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Abstract

Background: Comparative genomics is currently one of the most popular approaches to study
the regulatory architecture of vertebrate genomes. Fish-mammal genomic comparisons have
proved powerful in identifying conserved non-coding elements likely to be distal cis-regulatory
modules such as enhancers, silencers or insulators that control the expression of genes involved in
the regulation of early development. The scientific community is showing increasing interest in
characterizing the function, evolution and language of these sequences. Despite this, there remains
little in the way of user-friendly access to a large dataset of such elements in conjunction with the
analysis and the visualization tools needed to study them.

Description: Here we present CONDOR (COnserved Non-coDing Orthologous Regions)
available at: http://condor.fugu.biology.gmul.ac.uk. In an interactive and intuitive way the website
displays data on > 6800 non-coding elements associated with over 120 early developmental genes
and conserved across vertebrates. The database regularly incorporates results of ongoing in vivo
zebrafish enhancer assays of the CNEs carried out in-house, which currently number ~100.
Included and highlighted within this set are elements derived from duplication events both at the
origin of vertebrates and more recently in the teleost lineage, thus providing valuable data for
studying the divergence of regulatory roles between paralogs. CONDOR therefore provides a
number of tools and facilities to allow scientists to progress in their own studies on the function
and evolution of developmental cis-regulation.

Conclusion: By providing access to data with an approachable graphics interface, the CONDOR
database presents a rich resource for further studies into the regulation and evolution of genes
involved in early development.

Background of sequence elements that control complex gene expres-
In recent years, although great advances have been made  sion is lagging far behind. With exons accounting for only
in our ability to annotate gene sequences, the annotation  a tiny proportion of the genome (< 1.5%) there remains a
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vast amount of unannotated sequence, containing an
unknown number of functional elements. In particular,
the annotation of the complex network of cis-regulatory
modules (CRMs), such as enhancers and silencers, that
coordinate the precise spatial and temporal expression of
genes during development presents one of the biggest
challenges of the post-genomic era. This is predominantly
because we know so little about their language, mode of
action and origin, and traditional ways of identifying
them are difficult and laborious. The burgeoning field of
evolutionary developmental biology (termed evo-devo) is
increasingly shifting its emphasis towards the importance
of gene regulatory networks in the evolution of develop-
mental pathways [1]. Within evo-devo there is therefore
growing interest in the identification and characterization
of the CRMs that control these networks. With the com-
pletion of an increasing number of vertebrate genomes
the correlation between sequence conservation and bio-
logical function provides a powerful resource for the dis-
covery of functional elements. Indeed a number of recent
large-scale comparative studies have resulted in the iden-
tification of thousands of evolutionary constrained ele-
ments in the human genome (e.g. [2-5]). These conserved
non-coding sequences represent a diverse set of functional
elements, a proportion of which are likely to act as CRMs.

The confidence with which putative functional non-cod-
ing elements can be identified depends on the evolution-
ary distance between the species selected, and a balance
must be found between eliminating background noise
and retaining sufficient sequence similarity for detection
[6]. The inclusion of fish genomes in comparative analysis
has proved a highly successful approach to filter and pri-
oritize non-coding sequences most likely to be functional.

The large evolutionary distance between fish and mam-
mals means that even the slowest evolving DNA has
diverged sufficiently to significantly improve the signal to
noise ratio in genomic alignments. In particular the
genome of the pufferfish, Fugu rubripes, with its highly
compact non-coding regions, has been commonly used as
a model genome to increase the efficacy of detecting puta-
tive functional sequences. The similarities between mam-
mals and Fugu are recognisable despite their large
evolutionary divergence. Both vertebrates, they share not
only the defining characteristic of a backbone, but also
many basic anatomical and physiological similarities and
patterns of development. The strong parallels in early
developmental patterning are likely to be under control of
a common core set of genes and regulatory elements. Sig-
nificantly, a strong spatial association between highly
conserved non-coding elements (CNEs) and genes
involved in transcriptional regulation and/or develop-
ment (termed trans-dev genes) has been described in many
studies [3,4,7-9]. Functional testing has shown that con-
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served non-coding elements identified using very strict
conservation criteria in mammals (e.g. ultraconserved ele-
ments [3]) or using evolutionary distant species [4,10] are
considerably enriched for enhancer sequences. In both
mouse [11] and zebrafish [4], a large proportion of the
elements tested in-vivo function reproducibly to up-regu-
late tissue-specific expression of reporter genes during
development.

With an increasing supply of functional data, we have cre-
ated CONDOR (Conserved Non-coDing Orthologous
Regions), a database resource for the study of evolution-
ary conserved cis-regulation in early developmental genes.
Here, such elements are rigorously defined by optimal
alignment strategies for sequences as divergent as fish and
tetrapods, ensuring that sequences are derived from
orthologous regions. In addition, we cater for the growing
number of researchers in evo-devo interested in sets of
experimentally verified developmental enhancers. Thus
we couple both bioinformatics and functional data in a
visual and searchable form.

