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Many conserved non-coding elements (CNEs) in ver-

tebrate genomes have been shown to function as tissue-

specific enhancers. However, the target genes of most

CNEs are unknown. Here we show that the target genes

of duplicated CNEs can be predicted by considering their

neighbouring paralogous genes. This enables us to

provide the first systematic estimate of the genomic

range for distal cis-regulatory interactions in the human

genome: half of CNEs are O250 kb away from their

associated gene.
Introduction

Candidate regulatory elements are often identified using
comparative genomics because sequence conservation is
considered to indicate negative selection and functional
constraint [1–3]. However, the assignment of regulatory
elements to genes is a challenging and laborious task.
Distal cis-regulatory elements in vertebrates are often
located far from the genes they interact with and, in some
cases, they are found within the introns of neighbouring
genes [4–8]. For example, in the human genome, an
enhancer of the Sonic Hedgehog gene (SHH) is found
within an intron of a gene that is located 1 Mb away from
SHH [4]. Similarly, an enhancer of PAX6 is 200-kb
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downstream of PAX6 [6]. This makes the association of
genes with their potential regulatory elements a signifi-
cant problem in the human genome.

Conserved non-coding elements (CNEs) in vertebrate
genomes have been found to cluster near transcription
factors and developmental regulators, indicating that they
are involved in vertebrate development [7,9–11]. Indeed,
most of the experimentally tested CNEs in transient
transfection assays appear to function as tissue-specific
enhancers [7,11,13]. Subsets of CNEs have been found to
share sequence similarity and to reside next or within a
few genes from transcription factors from the same
protein families [9–13] (G.K. McEwen et al., unpublished
data). For example, in a recent analysis, five sets of CNEs
were found to share O75% identity over an alignment
length of at least 50 bp [10]. These findings suggest that
duplicated CNEs (dCNEs) might be cis-regulatory
elements that direct tissue-specific expression and,
assuming that sequence similarity indicates similarity of
function, they are expected to be shared between
paralogous genes with common expression patterns [14].
In this article, we propose the comparison of all
neighbouring protein-coding genes with each other as an
unbiased method to assign dCNEs to specific genes, even
when the dCNEs are located hundreds of kilobases away
from their predicted targets. Assigning dCNEs to individ-
ual genes enables us to calculate the distances that
separate these elements from their predicted targets.
Assuming that dCNEs function as cis-regulatory
elements, we present the first computational analysis
that aims to define the genomic radius of regulatory
activity for cis-elements involved in early development in
the human genome.

dCNEs are associated with duplicated genes

To test whether duplicated CNEs are the result of
retention of regulatory elements after gene duplication,
we used a set of CNEs that is conserved between the
human and Fugu genomes, identified by a more sensitive
search than previously described in Ref. [11] (supplemen-
tary material online and G.K. McEwen et al., unpublished
data). The resulting set of DNA elements consists of 267
dCNEs that can be grouped into 129 families of two-to-four
members (a mean of two dCNEs per family). For every
family, there is at least one dCNE with a match in the
Fugu genome; the rest possibly represent more recent
duplications. All dCNEs from the same family (except for
one pair of dCNEs) are located on different chromosomes
in the human genome. The smallest dCNE in the human
genome is 42 bp and has an 85% identical match in the
Fugu genome. The mean dCNE length is 178 bp and the
mean percent identity of the dCNEs when compared with
their Fugu counterparts is 84%. The longest dCNE in the
human genome is 737 bp and has an 83% identical match
in the Fugu genome. As further evidence that the dCNEs
are potential regulatory elements, 95% (253/267) of the
dCNEs overlap 100-bp intervals of the human genome
that have a positive three-way regulatory potential (RP)
score [15]. Sequences with positive RP scores are
considered useful for identifying putative regulatory
elements [16].
www.sciencedirect.com
Having first established a set of dCNEs, we then set out
to define their potential target genes using a method we
term ‘paralogy mapping’. The most distal regulatory
element documented in the human genome is the Sonic
Hedgehog (SHH) enhancer, which is 1 Mb from its target
gene [4]. Because all known cis-regulatory elements are
located within 1 Mb from their associated genes, we
retrieved all protein-coding genes that are found up to
1 Mb from each dCNE in the human genome (using
Ensembl v29 [17]). These genomic regions contain
between one and 57 genes (with a mean of 12 genes). We
then identified the genes that have paralogues in the
regions that neighbour at least two dCNEs from the same
family (Figure 1a). Protein paralogy for this analysis was
defined according to the TRIBE-MCL clustering of the
human protein-coding genes in Ensembl [18]. Based on
paralogy mapping, most dCNEs (63%) are associated with
just one gene, indicating that dCNEs are regulatory
elements retained after duplication with their target
gene (Figure 1b). Furthermore, 246 dCNEs (92%) can be
associated with one or more genes (Figure 1b). Although
our analysis cannot rule out the possibility that dCNEs
are cis-regulatory elements affecting the gene expression
of several neighbouring genes, most dCNEs are found
close to one or more paralogues, providing unbiased
evidence that CNEs are not genomic features independent
of their genic environment. Instead CNEs, when dupli-
cated, are retained with their neighbouring genes.

