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Multiple lines of evidence indicate that important functional properties 
are embedded in the non-coding portion of the human genome, but 
identifying and defining these features remains a major challenge. An 
initial estimate of the magnitude of functional non-coding DNA was 
derived from comparative analysis of the first available mammalian 
genomes (human and mouse), which indicated that fewer than half of 
the evolutionary constrained sequences in the human genome encode 
proteins1, a prospect that gained further support when additional verte-
brate genomes became available for comparative genomic analyses2.

The overall impact of these presumably functional non-coding 
sequences on human biology was initially unclear. A considerable 
urgency to define their locations and functions came from a grow-
ing number of known associations of non-coding sequence variants 
with common human diseases. Specifically, genome-wide association 
studies (GWAS) have revealed a large number of disease susceptibil-
ity regions that do not overlap protein-coding genes but rather map to 
non-coding intervals. For example, a 58-kilobase linkage disequilibrium 
block located at human chromosome 9p21 was shown to be reprodu-
cibly associated with an increased risk for coronary artery disease, 
yet the risk interval lies more than 60 kilobases away from the nearest 
known protein-coding gene3,4. To estimate the global contribution of 
variation in non-coding sequences to phenotypic and disease traits, we 
performed a meta-analysis of ~1,200 single-nucleotide polymorphisms 
(SNPs) identified as the most significantly associated variants in GWAS 
published so far (ref. 5, accessed 2 March 2009). Using conservative 
parameters that tend to overestimate the size of linkage disequilibrium 
blocks, we found that in 40% of cases (472 of 1,170) no known exons 
overlap either the linked SNP or its associated haplotype block, suggest-
ing that in more than one-third of cases non-coding sequence variation 
causally contributes to the traits under investigation.

One possibility that could explain these GWAS hits is that the non-co-
ding intervals contain enhancers, a category of gene regulatory sequence 
that can act over long distances. A simplified view of the current under-
standing of the role of enhancers in regulating genes is summarized in 
Fig. 1. The docking of RNA polymerase II to proximal promoter sequences 
and transcription initiation are fairly well characterized; by contrast, the 
mechanisms by which insulator and silencer elements buffer or repress gene 
regulation, respectively, are less well understood6. Transcriptional enhanc-
ers are regulatory sequences that can be located upstream of, downstream 
of or within their target gene and can modulate expression independently 
of their orientation7. In vertebrates, enhancer sequences are thought to 
comprise densely clustered aggregations of transcription-factor-binding 

sites8. When appropriate occupancy of transcription-factor-binding sites 
is achieved, recruitment of transcriptional coactivators and chromatin-
remodelling proteins occurs. The resultant protein aggregates are thought 
to facilitate DNA looping and ultimately promoter-mediated gene activa-
tion (see page 199). In-depth studies of individual genes such as APOE or 
NKX2-5 (reviewed in ref. 9) have shown that many genes are regulated 
by complex arrays of enhancers, each driving distinct aspects of the mes-
senger RNA expression pattern. These modular properties of mammalian 
enhancers are also supported by their additive regulatory activities in het-
erologous recombination experiments10.

The purely genetic evidence from GWAS does not allow any direct 
inferences regarding the underlying molecular mechanisms, but a 
number of in-depth studies of individual loci (see below) suggest that 
variation in distant-acting enhancer sequences and the resultant changes 
in their activities can contribute to human disorders. Although we antic-
ipate a variety of other non-coding functional categories such as negative 
gene regulators or non-coding RNAs to have a role in human disease, in 
this Review we focus on the role of enhancers and on strategies to define 
their location and function throughout the genome.

Enhancers in human disease
Beginning with the discovery that an inherited change in the β-globin 
gene alters one of the coded amino acids and thereby causes sickle-cell 
anaemia11,12, thousands of mutations in the coding regions of genes have 
been identified to be responsible for monogenic disorders over the past 
half century. By contrast, the role of mutations not involving primary 
gene structural sequences has been minimally explored, largely owing 
to our inability to recognize relevant non-coding sequences, much less 
predict their function. The molecular genetic identification of individual 
enhancers involved in disease has been, in most cases, a painstaking and 
inefficient endeavour. Nevertheless, a number of successful studies have 
shown that distant-acting gene enhancers exist in the human genome 
and that variation in their sequences can contribute to disease. In this 
section, we discuss three examples in which enhancers were directly 
shown to play a role in human disease: thalassaemias resulting from 
deletions or rearrangements of β-globin gene (HBB) enhancers, preaxial 
polydactyly resulting from sonic hedgehog (SHH) limb-enhancer point 
mutations, and susceptibility to Hirschsprung’s disease associated with 
a RET proto-oncogene enhancer variant.

The extensive studies of the human globin system and its role in haemo-
globinopathies have historically served as a test bed for defining not only 
the role of coding sequences in disease11,12 but also that of non-coding 
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sequences. The α-thalassaemias and β-thalassaemias are haemoglobin-
opathies resulting from imbalances in the ratio of α-globin to β-globin 
chains in red blood cells. The molecular basis of these conditions was ini-
tially elucidated in cases in which inactivation or deletion of globin struc-
tural genes could be readily identified13. However, although gene deletion 
or sequence changes resulting in a truncated or non-functional gene prod-
uct explained some thalassaemia cases, for a subset of patients intensive 
sequencing efforts failed to reveal abnormalities in globin protein-coding 
sequences. Through extensive long-range mapping and sequencing of 
DNA from individuals diagnosed with thalassaemia but lacking globin 
coding mutations, it was eventually discovered that many of these globin 
chain imbalances were due to deletion or chromosome re arrangements 
that resulted in the repositioning of distant-acting enhancers required for 
normal globin gene expression14,15. These early molecular genetic stud-
ies revealed a clear role for non-coding regulatory elements as a cause of 
human disorders through their impact on gene expression. Since then, 
many such examples of ‘position effects’, defined as changes in the expres-
sion of a gene when its location in a chromosome is changed, often by 
translocation, have been found16.

In addition to the pathological consequences of the removal or the 
repositioning of distant-acting enhancers, there are also examples of 
single-nucleotide changes within enhancer elements as a cause of human 
disorders. One example of this category of disease-causing non-coding 
mutation involves the limb-specific long-distance enhancer ZRS (also 
known as MFCS1) of SHH (Fig. 2). This enhancer is located at the 
extreme distance of approximately 1 megabase from SHH, within the 
intron of a neighbouring gene17,18. Of interest is that, initially, the gene 
in which the enhancer resides was thought to be relevant for limb devel-
opment and was therefore named limb region 1 (LMBR1)19. Facilitated 
by the functional knowledge of the ZRS enhancer from mouse studies, 
targeted resequencing screens of this enhancer in humans revealed that 
it is associated with preaxial polydactyly. Approximately a dozen differ-
ent single-nucleotide variations in this regulatory element have been 
identified in humans with preaxial polydactyly and segregate with the 
limb abnormality in families18,20. Studies of the impact of the human ZRS 
sequence changes have been carried out in transgenic mice, in which 
the single-nucleotide changes result in ectopic anterior-limb expression 
during development, consistent with preaxial digit outgrowth21. Fur-
thermore, sequence changes in the orthologous enhancers were found 
in mice, as well as in cats, with preaxial polydactyly22,23, and targeted 
deletion of the enhancer in mice caused truncation of limbs17. These 
studies illustrate the importance of first experimentally identifying dis-
tant-acting enhancers in allowing subsequent human genetic studies 
to explore the potential role of disease-causing mutation in functional 
non-coding sequences.

Another example of enhancer variation contributing to human disease 
is provided by the discovery of a common non-coding variant linked to 
susceptibility to Hirschsprung’s disease. Although multigenic, Hirsch-
sprung’s disease risk is strongly linked to coding mutations in the RET 
proto-oncogene24,25. However, family-based studies have also revealed 
evidence for Hirschsprung’s disease linked to the RET locus in people 
lacking any accompanying functional RET coding mutations. Through 
the use of multispecies comparisons of orthologous genomic intervals that 
include and flank RET, coupled with in vitro and in vivo functional studies, 
an enhancer sequence located in intron 1 of RET was identified and found 
to contain a common variant contributing more than a 20-fold increased 
risk for Hirschsprung’s disease than rarer alleles in this element26,27. In 
transgenic mice, this enhancer was shown to be active in the nervous 
system and digestive tract during embryogenesis in a manner consistent 
with its putative role in Hirschsprung’s disease27. It is interesting to note 
that although this enhancer variation is clearly important in disease risk, 
the variant alone is not sufficient to cause Hirschsprung’s disease, high-
lighting the complex aetiology of this disorder.

As is evident from these labour-intensive gene-centric studies, 
enhancers can, in principle, have an important role in disease, but it 
remains unclear whether these are rare exceptions or whether variation 
in enhancers contributes to disease on a pervasive scale. Support for the 
latter comes from a rapidly growing number of examples in which non-
coding SNPs linked to disease traits through GWAS were found to affect 
the expression levels of nearby genes28, suggesting that variation in regu-
latory sequences may commonly contribute to a wide range of disorders. 
The results of the recent GWAS, coupled with the role of gene regulation 
in normal human biology, provide a strong incentive for defining the 
distant-acting-enhancer architecture of the human genome.