Construction and content

The relational database structure can be divided conceptu-
ally into two main parts, representing the two main
sources of data stored within it. The first relates to the
computationally derived dataset from Fugu-mammal
multiple alignments, in particular the CNEs identified
from them. The second stores functional (lab-based) data
from in vivo enhancer assays carried out in-house. While
these two datasets are integrated in the database their der-
ivation will be outlined separately.

Computational dataset

The core of the CONDOR database is made up of a set of
more than 6800 CNE:s identified through a combination
of sensitive multiple and multi-pairwise alignments of
orthologous regions between a baseline teleost Fugu
genome and four mammalian genomes including
human, mouse, rat and dog. The full methodology used to
identify CNEs can be seen in Figure 1. To ensure all align-
ments were carried out on contiguous orthologous
sequence, it was necessary in some cases to bridge gaps
and extend Fugu scaffolds using additional assembly data
(such as BAC ends and sequence from older assemblies)
from the Fugu Information Network [12]. The alignments
are targeted to regions previously identified genome-wide
as containing syntenic clusters of CNEs between the Fugu
and human genomes [4]. These clusters are almost exclu-
sively located in the vicinity one or more trans-dev genes.
The CONDOR database is therefore designed around
these distinct regions. Multiple alignments are more sen-
sitive and better suited for identifying conservation
between highly diverged sequences such as fish and mam-
mals than more commonly used pairwise alignments [13]
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and were carried out using the MLAGAN alignment
toolkit [14]. Currently the database covers 100 clusters of
CNEs (including ten that are duplicated in Fugu) encom-
passing 129 trans-dev genes conserved in synteny with
these clusters in both fish and mammals. The chromo-
somal locations of developmental gene regions currently
in the database can be seen in Figure 2. The CNEs are care-
fully filtered to exclude all elements that overlap known
coding exons and non-coding RNAs as well as repetitive
and low-complexity sequences. CNEs falling within UTRs
are retained, as it is not currently known whether these
function in a pre or post-transcriptional manner.

CNE gene
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Following initial identification, CNEs are searched for fur-
ther conservation in other available vertebrate genomes
that currently include seven mammals, one bird, one
amphibian and four teleosts. It is clear from a number of
recent studies that distal cis-regulatory elements can exert
their regulatory influence large distances from their target
gene [15], from within the introns of neighbouring genes
and across intervening genes [16]. The orthologous
regions used for alignments are not limited to the inter-
genic space surrounding the trans-dev gene(s) but rather
by the initial whole-genome CNE synteny map resulting
in the identification of CNEs that may be located large dis-

trans-dev
gene neighbouring

2. Expand genomic regions and identify all
potential trans-dev genes within region

P

3. Extract orthologous regions from mouse and rat
or dog and mask repeats using species-specific
libraries

6. Filter CNEs overlapping known coding
exons or ncRNAs as well as conservation
(through BLAST) in at least a fourth non-
primate, non-rodent, non-fish vertebrate

0 OND OR 7. CNEs populated

>

into CONDOR MySQL
database

Methodology for alignment and identification of CNEs between Fugu and mammalian orthologous genomic
sequences. Boundaries of CNE-containing regions are identified through a CNE synteny map created using a stringent whole
genome comparison of the non-coding portions of the human and Fugu genomes [4]. The genomic regions to be aligned are
then expanded past the map boundaries up to the next nearest known genes. Trans-dev genes in the region are determined
using appropriate GO ontologies and/or InterPro domains. Orthologous sequence corresponding to this expanded region in
human is then extracted from mouse, rat and/or dog genomes. Sequences are masked for repeats and are aligned using MLA-
GAN (identifying sequences conserved in the same order along the sequence) and SLAGAN (to identify conserved elements
that have undergone rearrangement in one or more lineages). CNEs are identified using VISTA and filtered to exclude any that
overlap known coding exons or ncRNAs. As an added stringency filter, only those CNEs that are conserved in at last four
divergent vertebrate genomes (including Fugu) are retained to avoid spurious matches.
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tances from the trans-dev gene or within the introns of
neighbouring genes (e.g. Figure 3). As these CNEs have
retained conserved syntenic order with the trans-dev gene
within orthologous regions of both mammalian and fish
genomes (despite these lineages having undergone signif-
icant genomic rearrangement since divergence [17]) they
are still likely to be associated with the most proximate
developmental gene(s) [18]. CNEs that have undergone
rearrangement (such as inversions and transpositions) in
one or more lineages are identified from the same orthol-
ogous sequences using Shuffle-LAGAN, filtered in the
same way and integrated into the final set [19]. The
emphasis in CONDOR of utilising alignments of strictly
orthologous sequence in addition to relaxed conservation
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criteria appropriate for fish-mammal distances increases
the ability to identify a larger number of CNEs whilst
decreasing the probability of getting spurious matches.
Indeed CNEs identified in this way have a number of
advantages over automated whole genome alignment
methods employed in similar comparative genomic data-
sets that are highly human-centric such as the VISTA
Enhancer Browser [20]. The first is the guarantee that
CNEs in CONDOR are indeed conserved across verte-
brates and their derivation is truly orthologous and not a
potentially spurious non-orthologous match. The second
is that the ability to rapidly map and survey CNEs in their
proper genomic context in both fish and mammals acts as
a useful filter in assigning likely target genes, that would