The sequence similarity of CNEs between the human
and the Fugu genome suggests that they are functional in
both species. It would be reasonable then to assume that
the predicted target genes would also be the same in both
species. The draft sequence of the Fugu genome is
assembled into w8000 scaffolds, each between 2 kb and
1 Mb in length [19]. Therefore, to test whether the Fugu
dCNEs are within the same scaffold as the Fugu orthologue
of their predicted target, we analysed 158 dCNEs that have
a single predicted target within 1 Mb in human and have a
hit in the Fugu genome (using BLAST, database sizeZ
330 Mb, e-value%10K4). The Fugu orthologues of the
human predicted-dCNE targets were retrieved from
Ensembl (using unique best reciprocal hit and reciprocal
hit based on synteny). In 84/158 examples, the Fugu
orthologue is found in a scaffold that contains a match with
the human dCNE. For most of the remaining dCNEs
(70/74), the distance between the dCNE and the end of the
Fugu scaffold was less than the distance between the dCNE
and the human predicted target gene. Therefore, these
examples do not enable any conclusions to be made about
the association of dCNEs and the predicted targets in Fugu.
For three out of the four remaining dCNEs, another
member of the same family has a ‘hit’ and a predicted
orthologous target gene in the same scaffold in Fugu.
Hence, the results of this analysis are consistent with the
initial hypothesis that the genes associated by paralogy
mapping with dCNEs in human are their bona fide targets.

dCNEs are retained with duplicated transcription factors

It has previously been shown that genes adjacent to CNEs
usually encode transcription factors [9–11]. We confirmed
this ‘enrichment’ for transcription factors (P-value
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Figure 1. Predicting target genes for dCNEs by paralogy mapping. (a) Two dCNEs that share sequence similarity were assigned to a single gene by paralogy mapping. The

dCNEs and the protein-coding genes that are located within 400 kb are shown. dCNE A and dCNE B (yellow) are 60% identical over their entire length. Only two genes (LHX1

and LHX5, shown in red) that are found within 1 Mb of these dCNEs belong to the same protein family. Both dCNEs are located w300 kb from their predicted target. LHX1 and

LHX5 belong to the LIM protein family, which contains 16 members in humans. These two genes are expressed in similar patterns in the early development of the vertebrate

brain [25]. The diagram is not drawn to scale. (b) We assumed that dCNEs are cis-regulatory elements, retained with duplicated genes, and we counted the number of

paralogous genes that are adjacent to or neighbour similar dCNEs. This pie chart shows the number of genes assigned to dCNEs that are located within 2 Mb (i.e. 1 Mb

upstream and 1 Mb downstream). For the majority of dCNEs (shown in purple), there is a single predicted target. At this genomic radius, only 8% of dCNEs cannot be

assigned to any probable targets on the basis of paralogy mapping. Abbreviations: AATF, apoptosis antagonizing transcription factor; LHX1, LIM homeobox 1; LHX5, LIM

homeobox 5; MYOHD1, myosin head domain containing 1; PIGW, phosphatidylinositol glycan, class W; RBM19, RNA-binding motif protein 19; SDS, serine dehydratase;

SDSL, serine dehydratase-like; TBC1D3B, TBC1 domain family member 3B; ZNF403, zinc finger protein 403; ZNHIT3, zinc finger hit type 3.