Harnessing evolution
Gene-centric studies have been crucial to defining the general charac-
teristics of gene regulatory regions in specific human disorders, but they 
have only identified and characterized a limited number of such elements. 
Systematic large-scale identification of sequences that are likely to be 
enhancers was first made possible by comparative genomic strategies. 
These approaches are based on the assumption that the sequences of gene 
regulatory elements, like those of protein-coding genes, are under nega-
tive evolutionary selection, because most changes in functional sequences 
have deleterious consequences29–32. Thus, it was proposed that statistical 
measures of evolutionary sequence constraint would provide a way to 

Figure 1 | Overview of gene regulation by distant-acting enhancers. 
a, For many genes, the regulatory information embedded in the promoter 
is insufficient to drive the complex expression pattern observed at the 
messenger RNA level. For example, a gene could be expressed both in 
the brain and in the limbs during embryonic development (red), even if the 
promoter by itself is not active in either of these structures, suggesting 
that appropriate expression depends on additional sequences that are 
distant-acting and cis-regulatory. However, defining the genomic locations 
of such regulatory elements (question marks) and their activities in time 
and space (arrows) is a major challenge. b, c, Tissue-specific enhancers are 
thought to contain combinations of binding sites for different transcription 
factors. Only when all required transcription factors are present in a tissue 
does the enhancer become active: it binds to transcriptional coactivators, 
relocates into physical proximity with the gene promoter (through a looping 
mechanism) and activates transcription by RNA polymerase II. In any given 
tissue, only a subset of enhancers is active, as schematically shown in b and c 
for the example gene pictured in a, whose expression is controlled by two 
separate enhancers with brain-specific and limb-specific activities. Insulator 
elements prevent enhancer–promoter interactions and can thus restrict 
the activity of enhancers to defined chromatin domains. In addition to 
activation by enhancers, negative regulatory elements (including repressors 
and silencers) can contribute to transcriptional regulation (not shown).
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identify potential enhancer sequences within the vast amount of non-
coding sequence in the human genome. Support for this approach initially 
came from retrospective comparative genomic analyses of experimentally 
well-defined enhancers; these analyses revealed that enhancers frequently 
shared sequence conservation with orthologous regions present in the 
genomes of other mammals. The observation that DNA conservation 
identified many of these complex regulatory elements encouraged investi-
gators to move away from blind studies of regions flanking genes of inter-
est towards focusing specifically on non-coding sequences constrained 
across vertebrate species, culminating in whole-genome studies in which 
conservation level alone guided experimentation32–34.

Initially, comparisons over extreme evolutionary distances, such as 
between humans and fish, were deemed most effective for this purpose29,31. 
Indeed, it was observed through large-scale transgenic mouse and fish 
studies that many of these non-coding sequences that had been conserved 
for hundreds of millions of years of evolution were enhan cers that drove 
expression in highly specific anatomical structures during embryonic 
development. Likewise, so-called ultraconserved non-coding elements, 
which are blocks of 200 base pairs or more that are perfectly conserved 
between humans, mice and rats35, were also found to be highly enriched 
in tissue-specific enhancers, suggesting that the success rate of compara-
tive approaches for enhancer identification depends on scoring criteria, 
rather than just evolutionary distance32. This idea was further supported 
by the development of advanced statistical tools designed to quantify evo-
lutionary constraint, from which it became evident that even comparisons 
between relatively closely related species can be effective predictors of 
enhancers2,36,37. A large-scale transgenic mouse study that included nearly 
all non-exonic ultraconserved elements in the human genome revealed 
that whereas many of them are developmental in vivo enhancers, other 
conserved non-coding sequences that are under similar evolutionary con-
straint, but are not perfectly conserved between humans and mice, are 
equally enriched in enhancers33. These results suggest that ultraconserved 
elements do not represent a functionally distinct subgroup of conserved 
non-coding sequences in terms of their enrichment in in vivo enhancers 
but rather that there is a much larger number of non-coding sequences 
that are under similar evolutionary constraint and are just as enriched in 
enhancers as are ultraconserved elements.

Independent of the specific algorithms and metrics that were used, 
most categories of conserved non-coding sequence were found not to be 
randomly distributed in the genome. Instead, they are located in a highly  

biased manner near genes active during development2,33–35, consistent with 
the observation that a large proportion of these non-coding sequences 
give robust positive signals in various assays of being tissue-specific in vivo 
enhancers active during development.

Comparative approaches are an effective high-throughput genomic 
strategy for identifying non-coding sequences that are highly likely to be 
enhancers, but they have several limitations. First, although conservation 
is indicative of function, it is not necessarily indicative of enhancer activ-
ity, because many other types of non-coding functional element that may 
have similar conservation signatures are known to exist. Second, even 
when conservation of non-coding DNA results from enhancer function, 
conservation cannot predict when and where an enhancer is active in the 
developing or adult organism. For all identified candidates, experimental 
studies are needed to decipher the gene-regulatory properties of each ele-
ment, and these transgenic studies cannot feasibly be scaled to generate 
truly comprehensive genome-wide data sets.

A perplexing study questioning the importance of extremely conserved 
enhancers found the lack of an apparent phenotype upon targeted del-
etion of four independent ultraconserved elements in mice38. General 
expectations were that non-coding sequences that have been perfectly 
conserved in mammals for tens of millions of years must be essential and 
that their deletion should result in severe phenotypes, comparable to those 
obser ved upon deletion of the Shh limb enhancer and other less well-con-
served enhancers9,17. However, mice with deletions of such ultra conserved 
enhancers were viable, fertile and showed no overt phenotype38. Inter-
pretations of this lack of obvious effect are similar to those of the absence 
of phenotypes upon deletion of highly conserved protein-coding genes: 
minor phenotypes may have escaped detection in the assays used; there 
may have been functional redundancy with other genes or enhancers; or 
there may have been reductions in fitness that only become apparent over 
multiple generations or are not easily detected in a controlled laboratory 
environment. This study highlighted that although extreme non-coding 
sequence conservation is an effective predictor of the location of enhan-
cers in the genome, the degree of evolutionary constraint is not directly 
correlated with the severity of anticipated phenotypes.

Sequencing-based enhancer discovery
As a strategy complementary to comparative genomic methods, it has 
recently become possible to generate genome-wide maps of chromatin 
marks that can be used to identify the location of enhancers and other 

Figure 2 | Consequences of deletion and mutation of the limb enhancer of 
sonic hedgehog. a, The limb enhancer of Shh is located approximately 
1 megabase away from its target promoter in the intron of a neighbouring 
gene (Lmbr1; exons not shown). In transgenic mouse reporter assays, this 
non-coding sequence targets gene expression to a posterior region of the 
developing limb bud (red arrow). (Image reproduced, with permission, 
from ref. 18.) b, Mice with a targeted deletion of this enhancer have severely 
truncated limbs, which strikingly demonstrates its functional importance 

in development. (Reproduced, with permission, from ref. 17.) c–e, Point 
mutations in the orthologous human enhancer sequence result in preaxial 
polydactyly, emphasizing the potential significance of variation in non-
coding functional sequences in both rare and common human disorders: 
c and d show the hands of two patients with point mutations in the SHH 
limb enhancer; e shows point mutations associated with preaxial polydactyly 
identified in four unrelated families. (Panels c and d reproduced, with 
permission, from ref. 18; panel e modified, with permission, from ref. 18.)
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regulatory regions. These genomic approaches have become possible 
as a result of an improved understanding of the proteins and epi genetic 
marks found at particular categories of regulatory element, together 
with concurrently developed technologies that allow traditional chro-
matin immunoprecipitation (ChIP) techniques to be applied on the 
scale of whole vertebrate genomes. The initial in-depth studies of 1% 
of the genome in the Encyclopedia of DNA Elements (ENCODE) pilot 
project39 were largely based on data sets generated by the ChIP-chip 
technique (Box 1) and revealed the molecular properties of a variety of 
regulatory elements.

With respect to enhancer identification, a particularly relevant insight 
was the identification of specific histone methylation signatures found 
at enhancers. In contrast to promoters, which are marked by trimethyla-
tion of histone H3 at lysine residue 4 (H3K4me3), active enhancers are 
marked by monomethylation at this position (H3K4me1)40. Mapping 
these marks in the ENCODE regions and, more recently, throughout 
the entire genome41 revealed tens of thousands of elements that were 
predicted to be active enhancers in the examined cell types. Impor-
tantly, these predicted enhancers were also frequently associated with 
the transcriptional coactivators p300 and/or TRAP220 (also known as 
MED1), raising the possibility that such coactivators might be useful 
general markers for mapping enhancers. Although it was initially not 

clear to what extent the presence of transcriptional coactivators such as 
p300 is indicative of active rather than inactive enhancers, comparison 
of DNase I hypersensitivity (a marker of open chromatin structure) in 
several cell lines throughout the ENCODE regions revealed that the 
location of cell-line-specific distal DNase-I-hypersensitivity sites corre-
lates with cell-line-specific p300 binding at these sites, providing further 
support for the possibility that transcriptional coactivators, along with 
histone modification signatures, may be useful for the mapping of DNA 
elements with cell-specific and tissue-specific enhancer activities42.

Owing to the development of the ChIP-seq technique (Box 1), which 
has now superseded ChIP-chip as the method of choice for many appli-
cations, genome-wide maps for a considerable number of chromatin 
marks and transcription factors both in humans and mice have become 
available43–55. These data sets allowed the identification of not only the 
H3K4me1 and H3K4me3 signatures discussed earlier but also addi-
tional chromatin marks present at predicted or validated enhancers, and 
provided a refined view of their correlation to enhancer activities44,51,55. 
However, with very few exceptions (see, for example, refs 50 and 54) 
genome-wide mapping of these and other regulation-associated chro-
matin marks (Table 1) was done in immortalized cell lines, cultured stem 
cells or primary cell cultures. Thus, the maps of potentially enhancer-
associated marks produced by these studies provided limited insight into 

Formaldehyde crosslinking of DNA to proteins that bind to 

it directly or as part of larger complexes71, combined with 

subsequent immunoprecipitation targeting specific DNA-

associated proteins (ChIP72), was widely used in the pre-genomic 

era to study protein–DNA interactions directly in cultured cells or 

in tissue samples. The top portion of the figure shows a schematic 

overview of the individual steps involved. They include the 

molecular fixation of non-covalent protein–DNA interactions, 

shearing of the crosslinked chromatin, immunoprecipitation 

with an antibody binding the protein of interest and reversal of 

crosslinks. In many cases, antibodies that bind to covalently 

modified proteins are used, for example those that recognize 

methyl groups at defined amino-acid residues of histones. In the 

conventional ChIP approach, enrichment of the associated DNA 

fragments relative to non-immunoprecipitated (‘input’) DNA is 

quantified for individual proposed binding locations (not shown). 