TSHZ2

HAB21L1
4

DACH1

Ssox21
ZIc2
SOX1

SOX3

Figure 2

Chromosomal locations of developmental gene regions currently covered in CONDOR. Red outlined boxes rep-
resent regions across which CNEs are distributed, and are proportional to the size of the region. The reference trans-dev gene
to which the region is associated is marked next to the box. In most cases this is the only trans-dev gene in the vicinity although
in 2 number of cases CNEs are interspersed within clusters of related trans-dev genes (e.g. the HOXD cluster) or within clusters
of unrelated trans-dev genes (e.g. the PAXI region which contains the trans-dev genes PAX |, NKX2.2, NKX2.8 and FOXA2). CNE
regions in CONDOR are found on all chromosomes except 21, 22 and Y. Figure created using Ensembl Karyoview [25].
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Example of the "CONDOR View" graphical browser for CNEs in the vicinity of the SOX21 gene in Fugu. Letters
indicate the following features. (A) Title bar shows the reference trans-dev gene and the current baseline organism. (B) Option
allowing users to change the baseline organism co-ordinate system to which CNEs are mapped on the graphic. (C) Clickable
graphic/image map representing all CNEs across the baseline sequence. Top bar represents the length of the sequence in kilo-
bases (here ~66 Kb). The CDS track shows gene structures (exons indicated as red boxes) with the end arrow indicating the
strand direction of the gene. The four organism tracks represent the organism sequences used in the initial MLAGAN/SLA-
GAN alignments. CNEs are positioned according to the baseline co-ordinate system and drawn as boxes with lengths relative
to their size in bps. CNEs are 'bumped' onto lower lines if located too close to another CNE for them to be differentiated on
a single line. While all CNEs are mapped to the baseline sequence, boxes are drawn in the other organisms if they are con-
served to that CNE in the MLAGAN alignment. Moving the mouse over a specific CNE in one of the organism tracks brings up
summary data on that CNE in a table below the browser (E). If the CNE has functional annotation (as shown) a composite
schematic of GFP expression is displayed underneath. Clicking on the image map opens up a new web page with detailed infor-
mation on the CNE. (D) Users can zoom in or out of the image map to get a clearer view of specific sets of CNEs (useful in
larger regions).

not be possible looking solely at the mammalian context
[21]. The high level of genome rearrangement and gene
loss since the tetrapod/teleost split [17] means in many
cases genes that are interspersed or located close to CNEs
in mammalian genomes are no longer present as
orthologs when viewing the same CNE region in the Fugu
genome, leaving only the remaining trans-dev genes con-
served in both genomes as potential targets [21].

Numbers of CNEs in each region in CONDOR vary con-
siderably, ranging from two in the PAX8 region to 342 in
the IRX3/5/6-SALL1 region, possibly reflecting differences
in regulatory complexity and the extent to which regula-
tion has been conserved between fish and mammals as
well as the possible presence of overlapping regulatory
domains. CNEs in CONDOR range in length from 21-
864 bp (mean = 117 bp) and cover some 750 Kb of
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human sequence, or around 0.05% of the non-repetitive
genome. Therefore, although this set represents a tiny frac-
tion of the ~5% of the human genome thought to be
under selective constraint [22] it is proven to be of the
highest regulatory potential in development [4,23,11].

It is important for future analyses that published sets of
tested CRMs identified through species comparisons can
in some way be traced back to a sequence repository and
thus properly defined, similar to the definition of
sequences in protein or transcript databases. Commonly
in currently published work, functionally characterized
conserved non-coding sequences are referred to by some
arbitrary name and by their location in the genome or the
distance from the start of a gene. This often changes with
the release of updated genome assemblies and makes it
difficult for other researchers to track the sequence back
from the literature. In response, CONDOR is the first
database to use specific identifiers for conserved non-cod-
ing elements in each genome, independent of their cur-
rent location in a genome assembly. Unique identifiers
are used both to refer to a CNE orthologous unit (akin to
a cluster of orthologous genes), e.g. CRCNE00000054,
which is useful in defining a CNE in any vertebrate
genome to which it is conserved, as well as individual
sequences within the CNE, e.g. CRCNEAC00000172 (in
human), from sequences used to define the element in the
original multiple alignment (i.e. human, mouse, rat, dog
and Fugu). Specific identifiers are only assigned to
sequences in these species (as opposed to any of the other
vertebrate genome in which a CNE is present), as they are
only sequences that can be strictly guaranteed to derive
from orthologous regions.