Update TRENDS in Genetics Vol.22 No.1 January 2006 7
!10K22) by comparing the Gene Ontology (GO) annota-
tion [20] of all Fugu genes within 1 Mb of the dCNEs with
those in the human genome using GOstat [21] (Table 1 in
the supplementary material online). We then assessed the
www.sciencedirect.com
transcription-factor enrichment of genes identified by
paralogy mapping compared with that of genes adjacent
to dCNEs. This comparison revealed an even
stronger enrichment for transcription-factor activity
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(P-value !10K73, Table 1 in the supplementary material
online). This result is not a consequence of transcription
factors being over-represented in multigene families in
the human genome: 46% of the predicted dCNE target
genes are annotated with the GO term ‘transcription
factor activity’ compared with 7% of human genes in
multigene families. From an examination of all genes
identified by paralogy mapping (Table 2 in the supplemen-
tary material online) the enrichment for transcription
factors is prevalent even for dCNEs with several predicted
targets. These include genes in the HOX and the Iroquois-
related homeobox (IRX) clusters. Therefore, it is possible
that the examples we have identified of several genes
assigned to a single dCNE represent examples of enhancer
sharing or global control regions [22,23] rather than false
predictions of our method. Thus, our analysis has
strengthened the case for the association of highly
conserved non-coding elements with the regulation of
genes that are important in early vertebrate development.
Half of dCNEs are associated with genes that are found

O250 kb away

So far, we have considered for each dCNE all the genes
that are in the genomic radius defined by the most distal
enhancer documented in the human genome. To assess the
number of predicted target genes for each dCNE across a
range of distances, we repeated our analysis every 250 kb
up to 2 Mb away (Figure 2). Only half of the dCNEs have
predicted target genes within the first 250 kb, whereas
95% of the dCNEs have predicted targets within 1.25 Mb.
After that distance, the number of unassigned dCNEs
remains approximately the same up to 2 Mb. Looking at
the genomic space up to 1 Mb away from the dCNE
maximises the number of dCNEs associated with a single
gene, but minimises the number of dCNEs without any
genes associated with them. Searching too far from each
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Figure 2. Unbiased mapping of dCNEs to paralogous genes at different distances. Almo
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where more than one gene has been assigned to a dCNE (e.g. genes in HOX clusters).
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dCNE for potential targets carries the risk of identifying
genes that belong to the same family by chance. None-
theless, we found that the number of dCNEs with at least
one target identified by paralogy mapping that is up to
2 Mb from its dCNE was significantly larger than expected
by chance (P!0.001 based on 1000 randomisations;
Figure 1 in the supplementary material online).

We then examined the distribution of distances
between dCNEs and their assigned genes. For reasons of
simplicity, we only considered the examples where a dCNE
can be assigned to a single gene within 1 Mb. Our results
show that less than a third of dCNEs (50/169) are within
100 kb from their assigned gene (Figure 3). Although
these distances appear to be large, they might be slightly
underestimated because our previous analysis showed
that searching further than 1 Mb from each dCNE yields
more potential target genes. We can thus conclude that
analyses of short stretches of upstream sequence are
inadequate for the identification of cis-regulatory
elements, especially when the genes under consideration
encode transcription factors that are involved in early
development. A more appropriate genomic range to
analyse would be up to w0.5-1 Mb upstream and down-
stream of the gene, although there might still be a small
fraction of potential regulatory elements that are further
away. The reported range of distances should also be
considered when analysing non-coding mutations causing
diseases and breakpoint-associated disorders, especially
when the candidate gene is a transcription factor.