This need for quantification at every site of interest initially 

thwarted the application of ChIP on a genomic scale.

The introduction of DNA microarrays allowed the hybridization-

based interrogation of large numbers of potential binding sites 

in parallel (ChIP-on-chip, or ChIP-chip), thus making it possible 

to screen entire compact model-organism genomes73,74 or large 

vertebrate genome intervals75 in a single experiment (see figure, 

bottom left). ChIP-chip was used on a massive scale in the 

Encyclopedia of DNA Elements (ENCODE) pilot project, in which 

dozens of proteins and protein modifications were initially mapped 

in a representative 1% portion of the human genome39.

Recently, chromatin immunoprecipitation coupled to massively 

parallel sequencing (ChIP-seq) has become increasingly used as an 

alternative to ChIP-chip44–47. The ChIP-seq method is very similar 

to the experimental set-up of ChIP-chip, except that, in the final 

step, next-generation sequencing techniques are used to determine 

the sequence of immunoprecipitated DNA fragments, which 

are then computationally mapped to the reference genome (see 

figure, bottom right). Improved sequencing technologies offer the 

possibility to obtain millions of mappable reads in a single ChIP-seq 

experiment at moderate cost. The results from ChIP-seq are based 

on statistical analysis of read counts, which overcomes many of the 

challenges associated with the quantification and normalization 

of hybridization signals, and an increasing number of advanced 

computational ChIP-seq analysis tools are becoming available76. 

ChIP-seq analysis covers by default the entire mappable portion of 

the reference genome without the need to restrict the analysis to its 

subregions.

Box 1 | Mapping of regulatory elements using ChIP-chip and ChIP-seq
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their in vivo distribution during embryonic development and in adult 
organs, most probably concealing the genomic location of enhancers 
that are inactive in these cells.

In a recent ChIP-seq study targeted at the prediction of enhancers that 
are active in a particular tissue during embryonic development, the tran-
scriptional coactivator p300 was mapped in chromatin directly derived 
from embryonic mouse tissues, including the forebrain, the midbrain 
and the limb buds56. Overall, several thousand p300 peaks were identi-
fied from these three tissues, with the vast majority of genome regions 
only being significantly enriched in one of the three tissues and located 
in non-coding regions distal from known promoters. Transgenic mouse 
experiments with almost 100 of these sequences revealed that they are 
developmental enhancers in almost all cases. More importantly, the tis-
sue-specific occupancy by p300 as identified by ChIP-seq could in most 
cases also accurately predict the in vivo patterns of expression driven by 
these enhancers, providing an important advantage over comparative 
genomic methods for enhancer identification. The study also showed 
global enrichment in tissue-specific p300 peaks near genes that are 
expressed in the same tissue, again consistent with the proposed func-
tion of these genomic regions as active transcriptional enhancers.

These experimentally predicted genome-wide sets of in vivo enhanc-
ers also made it possible to address the controversial issue of the extent 
to which evolutionary conservation is a hallmark of in vivo enhancers57. 
Several studies have shown that highly conserved non-coding elements 
are enriched in developmental in vivo enhancers32–34. However, some 
observations have challenged such a generalized correlation between 
sequence conservation and enhancer activity: experimental analysis of 
individual loci suggested that a large proportion of enhancers cannot be 
detected by comparative genomics58; the molecular marks of a surpris-
ingly large proportion of sequences in the ENCODE regions suggested 
that regulatory functions are not, or are only weakly, conserved39; and 
histone methylation present at orthologous loci in humans and mice did 
not correlate with overall increased levels of sequence conservation59. In 
contrast to these findings, approximately 90% of the tissue-specific p300 
peaks identified by ChIP-seq in developing mouse tissues overlapped 
regions that are under detectable evolutionary constraint56. There may 
be variation in the degree of evolutionary constraint of enhancers that 
are active in different types of cell or developing tissue, but these data 
suggest that developmental enhancers that can be identified through 
p300 binding are commonly evolutionarily constrained.

Although preliminary, the selected studies reviewed here highlight 
the clear potential of mapping various chromatin marks for identifying 
and predicting the activity of transcriptional enhancers on a genome-
wide scale. The continued progress in throughput increase and the cost 
reductions of next-generation sequencing technologies offer an increas-
ingly powerful genome-wide means of identifying specific DNA–protein 
interactions. We anticipate that high-resolution genome-wide in vivo 
maps of chromatin marks will become available for comprehensive 
series of developing and adult tissues in normal states, as well as diseased 
states, providing multilayered in vivo annotations of the non-coding por-
tion of our genome. It is important to realize that, despite this expected 
progress, we will continue to need parallel in vitro and in vivo biological 
studies to understand the functions associated with chromatin marks 
and to study conclusively the mechanisms by which sequence variation 
in distant-acting enhancers contributes to disease.

Defining the targets
The methods described here have considerably improved our ability to 
identify enhancers and their associated activity patterns on a genomic 
scale, but a remaining important challenge is to determine the relation-
ships between enhancers and genes. Comparing ChIP-chip or ChIP-
seq data with transcriptome data from microarrays or RNA-seq60 can 
provide highly suggestive clues to the identity of the target gene of a 
given enhancer in a given tissue, but such comparisons do not provide 
the direct evidence for enhancer–promoter interactions that would be 
desirable in mapping tissue-specific regulatory networks on a genomic 
scale.

Early circumstantial evidence suggested that long-distance regulation 
of genes by enhancers occurs through the formation of physical chro-
matin loops, but it only became possible to study such interactions sys-
tematically through the introduction of the chromosome conformation 
capture (3C) assay and its derivative technologies61. Similar to ChIP, the 
3C approach relies on formaldehyde crosslinking to capture DNA–DNA 
interactions directly in intact cells or cell nuclei. Previously suggested 
pairs of interacting sites are subsequently tested and validated one by 
one through the quantification of crosslinking events. In one of many 
examples demonstrating the utility of 3C in the analysis of distant-acting 
vertebrate enhancers, this technique was recently used62 to study chro-
matin interactions at the Shh locus, whose role in limb development was 
discussed in detail earlier. Using the 3C technique, it was demonstrated 
that the limb-specific long-range enhancer located in an intron of the 
Lmbr1 gene directly interacts with increased frequency with the Shh 
promoter in limb buds but not in other tissues tested, providing impor-
tant mechanistic support for its proposed role in Shh gene regulation in 
limb development. As an alternative approach to 3C, RNA tagging and 
recovery of associated proteins (RNA TRAP) can also be used to establish 
physical proximity between distal non-coding sequences and actively 
transcribed genes; this was first demonstrated in the mouse β-globin 
gene locus63.

This work and other gene-centric studies (for more examples, see 
refs 64 and 65) were critical in shaping our understanding of enhancer–
promoter interactions. However, they have the fundamental limitation 
that only one or very few previously proposed interactions between 
specific loci can be assayed per experiment. This limitation was partly 
overcome through the use of microarrays to analyse entire 3C libraries 
(called chromosome conformation capture-on-chip66 and circular chro-
mosome conformation capture67, both known as 4C). By applying this 
approach to fetal liver and brain, it was demonstrated that the β-globin 
gene locus control region (LCR) makes reproducible tissue-specific con-
tacts with other loci predominantly located on the same chromosome 
but in some cases dozens of megabases away from the LCR66. Of possible 
relevance to the adoption of this approach for enhancer discovery is that 
reproducible interactions with other chromosome regions were also 
observed in the brain, where the LCR is thought to be inactive.

The 4C approaches are a significant improvement, but they still pre-
clude the generation of truly genome-wide interaction networks because 
each experiment only reveals the genome-wide interactions of a single 
site of interest. This problem is partly alleviated by the chromosome con-
formation capture carbon copy (5C) method68, in which a complex 3C 
library generated through multiplexed PCR is analysed by large-scale 
sequencing to generate a comprehensive ‘many-to-many’ interaction 
map of DNA–DNA interactions. However, owing to the need for specific 

Table 1 | Selected major categories of non-coding functional element
Category Function Selected associated 

chromatin marks*

Promoter Region that is located immediately 

upstream of a protein-coding gene, 

and binds to RNA polymerase II; 

where transcription is initiated

RNA polymerase II44, 

H3K4me3 (ref. 40) 

(active promoters)

Enhancer Region that activates transcription, 

often in a temporally and spatially 

restricted manner, by acting on a 

promoter. Enhancers can be located 

far from target promoters and are 

orientation independent

p300 (refs 40, 56), 

H3K4me1 (ref. 40)

Insulator Separates active from inactive 

chromatin domains and interferes 

with enhancer activity when placed 

between an enhancer and promoter

CTCF44,53

Repressor/

silencer

Negative regulators of gene 

expression

REST45, 

SUZ12 (refs 69, 70)

*Many additional chromatin marks were found to correlate with one or several of these categories 

of regulatory element. Detailed descriptions of these markers and their respective binding 

characteristics at different types of regulatory sequence element can be found in refs 40, 41, 44, 51 

and 55.