In vivo enhancer assay dataset

The CONDOR database also serves as a repository of
CNEs experimentally tested in vivo for enhancer activity,
with around 100 elements currently tested. Details of this
in vivo assay using the zebrafish model Danio rerio have
been published previously[4]. Briefly, as candidate
enhancer elements, CNEs are PCR amplified using prim-
ers designed as close to the conserved sequence as possi-
ble. This guarantees that as far as possible any activity
from the assay derives directly from the conserved
sequence and not from undetected regulatory signals in
non-conserved flanking sequence. Other enhancer assays
(e.g. [11] and [24]) often include large regions of
sequence that flank the conserved element, making it
increasingly difficult to narrow down the sequences
responsible for enhancer activity. The PCR product is co-
injected together with a GFP reporter construct under the
control of a human B-globin minimal promoter into
zebrafish embryos before the eight cell stage. Embryos are
generally screened for GFP expression 24-30 hours post
fertilization (hpf) and again at 48-54 hpf. It is not
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thought that the injected DNA is integrated into the
genome leading to mosaic expression. Therefore for each
assay, we generate GFP expression data from a minimum
of 25 embryos in order to obtain an overall expression
profile. Using graphics software, this profile is depicted
schematically as color-coded cells drawn onto an overlay
of a camera-lucida drawing of either a 24-30 hpf or 48-
54 hpf embryo. The color-coding relates to nine broad
expression domains (e.g. central nervous system, sensory
organs etc) that can be visualized as separate schematics.
These are further subdivided into one or more localized
expression domains (e.g. forebrain, midbrain and hind-
brain) and the proportion of embryos with expression in
each sub-domain is shown as a bar chart.

The transparency and rapid development of zebrafish
renders it a popular model organism for developmental
biology. Unlike the mouse model, large numbers of
embryos can be screened and GFP expression can be read-
ily monitored in a live embryo. Also mouse embryos are
opaque, and so without dissection, low levels of expres-
sion may remain undetected. Since complementary
results can be obtained when assaying human-fish con-
served elements in either model system [25], data from
our in vivo assay represents a valuable foundation for pri-
oritizing more focused studies in a mammalian system. As
with any assay system there are a number of caveats asso-
ciated with interpreting results. Elements are tested out of
their genomic context and may not produce the same pat-
terns of expression as they would in the genome, possibly
due to structural or steric influences or interactions with
other elements not present in the assay. In addition, CNEs
that test 'negative' in our assay may act as enhancers in
time points beyond the assay, or in rare cell types. Alterna-
tively, they may be acting as another type of functional
element such silencers, structural regulators or ncRNAs.
Users should therefore take these caveats into considera-
tion.

The number of tested elements in the database will con-
tinue to grow in the future as in-house gene-centric studies
continue and new techniques are employed and devel-
oped (such as a Tol2 integration [26] and recombineer-
ing), although no systematic assaying of all elements in
the database is currently planned. The number of labs
using zebrafish embryos to assay developmentally associ-
ated CNEs for enhancer activity is increasing rapidly. We
therefore invite scientists using this assay to contribute
their annotations from such studies (following publica-
tion) to CONDOR to make the database a community
resource and allow those results to become more widely
available and distributed.
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Utility and discussion

Both comparative genomic data and in vivo results are
publicly available as a web-based resource. The website is
designed to make the interrogation and visualisation of
this data as user friendly and intuitive as possible, catering
for both lab-based investigators interested in biological
function and bioinformatics researchers interested in
sequences datasets of high regulatory potential. The web
site therefore provides a number of approaches by which
the data can be accessed, visualised and downloaded.

Interrogation and visualization of CNEs by genomic region
The central search page allows CNE-containing gene
regions to be located from a pull-down list or searched
more generally through a text search by gene name, pro-
tein accession number, GO term etc for any genes con-
tained within these regions. Once located, CNEs within a
gene region can be visualized via an interactive graphical
browser (termed 'CONDOR View') or in a tabular form
(termed 'Text View'). Each gene region analysed extends as
far as the shared synteny and gene order between fish and
mammals, allowing for long-range cis-regulatory elements
that may lie within or beyond neighbouring genes. These
regions are represented in CONDOR View so that users
can graphically view the positions of CNEs along a chosen
baseline genome in relation to other vertebrate CNEs. The
conservation or absence of CNEs in other genomes used
in the initial multiple alignment are also indicated
through separate tracks in the browser. An example of
'CONDOR View' for CNEs in the SOX21 region in Fugu
can be seen in Figure 3. By mousing over a CNE, simple
information such as position, length, conservation etc. is
displayed and an overview of enhancer activity is also
shown for elements that have been tested (Figure 3). Users
can zoom in and out of the browser to view specific
regions in more detail (particularly useful in very large
regions spanning several megabases) as well as select only
CNEs that have been tested for enhancer activity. Directly
clicking on the CNE in the browser opens a separate web-
page with detailed sequence, evolutionary and in-vivo
assay data (if available).