There are reports of several diseases that are associ-
ated with genomic disruptions hundreds of kilobases away
from affected genes [3,5]. For example, Townes-Brocks
syndrome can be caused by a balanced translocation that
is at least 180-kb telomeric to the sal-like 1 gene (SALL1)
[24]. Interestingly, our data set of dCNEs assigned to
single genes includes two dCNEs that were assigned to
1500 1750 2000
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genes
Three genes
Two genes
One gene

None

am and downstream of each dCNE (kb)

TRENDS in Genetics 
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Figure 3. Genomic radius for long-range enhancer action estimated from dCNEs associated with target genes using paralogy mapping. The distances plotted correspond to

169 dCNEs that were assigned to single genes within 1 Mb of upstream and downstream genomic sequence. The results show that the predicted target genes tend to be

located close to dCNEs, however only 30% of them are within 100 kb. In a few examples (2%), dCNEs are separated by 800 kb –1 Mb from their predicted targets.
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SALL1 and two assigned to sal-like 3 (SALL3) that are in
the region reported to be affected by the translocation.
These SALL-associated dCNEs are between 278-kb and
908-kb upstream of SALL1. Our analysis has therefore
identified these sequences as candidates for SALL1 and
SALL3 cis-regulatory elements that are translocated in
certain cases of Townes-Brocks syndrome.
Concluding remarks

Non-coding elements that are conserved between human
and Fugu are considered to have great regulatory
potential. We assigned conserved elements that exist at
low copy numbers in the human genome to their probable
targets, based on paralogy mapping of all neighbouring
protein-coding genes. Our results have shown that these
elements are strongly associated with duplicated tran-
scription factors. Most of our candidate regulatory
elements could be assigned to individual genes, even
when analysing a total of 2 Mb of upstream and down-
stream genomic sequence. Approximately half of the
regulatory sequences are likely to be found up to 250-kb
upstream of the start of a gene encoding a transcription
factor, and the rest of the regulatory sequences are likely
to be found up to 1 Mb away from the gene. A few
experimentally verified enhancers are known to be located
at such long distances from their targets (e.g. the
enhancer of SHH). The genomic radius of activity for cis-
regulatory elements is an important aspect of their
mechanism and is vital for understanding eukaryotic
transcription and human genetic disorders.
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The DUP gene family of Saccharomyces cerevisiae

comprises 23 members that can be divided into two

subfamilies – DUP240 and DUP380. The location of the

DUP loci suggests that at least three mechanisms were

responsible for their genomic dispersion: nonreciprocal

translocation at chromosomal ends, tandem duplication

and Ty-associated duplication. The data we present here

suggest that these nonessential genes encode proteins

that facilitate membrane trafficking processes. Dup240

proteins have three conserved domains (C1, C2 and C3)

and two predicted transmembrane segments (H1 and

H2). A direct repetition of the C1–H1–H2–C2 module is

observed in Dup380p sequences. In this article, we

propose an evolutionary model to account for the

emergence of the two gene subfamilies.
Introduction

Gene duplication, one of the main forces driving evol-
utionary change, generates sets of paralogous genes that
can acquire functional specificities by sequence diver-
gence. All the genomes sequenced so far feature redun-
dant genes that can be classified into gene families. The
PAU (seripauperin) and DUP (duplicated) families, with
24 and 23 members, respectively, are the two largest
multigene families in the sequenced Saccharomyces
cerevisiae strain S288C. The DUP gene family comprises
two subfamilies named DUP240 and DUP380 (Figure 1),
which encode proteins consisting of w240 and 380 amino
acids, respectively. These genes, whose function remains
unknown, have orthologs in various species that belong to
the hemiascomycete phylum, a phylum that is as diverse
at the molecular level as the entire chordate animal
phylum [1].

There are ten DUP240 paralogs, which are scattered
across four chromosomes (Figure 2, Table 1); these are
arranged in single open reading frames (ORFs) and
tandemly repeated loci [2]. A recent study that detected
traces of ancient duplicated DUP240 copies showed that
two putative ORFs are actually pseudogenes, and that
three additional gene relics were detected in intergenic
regions [3] (Table 1). Sequences related to yeast transpo-
sons (Ty) and/or tRNA genes were observed surrounding
each tandem repeat and adjacent to all of the isolated
DUP240 copies (Figure 2). The DUP380 subfamily
comprises eleven genes named COS1–COS11 (after
conserved sequence) and two pseudogenes; we refer to
the COS genes as DUP380 genes because they encode
proteins containing w308 amino acids (Table 1 indicates
the systematic ORF name of each COS gene). All the
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