203

NATURE|Vol 461|10 September 2009 REVIEW INSIGHT

199-205 Insight - Pennachio NS.indd   203199-205 Insight - Pennachio NS.indd   203 2/9/09   19:23:042/9/09   19:23:04

© 2009 Macmillan Publishers Limited. All rights reserved



primers for each possible interacting fragment and the sequencing depth 
required for analysis of the resultant libraries, the application of 5C has 
so far been restricted to the in-depth analysis of single loci or chromo-
some regions.

As an alternative genome-wide approach, antibody-based methods 
might be used to restrict the analysis space in which DNA–DNA inter-
actions are studied to a size that can be affordably analysed using cur-
rently available sequencing technologies. One possibility is to couple a 
chromatin-interaction paired-end tag (ChIA–PET) sequencing strategy 
to a ChIP step that enriches for chromatin fragments bound to a specific 
transcription factor or other chromatin mark of interest64. Although the 
technical feasibility of this approach remains to be demonstrated, it has 
remarkable potential for enhancer discovery. This is because its appli-
cation to general enhancer-associated marks such as p300 or histone 
methylation40,56 might identify, in a single step, enhancers active in a 
tissue of interest, as well as their respective target genes.

Perspective
Genetic and medical resequencing studies have been advanced by 
knowledge about the structure of protein-coding genes and a detailed 
understanding of the relationship between mRNA sequences and the 
primary structures of the proteins they encode. Through such stud-
ies, disease links have been established for a sizeable proportion of the 
~20,000 protein-coding genes in the human genome. By contrast, a 
very limited number of changes in gene regulatory sequences have so 
far been linked to human disease. Consequently, an important motiva-
tion for functionally annotating the non-coding portion of the human 
genome and the cis-regulatory elements that it contains is to assess the 
relationship between variations in non-coding sequences and human 
disease. In the absence of genome-wide catalogues of functionally anno-
tated regulatory elements, how these elements impact on human biol-
ogy, as well as disease, will remain an untested hypothesis.

Despite advances in relevant technologies, functionally characterizing 
the distant-acting-enhancer architecture of the human genome in its 
entirety will be an enormous undertaking, owing to the great number 
of data points needed, which include dozens of tissues and cell types, as 
well as developmental states and possibly disease states.

A further challenge will be to link distant-acting enhancers to the 
genes they regulate. Linking enhancers to their cognate gene will allow 
the further assignment of these functional sequences to their basic ‘gene’ 
unit of heredity, for collective resequencing analysis.

Although we have focused on distant-acting enhancers here, there 
are other categories of functional element in the non-coding portion 
of the genome (for example insulators, negative regulators, promoters 
and non-coding RNAs), and they will also be crucial targets for large-
scale identification and characterization. It is expected that technologies 
similar to those described here for enhancers will make it possible to 
explore their roles in human biology and disease. ■
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. Introduction

One of the most intriguing features of biology is the iden-
ical DNA content across all cells within an organism and yet
he ability of this genetic information to dictate the enormous
ellular diversity within the body. Rather, cell type complexity
rises predominantly from vast temporal and spatial differences
n gene expression during development. The principal mecha-
ism underlying this gene expression diversity across cell types
s dynamic gene regulation induced by a variety of interacting
ranscription factors which are also encoded by our genome and
ubject to tight regulation [1–3]. Transcription factors recognize
pecific target sequences located within gene promoters and/or
ore distant acting cis-regulatory regions, and function to either

nhance or repress a given gene’s cellular expression. Through
his highly orchestrated process, higher organisms have been
ble to evolve beyond the limitations of unicellularity to create
omplex forms and functions, including the development of the
ardiovascular system.

Insights into this complexity are beginning to emerge for
he human genome with the availability of a complete genomic
equence template [4,5]. This starting point has led to the iden-
ification of the ∼25,000 genes in the human genome, albeit
ork remains to be done in deciphering all of their functions.
ene identification was greatly facilitated by having access

o protein sequence databases and “expressed sequence tags”
here computational algorithms for gene identification could

ubsequently be built based upon knowledge gained from these
xperimental datasets. In contrast, the availability of the human
enome sequence alone provided no additional clues as to the
recise locations of distant-acting gene enhancers. Challenges
ncluded the large non-coding search space in the human genome
∼98% of 3 × 109 bp), the small size and degenerate nature
f transcription factor binding sites, and most importantly the
ack of experimental training sets for computational methods to
dentify such sequences in a global manner. The recent determi-
ation of additional genome sequences from other vertebrates
as proven to be powerful at identifying the location of candidate
istant-acting cis-regulatory elements based on their evolution-
ry conservation across appropriately distanced species.

In this review, we describe the use of comparative genomics as
n increasingly powerful strategy for sequence-based enhancer
dentification. In particular, we provide an overview of selected
omputational tools and resources that are useful for the iden-
ification of enhancers involved in development and/or specific

2. Role of non-coding sequences in development and
human disease

Traditionally, most studies of the genetic networks underly-
ing vertebrate development have focused on the proteins that
are involved, since they are – compared to regulatory sequences
– generally easier to identify and more readily accessible to
a variety of experimental methods. However, these proteins are
generally limited to functional activity only in tissues where they
are expressed, thereby stressing the importance of understand-
ing the intricacies of gene regulation to comprehend regulatory
networks in their entirety. In this section, we provide a brief
overview of insights gained from gene-centric in-depth studies.
While the list of examples described here is by no means exhaus-
tive, it illustrates some of the major properties and characteristics
of distant-acting cis-regulatory elements and exemplifies their
important role in vertebrate development and human disease.

2.1. Modularity of transcriptional regulation by enhancers

A characteristic feature of enhancers is the modular mode by
which they regulate gene expression. One of many insightful
examples for these properties can be obtained by examina-
tion of the human apolipoprotein E (APOE) locus. At least
six distinct sequence elements flanking this gene control dif-
ferent aspects of APOE expression. Namely, the enhancement
of kidney expression has been ascribed to the promoter [6],
while elements located downstream of the gene include two
liver-specific enhancers [7,8], a skin enhancer [6,9], two multi-
ple tissue enhancers directing gene expression to adipocytes,
macrophages and brain astrocytes [9,10], and a distal brain-
specific enhancer [11]. It is worth noting that each of these
discrete elements are on the order of several hundred basepairs in
length and are scattered across 42 kb. A second example where
the modularity of transcriptional regulation has been experimen-
tally studied in great detail is the cardiac homeobox gene Nkx2-5
(Csx). This gene is required for heart development [12] and series
of deletions and transgenic reporter experiments were used to
dissect both its proximal and distal regulatory regions [13–18].
These studies revealed that at least five distinct elements target
Nkx2-5 gene expression to specific sub-regions of the devel-
oping heart as well as to non-cardiac tissues and it has been
suggested that this regulatory complexity played a important
role in the evolution of the multi-chambered mammalian heart
[19]. Thus, modular transcriptional regulation appears to be a
Please cite this article in press as: Visel A, et al., Enhancer identificat
doi:10.1016/j.semcdb.2006.12.014

ene function. We end by highlighting the challenges arising
rom the identification of large numbers of putative enhancers
hrough comparative genomics and the need to develop high
hroughput functional assays to determine their spatiotemporal
n vivo activity at a genomic scale.
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ion through comparative genomics, Semin Cell Dev Biol (2007),

ommon mechanism of complex gene regulation and a number
f gene-centric studies beyond the selected examples of APOE
nd Nkx2-5 have further supported the concept that the complex
xpression patterns of genes across tissues regularly arise from
he combined activity of multiple elements.
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.2. Spatiotemporal precision of developmental enhancers

Another remarkable feature of enhancers is the high spa-
iotemporal precision with which they regulate gene expression.
ne example of the tight restriction of the timing and tissue-

pecificity of enhancer activity during embryonic development
s the Hoxd11 locus. Deletion of a single Hoxd11 regulatory
lement in mice delays expression of both Hoxd10 and Hoxd11
uring somitogenesis, but at later stages normal expression of
oxd10 and Hoxd11 is restored [20]. It is hypothesized that this
artial gene expression rescue is mediated by complementary
egulatory elements present in this region. Since only a sub-
et of anatomical regions lack Hoxd11 expression temporally,
his gene regulatory deletion results in vertebral patterning and
pecification defects but of lesser severity than complete Hoxd11
ene knockouts.

The Hoxd11 locus thus demonstrates how a single enhancer
egulates a relatively subtle, yet functionally important spa-
iotemporal sub-aspect of the expression pattern of a key
evelopmental gene. The general picture emerging from this
nd other similar gene-centric studies is that the high spatiotem-
oral precision of single enhancers – in combination with their
odular mode of action – has allowed complex gene expression

atterns to evolve. This is particularly the case for many develop-
entally important genes, whose expression patterns appear to

e frequently the result of the orchestrated activity of several dif-
erent enhancers with distinct spatiotemporal activity patterns.
mportantly, these single elements tend to be more restricted in
heir tissue specificity than the mRNA expression patterns to
hich they contribute, providing researchers with reagents for

issue-specific targeting of gene expression.