'Text view' displays information on the CNE:s in a tabular
format providing additional data to that in 'CONDOR
View', giving details of conservation in other vertebrate
genomes (Figure 4) and highlighting CNEs that are dupli-
cated elsewhere in the genome (see later section). Its main
function is to allow users to prioritize a set of CNEs for
further study by sorting them based on specific criteria
such as length, conservation score or occurrence in any
one of 19 vertebrate genomes currently in the database.
For example, a user can choose to display zebrafish CNEs
with the highest conservation scores within a specific gene
region. In addition, the chromosomal or genome assem-
bly positions of CNEs can be displayed for all 19 verte-
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brate genomes with external links to their position in the
Ensembl Genome Browser. All assembly versions used in
the database are promptly updated upon new releases.

The database is also available as a permanent DAS source
within the most current human, mouse and rat assemblies
at the Ensembl Genome Browser [27] so that any overlap
between the CNEs and an increasing number of in silico
and experimental annotations can be readily viewed. A
similar track in the UCSC Genome Browser is also
planned in the future.

Searching CNEs by enhancer activity

The vast majority of CNEs exhibit no sequence identity to
any other sequence in the genome [4,28,29]. However,
their seemingly unique nature stands in contrast to their
apparent ability to drive expression to similar anatomical
locations [4,11,23]. Therefore, while CNEs show little
intra-genomic conservation at the sequence level, they are
likely to share small common motifs representing pro-
tein-binding sites not readily detectable by sequence con-
servation algorithms. Indeed, a recent study of a broader
set of conserved elements in mammals identified more
than 200 overrepresented motifs, raising the possibility
that specific motifs may be associated with specific classes
of functional elements [30]. Clustering CNEs by their spa-
tial and temporal specific enhancer activity to look for
similar common motifs may therefore allow us to begin to
discern the language of developmental enhancers. CON-
DOR provides a search facility that allows a user to search
for tested CNEs driving expression in any of 19 anatomi-
cally distinct tissues and two developmental time points
in zebrafish embryos. Figure 5 gives an example of search
results for CNEs driving strong expression in the eye. A
multi-FASTA file of all the resultant sequences is also
returned to allow for further downstream analyses such as
searching for common motifs or known transcription fac-
tor binding sites.

CONDOR will enable greater accessibility to ongoing
functional data of cis-regulatory elements complementing
and adding to the growing list of enhancers tested in the
mouse model [20] with the added advantage of more
developmental time points in zebrafish. As more anno-
tated enhancers become available (in particular those
confirmed by more than one assay system) statistical
approaches aimed at deriving a regulatory language from
this training set should become attainable.

Studying duplicated elements and regulatory
subfunctionalization

Whilst the vast majority of CNEs conserved across verte-
brates are unique in the human genome [4,29] an inter-
esting subset are part of multi-member families that share
significant sequence similarity and derive from ancient
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Example of part of a "Text View" web results page for CNEs in the vicinity of the SOX2/ gene in Fugu. The two
top bars represent keys to data within the table relating to genomes in which CNEs are conserved, conservation scores and
functional annotation. Links through names/pictures relating to all vertebrate genomes currently within CONDOR allow users
to filter the CNEs by those conserved in a specific genome or to view the chromosomal locations of the CNEs in that genome.
Main table shows data and features of each CNE in the region. The sequence data includes CNE identifier, location, position
with relation to reference gene, length, conservation etc. CNE features shown also include the LPC score (a composite score
that takes both the length and conservation of the element into consideration), whether a CNE is duplicated elsewhere in the
genome (referred to as a dCNE or duplicated CNE [29]), whether the CNE has an in vivo annotation associated with it (and the
general result of that annotation), and what vertebrate genomes it is conserved in.

whole-genome duplications at the origin of vertebrates
[31]. These dCNEs (duplicated CNEs) are located in the
vicinity of trans-dev paralogs and offer an important
resource for studying cis-regulatory element evolution
after duplication and how this influences paralogous gene
function. It is worth noting that since CNEs can act over a
long range, identifying their target gene can become com-
plex when studying a region that contains more than one
developmental gene. In the case of dCNEs, the retention
of both element and gene after duplication, strongly

implies association [32]. CONDOR highlights those
CNEs that are duplicated (see Figure 4 as an example) and
provides a tool to create alignments and locate genomic
positions of all other members in any of the vertebrate
genomes searched.

In addition, the CONDOR database is the first resource to
make available data on CNEs identified from a number of
teleost-specific duplicated regions within Fugu from align-
ments where both Fugu gene regions are compared inde-
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pendently to the same (ancestral) region in mammals.
Recent comparative analysis of CNEs in these regions
reveals assymetrical evolutionary rates and a pattern of
retention and loss of CNEs between duplicated genes
indicative of regulatory subfunctionalization [33]. To
facilitate their study, CONDOR supplies an extra facility
that allows the CNEs in these duplicated regions to be
compared side-by-side highlighting those CNEs that have
partitioned to a specific gene copy as well as those con-
served to some degree in both copies.

