Shot Top10 chemically competent

cells (Invitrogen) and extracted with the QIAprep Miniprep kit

(Qiagen). Sanger sequencing was used to verify that each of

the constructs contained the expected mutation. Transgenic

enhancer assays were carried out as described previously [61]

with one modification: embryos were harvested and stained at

11.5 days post-conception. Embryos were tested for transgenesis

as previously described [61].

All animal protocols were approved by the Lawrence Berkeley
National Laboratory Animal Welfare and Research Committee.
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National Heart Lung and Blood Institute grant no. 5T32HL098057
(to Children’s Hospital Oakland Research Institute). Research was con-
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