.3. Enhancers are required for vertebrate development

Like mutations in the protein-coding portion of genes,
eletions or mutations of regulatory elements can result in devel-
pmental defects, such as in the Hoxd11 locus (see Section 2.2).
nother example from the Hox gene family is the 200 bp “early

nhancer” (EE) of the Hoxc8 gene. Deletion of this enhancer
esults in delayed expression of the Hoxc8 protein and in skele-
al defects that recapitulate aspects of the Hoxc8-/- phenotype
21], demonstrating that this regulatory element is required for
ormal embryogenesis. As a third example, deletion of three
rain-specific enhancers of Otx2 [22,23] revealed that they are
equired for maintaining normal expression levels of Otx2 in
he developing brain. While deletion of these enhancers did not
esult in obvious phenotypes, compound heterozygous embryos
n which one Otx2 allele was null and the other allele was an Otx2
nhancer deletion displayed defects in brain development. These
esults support that while each of these elements is not absolutely
equired for viability, they play an important role in embryonic
evelopment through their coordinated and quantitative effects
n gene expression.
Please cite this article in press as: Visel A, et al., Enhancer identificat
doi:10.1016/j.semcdb.2006.12.014

Of note, defects resulting from deletion or mutation of regu-
atory elements are usually restricted to the tissue in which they
rive expression. This property can be exploited to study gene
unctions that are otherwise difficult to assess experimentally.
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or example, the role of Hand2 in craniofacial development
annot be studied by targeted deletion of the gene itself because
and2−/− embryos die from cardiac abnormalities before

he differentiation of craniofacial features. However, deletion
f a branchial arch-specific Hand2 enhancer in mice results
n craniofacial defects including cleft palate and mandibular
ypoplasia, demonstrating a role both for this enhancer and
he Hand2 gene in craniofacial development [24]. These stud-
es allowed for the dissection of the regulatory architecture of
his locus through the separate assessment of the roles of this
ene in cardiac and craniofacial development. Another impor-
ant possibility arising from the identification of tissue-specific
nhancers is the possibility to use them to drive the expression of
re recombinase. Such constructs can be used to generate tissue-

pecific knockouts by introducing flanking LoxP sites to the gene
f interest [25]. For example, the conditional Cre/Lox-mediated
eletion of Mef2c using a myocardial-specific enhancer has been
sed to examine the role of Mef2c beyond developmental stages
t which mice with a complete deletion of Mef2c die from car-
iovascular defects [26]. Thus, even in cases where the deletion
f an enhancer is insufficient to abolish gene expression in a
articular tissue, the enhancer can be used to study the function
f the respective gene in a tissue-specific manner.

Indeed, many enhancers do not cause an overt phenotype
eyond changes in expression levels of the target gene when
xperimentally deleted in mice. Examples include tissue- or cell
ype-specific enhancers for Engrailed2 [27], Fgf4 [28], Gata1
29] or MyoD [30]. An obvious explanation for the frequent
bsence of phenotypes in enhancer deletion experiments is that
ften only one aspect of a complex endogenous mRNA expres-
ion pattern is affected, while expression of the gene in other
issues or at other stages is maintained. This higher spatiotempo-
al restriction is therefore expected to result in generally milder
ffects than deletion of entire genes. A second explanation is
unctional redundancy, which might be more common among
egulatory elements than it is among protein-coding genes.

hile being sufficient to drive expression in reporter assays,
any enhancers could be dispensable for normal development

nd physiology because their function is complemented by other
egulatory elements with similar tissue specificity. Such redun-
ancy of regulatory elements has, for instance, been directly
hown for the TCR-� locus, where a deletion of two enhancers
esults in severe reduction in �-�-thymocytes, whereas single
eletion of either element did not cause a major immunologi-
al phenotype [31]. Functional redundancy does not imply that
hese enhancers are functionally less important and that their
eletion does not reduce reproductive fitness. Rather it indicates
hat many enhancers are involved in fine-tuning gene expression.
hese findings also raise the possibility that functional redun-
ancies are a factor in the comparative studies described below,
ince they might result in reduced evolutionary conservation of
uch elements.
ion through comparative genomics, Semin Cell Dev Biol (2007),

.4. Enhancers contribute to human disease

As a result of our limited knowledge about the location of
ost enhancers in the genome, the contribution of distant acting

dx.doi.org/10.1016/j.semcdb.2006.12.014
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utations to human disease has so far not been explored on a
arge scale. One of the few known examples is the limb-specific
RS long-distance enhancer of Sonic hedgehog (SHH). This ele-
ent is located at the extreme distance of one megabase from the

ene it regulates, residing in the intron of a neighboring gene.
enetic lesions affecting this element cause polydactyly both in
uman individuals and in mutant mouse strains, demonstrating
he crucial role of enhancers during mammalian development
32]. Elimination of the conserved intronic region in which
his enhancer is embedded results in severe limb truncations
n mice, strongly supporting human disease studies [33]. Even
oint mutations in this regulatory element cause human preaxial
olydactyly [34], offering an explanation why many enhancers
re highly constrained and therefore often conserved across long
volutionary distances. While hundreds of regulatory mutations
ontributing to human disease have been reported [35], most of
hem affect promoter regions whose precise location is known
or many human genes. It is expected that with growing numbers
f identified human enhancers it will become possible to target
ystematic screens increasingly for regulatory mutations in this
istant-acting class of gene regulatory elements.

.5. Challenges

The selected examples above highlight the important role
f enhancers in development and disease. However, it must be
mphasized that the vast majority of distant-acting regulatory
equences in the mammalian genome has so far not been experi-
entally characterized either in vitro or in vivo and their overall

ontribution to human disease remains unclear. Two major
hallenges have rendered large-scale studies of developmen-
al enhancers difficult. First, the absence of suitable prediction

ethods continues to present a major obstacle for identifying the
ocation of these elements, especially for those that act over long
istances. Second, the limited number of known developmen-
al enhancers has largely prevented prediction by computational
nalysis because no suitable training sets of enhancers character-
zed by standardized experimental methods have been available.
n consequence, our understanding of the sequence features
nvolved in enhancer function remains limited to gene-centric
tudies and single elements. In the next sections, we will describe
ecent efforts to tackle both of these problems. Namely, recently
eveloped methods and computational tools for comparative
enomics have significantly improved our ability to identify the
ocation of putative enhancers in the human genome and provide
starting point for large-scale experimental characterization of

nhancers.

. Enhancer identification by comparative genomic
trategies

Cross-species sequence comparisons were shown to be an
fficient approach to identify putative functional regions in non-
Please cite this article in press as: Visel A, et al., Enhancer identificat
doi:10.1016/j.semcdb.2006.12.014

oding DNA even before whole genome sequences of humans
nd other vertebrates became available. Many variations on this
heme have been presented, including variation of the species
eing compared and different comparison methods, yet they
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ll rely on the same basic principle that functionally relevant
equences are under purifying selection, whereas non-functional
egions are subject to genetic drift and become increasingly
ifferent between species with increasing phylogenetic dis-
ance. As a result, functional sequences generally stand out as

ore “conserved” than non-functional sequences when genomic
equences of different species are compared. Sequence conser-
ation between different species can thus be used to identify
utative functional regions, and many of these will be cis-
egulatory elements.

.1. Pre-genome-scale comparative approaches

Bottom-up approaches provided the early foundation for the
tility of cross-species comparisons for the identification of cis-
egulatory elements in the genomic sequence of a gene of interest
for early examples, see references [36,37]). In the absence of
ublicly available whole-genome sequence data and specialized
omputational tools for these purposes, this strategy usually
ncluded cloning and sequencing of orthologous non-coding
equences from two or more organisms, manual alignment
nd identification of conserved regions at the nucleotide level,
ften focusing on transcription factor binding sites. In reference
o experimentally exploring these sequences through DNase
ootprinting, such approaches became known as “phylogenetic
ootprinting”.

Such gene-centric studies provided an important proof of
rinciple, but the hypothesis that sequence conservation is a
niversal predictor of non-coding regulatory sequences was dif-
cult to verify conclusively in the absence of sequence data for
enome-wide comparisons. Thus, the prospect of genome-wide
omparative identification of cis-regulatory regions was early
ecognized as an important motivation to sequence the genomes
f the mouse and other vertebrates in addition to the human
enome [38,39].

.2. Using genomic data in comparative approaches

Even before sufficient sequence data for whole-genome com-
arisons became available, the merits of comparative approaches
or enhancer identification were confirmed in studies that
nvolved the sequencing of large genomic intervals. For example,
öttgens et al. [40] sequenced a 320 kb interval of the stem cell

eukemia (SCL) locus in human, mouse and chicken to identify
egulatory candidate regions. A subset of these regions corre-
ponded to known regulatory elements and functional testing of
reviously uncharacterized conservation peaks led to the discov-
ry of a new neural enhancer in the SCL locus. In another study,
oots et al. [41] identified multiple non-coding elements regu-

ating the human interleukin-4, -5, and -13 genes by sequencing
nd aligning one megabase of human chromosome 5 and the
rthologous mouse genome region. These results lent further
upport to the notion that conservation of non-coding sequences
ion through comparative genomics, Semin Cell Dev Biol (2007),

an be used to predict functional regions including regulatory
lements in genomic sequence data.

The publication of the mouse and the pufferfish genomes
n 2002 marked the kick-off for genome-wide comparative

dx.doi.org/10.1016/j.semcdb.2006.12.014
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pproaches since they allowed for the first time systematic large-
cale comparisons of the human with non-human vertebrate
enomes [42,43]. Comparative analysis of the human and mouse
enomes was particularly productive because their size is sim-
lar, 90% of these genomes are organized in syntenic blocks in
hich the respective order of genes is maintained, and in an ini-

ial analysis 40% of the two genomes were found to be alignable
t the nucleotide level. Interestingly, while only ∼1.5% of the
uman and mouse genome encode proteins, ∼5% of these mam-
alian genomes were estimated to be under purifying selection,

uggesting that much more than protein-encoding functions are
onstrained within our genome [43]. However, a multitude of
unctions can potentially be embedded into non-protein-coding
NA, including activating and repressing regulatory binding

ites, known and unknown functional RNA types, and structural
hromatin features. Most of these cannot be reliably predicted
y existing computational methods; therefore, the functional
elevance of constrained non-coding regions remained initially
bscure.