Additional tools and features

In addition to providing data on the locations and
sequence information of each CNE, CONDOR also pro-
vides a number of other features to help study the func-
tion and evolution of these sequences:

e To facilitate the amplification of CNEs from a genome
of choice for in vivo or in vitro analysis, a number of auto-
matically generated PCR primer predictions using the
EPrimer3 program [34] are provided for all CNEs. Alterna-
tively, flanking sequence around the CNE of a user-
defined size can be downloaded to allow manual primer
design.

¢ Sensitive BLAST alignments of any CNE against a variety
of nucleotide sequence databases can be displayed
dynamically (where the user can choose the e-value
threshold of results displayed). Database searches include
a variety of vertebrate genomes (see Figure 3) as well as
transcribed sequence databases such as EMBL EST and
Unigene and ncRNA databases that are updated on a reg-
ular basis. This extensive resource has a number of uses,
predominant of which is identifying those genomes in
which the CNE has been duplicated in lineage (such as
those at the origin of vertebrates [31] or within the teleosts
[33]) or species-specific duplication events.

¢ To aid evolutionary analyses of CNEs, and utilising the
BLAST results, a user can choose any combination of ver-
tebrate genome from which to produce a multiple align-
ment of the CNE (from a choice of two aligners) allowing
lineage or species specific mutational events to be
detected. The output produces the multiple alignment in
a number of formats (such as FASTA, MSF etc) that can be
directly viewed in the browser or downloaded for further
downstream analysis.

e CNEs from each of the main genomes can be down-
loaded in bulk as a set of sequences in FASTA format or as
a tab-delimited file with substantial sequence and posi-
tional data. Bulk downloads can also be filtered by
genome, gene region or CNE length and conservation.

http://www.biomedcentral.com/1471-213X/7/100

Technical specifications

The database is run on a Solaris platform and housed
using the MySQL (v1.4.0) database management system
at the School of Biological and Chemical Sciences, QMUL,
London. The web interface is run on an Apache web server
that serves a set of CGI scripts and static web pages. The
"CONDOR-View" graphical browser is created using the
Bioperl Bio::Graphics module [35]. CNEs are served to the
Ensembl Genome browser using the ProServer DAS server
(v2) [36].

Conclusion

The identification and characterisation of distal CRMs
that control the complex gene regulatory networks in early
vertebrate development remain one of the greatest chal-
lenges of the post-genomic era. It is of increasing interest
to the scientific community for datasets of predicted
CRMs that are well defined, easily accessible and manage-
able in number. Here we present CONDOR, a database
resource of both predicted and experimentally verified
orthologous non-coding elements conserved across the
vertebrate lineage and associated with early developmen-
tal regulators. This resource is designed both for the
increasing number of experimental groups interested in
prioritising a set of elements for experimental verification
and computational users interested in training sets with
high regulatory potential.

Availability and requirements

The CONDOR database is publicly available without pay-
ment or registration at http://condor.fugu.biol
ogy.gmul.ac.uk. A full tutorial can be found on the web-
site. Please cite this paper when publishing data using
computational data from CONDOR. Use of functional
data in publications is only permitted with prior agree-
ment from the corresponding author. Positions of CNEs
within vertebrate genome assemblies are constantly
updated as new versions are released and in vivo zebrafish
enhancer annotations are added to the database automat-
ically once results for each experiment are collated.
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SEARCH CNEs VIA FUNCTION

Search CNEs that up-regulate GFP reporter-gene expression in:
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i
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Figure 5

Searching for CNEs through functional annotation. As well as viewing annotation for individual CNEs, sequences can
be searched for enhancer activity in one or more tissue types (in this example the eye) and one or more developmental
stages (24-30 and 48-54 hours post fertilization). Parameters can also be changed to include only strong expressers in the
selected tissue type. A composite schematic of the expression domains as well as a histogram of the proportion of embryos
expressing in each tissue type are shown for all annotations fulfilling the search criteria. Hyperlinks are provided for each CNE
to view annotations in more detail. A multi-FASTA sequence file of the CNEs returned in the search is provided to use in
downstream analysis such as searches for overrepresented words/conserved transcription factor binding sites etc responsible
for regulation to this tissue.

Page 10 of 11

(page number not for citation purposes)



BMC Developmental Biology 2007, 7:100

the most from MLAGAN/SLAGAN and Jonathan Crabtree and Lincoln
Stein for help on using the BioPerl Bio::Graphics module. We would also
like to thank Peter Tribble for setting up and maintaining the server upon
which the CONDOR database and website runs. This work was funded by
the UK Medical Research Council. All authors have read and approved the
manuscript.

References

2.

Carroll SB: Evolution at two levels: on genes and form. PLoS
Biol 2005, 3(7):e245.

Margulies EH, Green ED: Detecting highly conserved regions of
the human genome by multispecies sequence comparisons.
Cold Spring Harb Symp Quant Biol 2003, 68:255-263.

Bejerano G, Pheasant M, Makunin |, Stephen S, Kent W]J, Mattick JS,
Haussler D: Ultraconserved elements in the human genome.
Science 2004, 304(5675):1321-1325.