Subsequent functional testing of such conserved regions
evealed, however, that one of the predominant functions of
onstrained non-coding DNA seems in fact to be the tissue-
pecific spatial and temporal regulation of gene expression. One
f the likely reasons for this is the large size of many enhancer
equences, conserved over hundreds of basepairs, which makes
t possible to identify them through whole genome compar-
sons. In what follows, we provide an overview of comparative
trategies that have so far been successfully used to find such cis-
egulatory elements (for a more detailed discussion of general
onsiderations regarding comparisons over different evolution-
ry distances, including the advantages and limitations of distant
nd close comparisons, see reference [44]).

.2.1. Deep comparisons: human–fish
In the pre-genomic era, studies focusing on single genes sug-

ested that distant evolutionary comparison could be useful to
dentify regulatory regions involved in core aspects of vertebrate
evelopment. For example over 10 years ago, Aparicio et al.
45] used comparisons between mouse and pufferfish (Takifugu
ubripes) to identify functional regulatory elements in the Hoxb4
ocus based on non-coding conservation. These and other results
emonstrated that deep comparisons are an efficient tool for
nhancer prediction, but genome-wide application was not pos-
ible at the time since none of these vertebrate genome sequences
ere available.
A more recent study systematically exploited the remark-

ble potential of such distant vertebrate sequence comparisons
o identify gene enhancers at the scale of larger genomic inter-
als [46]. In this work, the gene-sparse regions surrounding the
uman DACH locus were scanned for sequences that are not
nly highly conserved among mammals, but also had consider-
ble sequence conservation in Xenopus as well as in pufferfish.
sing an in vivo enhancer assay, these extremely conserved
Please cite this article in press as: Visel A, et al., Enhancer identificat
doi:10.1016/j.semcdb.2006.12.014

egions were found to be highly enriched for enhancers that
rive tissue-specific gene transcription during embryogenesis.
n fact, many of the conserved elements that are currently
eing tested in a large-scale transgenic in vivo screen in our
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aboratory (see Section 4.3) were identified using human–fish
onservation.

There are, however, several important limitations to distant
omparative approaches. First, their high specificity is accom-
anied by moderate sensitivity. Depending on the alignment
ethod, the comparative strategy, and the stringency of the

pplied filters, previously reported numbers of conserved non-
oding elements identified by human–fish comparisons vary
etween 1400 [47] and 5700 [48]. Compared to estimates of
he total number of protein-coding genes in the human genome
49], this is up to an order of magnitude lower, suggesting that
any regulatory regions are missed by such distant compar-

sons. Second, to aggravate this problem, many elements with
uch extremely deep conservation occur in clusters around genes
mplicated in transcriptional regulation and development (trans-
ev genes). For example, 85% of the 1400 human–fish CNSs
escribed by Woolfe et al. [47] are found in clusters of five or
ore elements. In total, only 165 distinct clusters were iden-

ified and 93% of these clusters are associated with trans-dev
enes. In contrast, the majority of genes with other functions
re not associated with any deeply conserved elements, despite
odular regulation of gene expression in time and space. Third,

xtremely distant comparisons are expected to identify pre-
ominantly regulatory elements that are involved in molecular,
evelopmental or physiological mechanisms that exist in both
pecies under consideration, thereby explaining why they are
nciently conserved. Human–fish comparisons would therefore
e of limited utility for studies of enhancers that are involved
n mammalian-specific developmental processes. As an exam-
le, we performed comparative analysis retrospectively on a
ubset of heart-specific cis-regulatory sequences originally iden-
ified through functional studies. These elements drive gene
xpression in the anterior heart field, a transient developmen-
al structure, and heart regions derived from it [50]. The vast

ajority lacked conservation outside of mammals, which may
e partially due to differences in heart development between
ammals and non-mammalian vertebrates (Fig. 1B).

.2.2. Extreme conservation within mammals
If conventional comparative criteria such as 70% identity

ver at least 100 bp are used, human–rodent comparisons are
f limited use for identification of enhancer elements. This is
ue to the fact that these two species share a relatively short
ivergence time since their last common ancestor which results
n their high overall similarity even in non-functional genome
egions. This results in the identification of an excess of ele-
ents as illustrated by the observation that ∼40% of the human

nd mouse genome are alignable, yet only ∼5% of the human
enome are estimated to be under purifying selection [43]. In
onsequence, using human–mouse comparisons with relatively
elaxed percent identity parameters for enhancer prediction is
ery sensitive, but results in a false-positive rate that is too high
o be useful for most applications [58,59].
ion through comparative genomics, Semin Cell Dev Biol (2007),

While an obvious solution is to seek more distant species
or human genome comparison, this problem can be partially
vercome by using more stringent conservation criteria in
uman–rodent comparisons alone. Human–rodent “ultracon-

dx.doi.org/10.1016/j.semcdb.2006.12.014
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Fig. 1. Trade offs in comparative genomics of non-coding DNA based on different phylogenetic distances. (A) With simple definitions of CNSs, conservation depth
can be used to calibrate specificity vs. sensitivity in comparative enhancer prediction. Closer sequence comparisons such as human–mouse provide a significant
amount of non-coding conservation which provides strong sensitivity to identify known putative function, but at the cost of poor specificities. In contrast, human–fish
comparison yields relatively little non-coding conservation and hence poor sensitivity to identify putative function, but with strong specificities for those conserved
elements it does identify. (B) Known heart enhancers lack deep sequence conservation. In this illustrative example, retrospective comparative analysis of 12 known
heart-specific cis-regulatory elements in 11 vertebrate genomes reveals limited sensitivity of deep comparisons for detecting mammalian heart-specific enhancers (%
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c

dentity refers to mouse as the base genome). Most of these elements are only m
omparisons. These data indicate that biological context is an important factor f
onserved to fish. For detailed description and experimental characterization of

erved” elements are one such class of extremely conserved
uman–rodent sequences and are defined as sequences of 200 bp
r more that are 100% identical between human, mouse and rat
60]. Thus, these sequences are at the extreme end of the con-
erved human–mouse continuum which is exemplified by there
nly being approximately 250 of such elements that do not over-
ap with protein-coding sequences in our genome. The function
f these elements has not been exhaustively explored, but stud-
es of single ultraconserved elements [46,61] as well as their
enomic localization in clusters near key developmental genes
62] suggest that many of them may be long-range modulators
f gene transcription.

While ultraconserved elements are highly likely to be
nhancers or other functional elements, their value for large-
cale prediction of enhancers is limited because they represent
nly a relatively small subset of the functionally conserved
equences in the human genome. Their low total number
ndicates a poor sensitivity, suggesting that many or most
unctional elements will be missed if ultraconservation alone
s used to screen a genomic interval of interest. Moreover,
ecause of the extreme conservation criteria of ultraconserved
lements, most of them coincide with regions that are also
onserved between human and fish. However, it has recently
een suggested that statistically more rigorous methods than
he original concept of ultraconservation might provide a way
o extract larger populations with ultra-like constraints from
uman–rodent comparisons, increasing the sensitivity while
aintaining the specificity associated with ultraconserved ele-
ents [48] (see Section 4.1.2). Computational tools to exploit

his concept are becoming increasingly available [48,63,64].

.2.3. Comparison of close species: phylogenetic
hadowing

For studying regulatory elements related to aspects of biol-
Please cite this article in press as: Visel A, et al., Enhancer identificat
doi:10.1016/j.semcdb.2006.12.014

gy that are specific to humans or primates, but do not exist
n more distant species such as rodents, distant comparisons
ill only be useful in cases where previously existing regu-

atory features have assumed a new function in the primate

p
b
f
m

ally conserved beyond mammals and would have been missed by human–fish
mparative-based approaches, though on occasion heart enhancers are anciently
elements, see references [13,15,18,51–57].

ineage. However, distant comparisons will miss elements that
ave evolved more recently and are possibly specific to the pri-
ate phylogenetic branch. On the other hand, comparison with

ther primates does not yield useful results when conventional
equence comparison is performed due to the relatively short
eriod since the last common ancestor in the primate branch,
.g. ∼25 million years for humans and Old World monkeys [65].
his is exemplified to a severe degree in comparisons of human
nd chimpanzee, which separated from their common ances-
or ∼7 million years ago. Between these two genomes ∼99%
f all nucleotides are conserved [66], rendering conventional
omparative approaches useless because virtually all regions of
he genome appear highly similar. This problem can be over-
ome using a “phylogenetic shadowing” approach [67]. In this
ethod, the sequences of multiple, evolutionary close species

uch as humans, apes and monkeys are aligned. This depth of
everal species provides the nucleotide diversity that would oth-
rwise be achieved through more distant pair-wise comparisons
uch as human–mouse. Moreover, this approach incorporates a
olecular phylogenetic model to consider the phylogenetic rela-

ionships among the different species that are compared such
hat changes that occurred in a closely related species are given
ore power than those in a more distantly related species. Phy-

ogenetic shadowing requires aligned sequences from multiple
losely related species and has therefore so far only been used
n the context of studies focusing on particular loci of interest
67,68]. However, this method will likely become increasingly
sed for the identification of regulatory elements as more and
ore closely related genomes become available [69].

. Tools and resources for comparative genomics

A number of tools are available to identify conserved non-
oding elements in genome sequences. In this section, we will
ion through comparative genomics, Semin Cell Dev Biol (2007),

rovide an overview of computational approaches and web-
ased resources to interrogate and browse the human genome
or such elements and retrieve their sequences for experi-
ental studies. We also discuss approaches for experimental

dx.doi.org/10.1016/j.semcdb.2006.12.014
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Table 1
Selected interactive genome browsing tools for the identification of vertebrate CNSs

Identification of
conserved elements

Available at URL Based on alignment Display/download

Percent identity plot
(PiP) [71,72]

Vista Genome
Browser [73]

http://pipeline.lbl.gov SLAGAN (pair-wise, glocala)
[74]

Percent identity curves; display and
download of elements with adjustable
threshold identity percentage

Dcode ECR Browser
[75]

http://ecrbrowser.dcode.org BLASTZ (pair-wise, local)
[76]

Percent identity plots or curves; display and
download of elements with adjustable
threshold identity percentage

PhastCons [64] UCSC Genome
Browser [77,78]

http://genome.ucsc.edu MULTIZ (multiple, local)
[79]

UCSC Genome Browser “Most Conserved”
track; download of elements with adjustable
constraint threshold

Gumby [48] Vista Genome
Browser [73]

http://pipeline.lbl.gov SLAGAN (pair-wise, glocala)
[74]

“RankVista” p-value bar plots; display and
download of elements with adjustable
threshold p-value

Vista Enhancer http://enhancer.lbl.gov MLAGAN (multiple, global)
[

Browsable list of human–mouse–rat CNSs;
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a “Glocal”, global alignments allowing local rearrangements.

haracterization of developmental enhancers and describe the
ista Enhancer Browser as a public database of experimentally
alidated enhancers. Relevant web addresses and references
escribing each of the listed resources are provided in Table 1.

.1. Identification of candidate regions at a genomic scale

Identification of conserved elements by comparison of
enomes from different species is generally a two-step process.
irst, homologous regions of two or more different genomes
re aligned at the nucleotide level, so that for each nucleotide
osition in the reference genome a best fit with the nucleotide
t the respective position in the other genome(s) is determined.
econd, based on this alignment, the different genomes are com-
ared at the nucleotide level and statistical methods are used to
dentify regions where the sequence is more constrained (i.e.
imilar between the different organisms) than what would be
xpected for neutrally evolving DNA.

.1.1. Aligning genome sequences
For the alignment step, a range of whole genome methods

as been developed and several relevant programs are listed in
able 1. These generally fall into two categories: local and global
lignment approaches. Local methods compare relatively short
ntervals of genomic sequences with each other and return the
est match between two genomes for each sub-region. However,
ecause they do not take into account the region surrounding
hese matches, they can result in false hits, e.g. returning a par-
logous sequence instead of the true ortholog. In contrast, global
ethods align entire syntenic regions and are less prone to return

alse-positive matches, but fail to recognize homologous regions
hat have been locally rearranged by translocations of inversions.
Please cite this article in press as: Visel A, et al., Enhancer identificat
doi:10.1016/j.semcdb.2006.12.014

inally, “glocal” alignment [70] is a global alignment strat-
gy that allows for local rearrangements, thereby eliminating
ome of the problems associated with local-only or global-only
lignments.

u
F
s
[

70] direct link to developmental enhancer assay
results where available

While all three types of alignments have been successfully
sed for comparative identification of functional elements, it is
mportant to keep in mind that they will often return slightly dif-
erent results for a particular genome region of interest. Thus,
rial and error approaches are appropriate to maximize the like-
ihood of biological discovery.

.1.2. Scoring conservation in aligned genome sequences
For defining highly conserved elements in aligned genomes,

here is also a range of computational tools available. We focus
ere on a small subset of such tools that is of particular relevance
or the identification of candidate enhancer sequences in the
uman genome by biomedical investigators (Fig. 2). The most
traightforward way to identify highly constrained elements in
enome alignments are pair-wise percent identity plots. When
sing local alignment methods such as BLASTZ [76], the length
nd percent identity of each aligned segment can be directly con-
erted into a sequence plot [71] (Fig. 2A). Alternatively, for two
lobally aligned sequences, a sliding window of user-defined
ize (e.g. 100 bp) is moved along the alignment and returns
or each nucleotide position the percentage of identity within
he window [72] (Fig. 2B). Conserved non-coding sequences
CNSs) are in both cases defined by a user-specified threshold,
.g. as regions exceeding 70% identity over at least 80 bp.

Percent identity plots have been widely used because the con-
ept is simple and readily implemented, but they have several
mportant limitations. For example, they do not allow direct

ulti-species comparisons, but rather multiple species can be
ndirectly considered by aligning the pair-wise alignments to
he same reference genome. Moreover, they do not take into
ccount the evolutionary distance between the species that are
eing compared. When using the same threshold (e.g. 70% iden-
ity, ≥100 bp), the choice of the species being compared can be
ion through comparative genomics, Semin Cell Dev Biol (2007),

sed to roughly calibrate sensitivity versus specificity (Fig. 1A).
or instance, CNSs identified by comparison of distant species
uch as human–fish are highly enriched in functional enhancers
46]. However, the relatively small number of such elements

dx.doi.org/10.1016/j.semcdb.2006.12.014
http://pipeline.lbl.gov/
http://ecrbrowser.dcode.org/
http://genome.ucsc.edu/
http://pipeline.lbl.gov/
http://enhancer.lbl.gov/


ARTICLE IN PRESS+Model
YSCDB-660; No. of Pages 13

8 A. Visel et al. / Seminars in Cell & Developmental Biology xxx (2007) xxx–xxx

Fig. 2. Sequence display of the same human genome region by various tools for comparative analysis. A 15 kb region comprising two exons of the GTP-binding
protein PTD004 is shown (chr2: 174,805,000–174,820,000; hg17). (A) Percent identity plots as displayed in the Dcode ECR Browser. (B) Percent identity tracks and
R value
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ankVista tracks in the Vista Genome Browser. RankVista tracks are based on p-
nd PhastCons (“Most Conserved”) tracks in the UCSC Genome Browser. (D)
elevant references.

etected by this strategy indicates that it fails to capture many
unctional sequences (see Section 3.2.1). In contrast, compari-
on of close species such as human–mouse identifies hundreds
f thousands of elements and is thus more sensitive, but suffers
rom a high false-positive rate when such elements are tested
or their tissue-specific enhancer activity in functional assays
58]. The problem of low specificity in percent-identity types
f comparisons between close species can be partially allevi-
ted by using more stringent threshold parameters. For example,
uman–mouse–rat “ultra”-conservation of 100% for ≥200 bp
60] is similarly successful for enhancer identification as deep
uman–fish conservation (AV, LAP, unpublished observations),
ut is even less sensitive by an order of magnitude (see Section
.2.2).
Please cite this article in press as: Visel A, et al., Enhancer identificat
doi:10.1016/j.semcdb.2006.12.014

Recently a new generation of advanced, mathematically and
tatistically rigorous tools have become available that allow
irect multi-species (n-way) comparisons while also considering
hylogenetic branch length and local neutral background substi-

t
d
o

s of conserved elements determined by the Gumby algorithm. (C) Conservation
rimental results for two CNSs in the Vista Enhancer Browser. See Table 1 for

ution rates [48,64]. Importantly, these methods do not require
single pre-specified evolutionary distance [64] (Fig. 2C) and
rovide high specificity even in pair-wise comparisons of rela-
ively close species such as human and mouse [48] (Fig. 2B).

oreover, they use statistical tests to assign quantitative scores
o elements, allowing a user to rank all elements within a given
enomic interval according to the significance of their con-
traint. We have started to explore the relative value of these
ifferent comparative methods for prediction of tissue-specific
nhancers by testing elements predicted by different methods
n a transgenic reporter assay (see below), where we find that
hese more advanced comparative tools are indeed superior to
imple percent identity plots in their ability to predict functional
nhancers.
ion through comparative genomics, Semin Cell Dev Biol (2007),

In order to browse the human or other vertebrate genomes for
he presence of elements identified using the different methods
escribed above, a variety of public resources is available
nline. We provide a list of such sites in Table 1, limiting our

dx.doi.org/10.1016/j.semcdb.2006.12.014
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election to those resources that provide pre-aligned sequences
nd elements identified by the methods described above.

.2. Experimental validation of cis-regulatory elements

An array of experimental approaches is available to assess
he potential for putative regulatory elements to influence the
xpression of genes. These include in vitro methods for deter-
ination of consensus binding sites of specific transcription

actors, evaluation of potential accessibility of putative transcrip-
ion factor binding sites (TFBSs) by DNase I hypersensitivity
ssays, electrophoretic mobility shift assays, and chromatin
mmunoprecipitation assays to determine the binding sites of

specific transcription factor within the genome. While this
eld has experienced considerable progress in the past, all of

hese methods, even when used in combination, are generally
nsufficient to successfully predict the location of a particular
nhancer element or its tissue-specificity in an animal, prompt-
ng the need to validate and characterize putative enhancers in
uitable in vivo assays.

Methods for in vivo testing of enhancer activities have been
escribed for several vertebrate model organisms, including
ebrafish and Xenopus [40,47]. In this article we will, how-
ver, focus on experimental approaches employing the mouse
or determining the in vivo activity of candidate human enhancer
equences. Due to their shared phylogeny as mammals, the
ouse is a suitable model for many aspects of human devel-

pment, physiology, and disease. Importantly, mice are among
he mammalian model organisms for which transgenic tech-
iques have been available for many years, enabling the easy and
fficient introduction of reporter constructs into the genome.

In order to study the in vivo properties of human enhancers,
nd in particular their ability to drive tissue-specific expres-
ion during embryonic development, we have recently set up
pipeline for testing of putative enhancers in transgenic mice
Please cite this article in press as: Visel A, et al., Enhancer identificat
doi:10.1016/j.semcdb.2006.12.014

Fig. 3). We identify candidate elements by comparative criteria,
uch as human–fish comparison [46,80] or “ultra”-conservation
etween humans and rodents [60,61] (Fig. 2D). Then we assess
he potential of such candidate regulatory regions experimen-

i
t
i
h

Fig. 3. Experimental design. Identification (example alignment displayed as Vis
 PRESS
mental Biology xxx (2007) xxx–xxx 9

ally in a transgenic mouse enhancer assay [81,82]. Candidate
egions are PCR-amplified from human genomic DNA and
loned into a reporter vector in which they are fused to a minimal
eat shock protein 68 promoter and a beta-galactosidase reporter
ene. On its own, this vector does not drive beta-galactosidase
ene expression in mammalian embryonic tissues [81,82], but
hen fused to a DNA fragment with gene enhancer proper-

ies, spatial and temporal patterns of expression can be robustly
nd reproducibly characterized. This construct is injected into
ne of the two pronuclei of fertilized mouse oocytes, where it
ntegrates into the genomic DNA at a random position, usu-
lly in multiple copies. The oocytes are then implanted into
seudo-pregnant females; embryos are harvested at embryonic
ay 11.5 and stained for �-galactosidase activity using X-Gal as
chromogenic substrate.