Woolfe A, Goodson M, Goode DK, Snell P, McEwen GK, Vavouri T,
Smith SF, North P, Callaway H, Kelly K, Walter K, Abnizova I, Gilks
W, Edwards Y], Cooke JE, Elgar G: Highly conserved non-coding
sequences are associated with vertebrate development. PLoS
Biol 2005, 3(1):e7.

Venkatesh B, Kirkness EF, Loh YH, Halpern AL, Lee AP, Johnson |,
Dandona N, Viswanathan LD, Tay A, Venter JC, Strausberg RL, Bren-
ner S: Ancient noncoding elements conserved in the human
genome. Science 2006, 314(5807):1892.

Boffelli D, Nobrega MA, Rubin EM: Comparative genomics at the
vertebrate extremes. Nat Rev Genet 2004, 5(6):456-465.

Iwama H, Gojobori T: Highly conserved upstream sequences
for transcription factor genes and implications for the regu-
latory network. Proc Natl Acad Sci U S A 2004,
101(49):17156-17161.

Sandelin A, Bailey P, Bruce S, Engstrom PG, Klos JM, Wasserman
WWV, Ericson |, Lenhard B: Arrays of ultraconserved non-coding
regions span the loci of key developmental genes in verte-
brate genomes. BMC Genomics 2004, 5(1):99.

Siepel A, Bejerano G, Pedersen JS, Hinrichs AS, Hou M, Rosenbloom
K, Clawson H, Spieth ], Hillier LW, Richards S, Weinstock GM, Wil-
son RK, Gibbs RA, Kent WJ, Miller W, Haussler D: Evolutionarily
conserved elements in vertebrate, insect, worm, and yeast
genomes. Genome Res 2005, 15(8):1034-1050.

Shin JT, Priest JR, Ovcharenko I, Ronco A, Moore RK, Burns CG,
MacRae CA: Human-zebrafish non-coding conserved ele-
ments act in vivo to regulate transcription. Nucleic Acids Res
2005, 33(17):5437-5445.

Pennacchio LA, Ahituv N, Moses AM, Prabhakar S, Nobrega MA,
Shoukry M, Minovitsky S, Dubchak |, Holt A, Lewis KD, Plajzer-Frick
I, Akiyama J, De Val S, Afzal V, Black BL, Couronne O, Eisen MB, Visel
A, Rubin EM: In vivo enhancer analysis of human conserved
non-coding sequences. Nature 2006, 444(71 18):499-502.

Fugu Information Network [http://fugu.biology.gmul.ac.uk].

Margulies EH, Chen CW, Green ED: Differences between pair-
wise and multi-sequence alignment methods affect verte-
brate genome comparisons. Trends Genet 2006, 22(4):187-193.
Brudno M, Do CB, Cooper GM, Kim MF, Davydov E, Green ED,
Sidow A, Batzoglou S: LAGAN and Multi-LAGAN: efficient
tools for large-scale multiple alignment of genomic DNA.
Genome Res 2003, 13(4):721-731.

Lettice LA, Heaney §J, Purdie LA, Li L, de Beer P, Oostra BA, Goode
D, Elgar G, Hill RE, de Graaff E: A long-range Shh enhancer reg-
ulates expression in the developing limb and fin and is asso-
ciated with preaxial polydactyly. Hum Mol Genet 2003,
12(14):1725-1735.

Spitz F, Gonzalez F, Duboule D: A global control region defines
a chromosomal regulatory landscape containing the HoxD
cluster. Cell 2003, 113(3):405-417.

McLysaght A, Enright AJ, Skrabanek L, Wolfe KH: Estimation of
synteny conservation and genome compaction between
pufferfish (Fugu) and human. Yeast 2000, 17(1):22-36.

Goode DK, Snell P, Smith SF, Cooke JE, Elgar G: Highly conserved
regulatory elements around the SHH gene may contribute
to the maintenance of conserved synteny across human
chromosome 7q36.3. Genomics 2005, 86(2):172-181.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.
36.

http://www.biomedcentral.com/1471-213X/7/100

Brudno M, Malde S, Poliakov A, Do CB, Couronne O, Dubchak |, Bat-
zoglou S: Glocal alignment: finding rearrangements during
alignment. Bioinformatics 2003, 19 Suppl 1:i54-62.

Visel A, Minovitsky S, Dubchak I, Pennacchio LA: VISTA Enhancer
Browser--a database of tissue-specific human enhancers.
Nucleic Acids Res 2007, 35(Database issue):D88-92.

Kikuta H, Laplante M, Navratilova P, Komisarczuk AZ, Engstrom PG,
Fredman D, Akalin A, Caccamo M, Sealy I, Howe K, Ghislain ], Peze-
ron G, Mourrain P, Ellingsen S, Oates AC, Thisse C, Thisse B, Foucher
I, Adolf B, Geling A, Lenhard B, Becker TS: Genomic regulatory
blocks encompass multiple neighboring genes and maintain
conserved synteny in vertebrates. Genome Res 2007.
Waterston RH, Lindblad-Toh K, Birney E, Rogers ], Abril JF, Agarwal
P, Agarwala R, Ainscough R, Alexandersson M, An P, Antonarakis SE:
Initial sequencing and comparative analysis of the mouse
genome. Nature 2002, 420(6915):520-562.

de la Calle-Mustienes E, Feijoo CG, Manzanares M, Tena JJ, Rod-
riguez-Seguel E, Letizia A, Allende ML, Gomez-Skarmeta JL: A func-
tional survey of the enhancer activity of conserved non-
coding sequences from vertebrate Iroquois cluster gene
deserts. Genome Res 2005, 15(8):1061-1072.

Sanges R, Kalmar E, Claudiani P, D'Amato M, Muller F, Stupka E: Shuf-
fling of cis-regulatory elements is a pervasive feature of the
vertebrate lineage. Genome Biol 2006, 7(7):R56.

Abbasi AA, Paparidis Z, Malik S, Goode DK, Callaway H, Elgar G,
Grzeschik KH: Human GLI3 Intragenic Conserved Non-Cod-
ing Sequences Are Tissue-Specific Enhancers. PLoS ONE 2007,
2:e366.

Fisher S, Grice EA, Vinton RM, Bessling SL, Urasaki A, Kawakami K,
McCallion AS: Evaluating the biological relevance of putative
enhancers using Tol2 transposon-mediated transgenesis in
zebrafish. Nat Protoc 2006, 1(3):1297-1305.

Hubbard TJ, Aken BL, Beal K, Ballester B, Caccamo M, Chen Y, Clarke
L, Coates G, Cunningham F, Cutts T, Down T: Ensembl 2007.
Nucleic Acids Res 2007, 35(Database issue):D610-7.

Dermitzakis ET, Reymond A, Scamuffa N, Ucla C, Kirkness E, Rossier
C, Antonarakis SE: Evolutionary discrimination of mammalian
conserved non-genic sequences (CNGs).  Science 2003,
302(5647):1033-1035.

Margulies EH, Blanchette M, Haussler D, Green ED: Identification
and characterization of multi-species conserved sequences.
Genome Res 2003, 13(12):2507-2518.

Xie X, Mikkelsen TS, Gnirke A, Lindblad-Toh K, Kellis M, Lander ES:
Systematic discovery of regulatory motifs in conserved
regions of the human genome, including thousands of CTCF
insulator sites. Proc Natl Acad Sci U S A 2007, 104(17):7145-7150.
McEwen GK, Woolfe A, Goode D, Vavouri T, Callaway H, Elgar G:
Ancient duplicated conserved noncoding elements in verte-
brates: a genomic and functional analysis. Genome Res 2006,
16(4):451-465.

Vavouri T, McEwen GK, Woolfe A, Gilks WR, Elgar G: Defining a
genomic radius for long-range enhancer action: duplicated
conserved non-coding elements hold the key. Trends Genet
2006, 22(1):5-10.

Woolfe A, Elgar G: Comparative genomics using Fugu reveals
insights into regulatory subfunctionalization. Genome Biol
2007, 8(4):R53.

Rice P, Longden |, Bleasby A: EMBOSS: the European Molecular
Biology Open Software Suite. Trends Genet 2000,
16(6):276-277.

BioPerl [http://www.bioperl.org]. .

Proserver DAS server [http://[www.sanger.ac.uk/Software/
analysis/proserver]. .

Page 11 of 11

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16000021
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15338625
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15338625
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15131266
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15630479
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15630479
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17185593
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17185593
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15153998
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15153998
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15572454
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15572454
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15572454
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15613238
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15613238
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15613238
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16024819
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16024819
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16024819
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16179648
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16179648
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17086198
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17086198
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16499991
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16499991
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16499991
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12654723
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12654723
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12837695
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12837695
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12837695
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12732147
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12732147
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12732147
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10797599
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10797599
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10797599
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15939571
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15939571
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15939571
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12855437
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12855437
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17130149
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17130149
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17387144
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17387144
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17387144
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12466850
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12466850
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12466850
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16024824
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16024824
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16024824
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16859531
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16859531
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16859531
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17426814
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17426814
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17406414
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17406414
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17406414
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17148474
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14526086
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14526086
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14656959
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14656959
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17442748
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17442748
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17442748
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16533910
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16533910
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16533910
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16290136
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16290136
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16290136
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17428329
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17428329
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10827456
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10827456

	Abstract
	Background
	Description
	Conclusion

	Background
	Construction and content
	Computational dataset
	In vivo enhancer assay dataset

	Utility and discussion
	Interrogation and visualization of CNEs by genomic region
	Searching CNEs by enhancer activity
	Studying duplicated elements and regulatory subfunctionalization
	Additional tools and features
	Technical specifications

	Conclusion
	Availability and requirements
	Authors' contributions
	Acknowledgements
	References