We chose this particular stage of development for analysis
or several reasons. (1) Many human–fugu and ultra-conserved
lements reside near genes that are expressed in early devel-
pment [60,62]. (2) Whole embryo staining at this time-point
nables the global identification of enhancer expression fea-
ures without bias for particular tissues. (3) This is a key
ime-point during organogenesis at which most structures are
resent. Our preliminary studies of ∼150 human–fugu ele-
ents indicate that this time-point is able to catch enhancer

ctivities for >40% of the fragments tested, in contrast to mod-
rately conserved human–rodent fragments where less than 5%
f fragments behave as enhancers at this time-point [58]. Due
o position effects that can alter in vivo enhancer characteris-
ics as a result of the transgene integration site, we generate >5
ndependent transgenic animals per injection and require that at
east 3 of these independent founders for each construct show
eproducible spatial expression characteristics before assigning
conserved element an associated regulatory activity.

Compared with the generation of traditional BAC or YAC
ransgenic lines, use of this transient transgenic method results
ion through comparative genomics, Semin Cell Dev Biol (2007),

n a dramatically increased throughput that allows us to currently
est 500 elements per year. This assay has previously been used
n numerous gene-centric studies, where its reproducibility and
igh spatiotemporal resolution has provided valuable insights

ta track), cloning and transgenic testing of candidate enhancer sequences.

dx.doi.org/10.1016/j.semcdb.2006.12.014
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Fig. 4. Retrieving data from the Vista Enhancer Browser. (A) Entry page with basic query function. (B) Advanced search page with query form for experimental data.
The results of a search for enhancers with hindbrain expression are shown. Each row in the results table corresponds to one experimental data set. A representative
embryo is shown for the first five data sets. (C) Full data set display mode. Top: coordinates of element, neighboring genes, anatomical description of expression
patterns and pictures of representative embryos. Note that each embryo is an independent transgenic F0 animal. Overview pictures and magnified views of expression
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ites are provided; all images can be downloaded at high resolution. Bottom: se
CSC Genome Browser.

nto the in vivo activities of single elements of interest. This
ncrease in throughput allows application of this method at a
enomic scale, without requiring guidance by their neighboring
enes.

.3. Enhancer browser: large-scale data set of in
ivo-validated enhancers

In order to make the results of our enhancer screen avail-
ble to the scientific community, we have established a public
atabase, the Vista Enhancer Browser, which is available at
ttp://enhancer.lbl.gov (Fig. 4A). This browser houses two prin-
ipal kinds of data: (1) experimental results from our in vivo
creen and (2) a large collection of vertebrate non-coding
equences that are evolutionary conserved at varying distances.

.3.1. Experimental data
The experimental results of our transgenic in vivo screen

onstitute the core data set of the enhancer browser. Each
ested fragment has an associated dataset (Fig. 4C) consisting
f sequence-related information and the experimental results.
equence-related information includes the genomic coordinates,
Please cite this article in press as: Visel A, et al., Enhancer identificat
doi:10.1016/j.semcdb.2006.12.014

ames of neighboring genes, PCR primers used to amplify
he element from human genomic DNA, and an overview of
he conservation in various species. The results of the trans-
enic enhancer assay are provided both in the form of pictures

s
b
t
i

e of element, PCR primers used for cloning and conservation profile linked to

f embryos with representative reporter gene activity and in
natomical annotation format. To be considered positive in our
ssay, an element has to drive reporter gene expression in the
ame anatomical structure in at least three independent trans-
enic embryos. Elements in which no such reproducibility is
bserved, although a sufficient number of transgenic embryos
as generated (generally at least five transgenics confirmed by
CR genotyping) are reported as negative and no pictures of the
mbryos are shown. For positive elements, a selection of repre-
entative embryos is displayed. The images for each embryo can
e retrieved as high-resolution files and are often supplemented
y images at higher magnification or from more informative
ngles than the standard sagittal overview of the whole-mount
pecimen.

To enable searches of our data as well as bulk downloads,
e annotate the tissue specificity of each positive enhancer

dentified using a list of anatomical terms that is largely con-
istent with existing standardized nomenclature [83]. We thus
rovide the ratio of X-Gal stained-positive embryos versus all
ransgenic embryos separately for each structure (Fig. 4C). A
ext-based query function is available on the front page of the
nhancer browser. Using this feature, the database can also be
ion through comparative genomics, Semin Cell Dev Biol (2007),

earched by genomic coordinates, gene names, accession num-
er and Entrez Gene IDs. An additional comprehensive search
ool is available for more advanced queries of the database. This
ncludes searches for enhancers that are specific for a particular

dx.doi.org/10.1016/j.semcdb.2006.12.014
http://enhancer.lbl.gov/
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natomical structure of interest (Fig. 4B) and/or restriction of
he search to elements of a user-defined conservation depth (e.g.
uman–frog or human–fugu).

.3.2. Computational data set
In addition to the experimental and external data, the enhancer

rowser also provides a genome-wide computationally gener-
ted set of more than 145,000 highly conserved elements for
hich no experimental data from the transgenic assay is avail-

ble. These elements were identified using Gumby/RankVista
ith globally aligned human–mouse–rat sequences [48]. Only

lements with a p ≤ 0.001 that do not overlap known mRNAs or
pliced expressed sequence tags were considered for this data
et. All of these elements were then checked for their conser-
ation in chicken, frog, zebrafish and pufferfish to determine
he conservation depth which is provided at the website. While
e plan to test some subsets of this large collection of highly

onserved elements in the future, the major purpose of this
ollection is to provide users with an easily accessible list of
andidate regions for genomic intervals of interest for analysis
n complementary computational and experimental approaches.
imilar datasets can be obtained from other resources listed in
able 1.

. Conclusions and perspectives

While gene regulation studies were possible in the
re-genome era, they were exceedingly expensive and time-
onsuming. Distant enhancers flanking a gene of interest were
sually painstakingly identified through historic deletion series
n transgenic animals. These experiments occurred sequentially
n a largely trial and error fashion until the minimum sequence
ecessary to drive a given expression pattern was identified.
etrospective comparative analysis reveals that many of these

unctionally identified fragments strongly overlap with highly
onserved regions of the human genome. For example, the distal
iver-specific enhancer of APOE, a protein that impacts choles-
erol metabolism, cardiovascular and Alzheimer’s disease, was
riginally identified through such testing of many overlap-
ing gene fragments in transgenic mice [6,7], but retrospective
omparative analysis revealed that simple percent identity plot
uman–mouse comparisons would have readily identified this
epatic control region [84]. As is the case for numerous regu-
atory elements, had comparative data been available prior to
eginning these experiments, hypotheses based on sequences
nder evolutionary constraint could have directly guided these
tudies from their inception.

Today, with this background experience, we are privileged to
egin studies with computational sequence analysis followed by
unctional investigations. Such an approach can occur on a gene-
y-gene basis or at a whole genome level of analysis. As a caveat,
e should emphasize that comparative-based approaches are not
ithout limitations. Some enhancers will lack conservation or
Please cite this article in press as: Visel A, et al., Enhancer identificat
doi:10.1016/j.semcdb.2006.12.014

ay be missed by current computational tools, as illustrated in
his article by the relatively weak conservation of many exper-
mentally identified enhancers involved in heart development
Fig. 1B). While the thought of more vertebrate species genomic
 PRESS
mental Biology xxx (2007) xxx–xxx 11

equences is a daunting data management task, their availability
ill without doubt further improve our ability to know which

pecies to compare to address which biological question and
llow additional flexibility in the choice of organisms used in
ulti-species analyses.
Importantly, the possibility of deep alignments across a wide

ange of vertebrate taxa will also increasingly allow us to
ddress the relation between non-coding sequences and phe-
otypic diversity. One paradigmatic example to this end was the
nalysis of the aforementioned Hoxc8 early enhancer in a panel
f mammals that suggested that evolution of this enhancer con-
ributed to the differences in axial morphology distinguishing
aleen whales from other mammals [85]. While this study in the
re-genomic era relied on targeted sequencing of this regulatory
lement in a large number of species in the mammalian clade,
he ever-growing number of available vertebrate sequences will
ncreasingly allow for similar such studies at genomic scale.

The moderate-scale experimental testing of candidate
nhancers through transgenic approaches such as that described
ere are expected to provide larger training sets for improved
omputational predictions of what activities conserved
equences are likely to contain. The first level of annotation in
his area is occurring on the most highly (human–rodent “ultra”)
nd deepest (human–fish) conserved elements in the human
enome. These classes of conserved non-coding elements are
nriched near genes active in early development and this is
ot universally applicable for all types of known enhancers.
ather, they will serve to demonstrate how one can go from
omparative sequence data to their functional testing to using
he resulting dataset to computationally predict additional such
nhancer elements in the larger human genome. It is anticipated
hat through such an iterative process we will learn vital clues as
o developmental enhancer function and that this knowledge will
ranslate into a deeper understanding of the regulation of both
evelopmental and non-developmental genes in vertebrates.
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