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Genomic regulatory regions: insights from comparative

sequence analysis

Gregory M Cooper* and Arend Sidow*"

Comparative sequence analysis is contributing to the
identification and characterization of genomic regulatory regions
with functional roles. It is effective because functionally important
regions tend to evolve at a slower rate than do less important
regions. The choice of species for comparative analysis is
crucial: shared ancestry of a clade of species facilitates the
discovery of genomic features important to that clade, whereas
increased sequence divergence improves the resolution at which
features can be discovered. Recent studies suggest that
comparative analyses are useful for all branches of life and that,
in the near future, large-scale mammalian comparative sequence
analysis will provide the best approach for the comprehensive
discovery of human regulatory elements.
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Introduction

The comprehensive discovery and characterization of
functional elements currently represent important goals
for biomedical research. A sign of the emerging con-
sensus in the biology community that this goal is now
within reach has been its recent elevation to one of the
grand challenges for genomics research in the near
future [1°]. Comparative sequence analysis, which fea-
tures prominently in this review, will be necessary to
achieve this goal.

Functional elements are defined as those portions of
a genome that contribute to an organism’s progress
through life and reproduction. Most mobile elements
and pseudogenes, for example, do not fit this definition.
Functional elements can be categorized grossly into
coding and noncoding classes. Although coding regions

comprise no more than 1.5% of the human genome, the
minimal amount of the human genome estimated to be
under evolutionary constraint is ~5% [2]. Assuming a
general relationship between the presence of constraint
and the presence of function [3,4], this suggests that a
substantial fraction of the human genome consists of
noncoding functional elements. Although some of these
may be noncoding RNAs [5], a large number are likely
to be regulatory elements with roles in modulating gene
expression and chromatin organization, among other
processes.

It is on these elements that we focus in this review, by
briefly characterizing several types of known regulatory
element and by discussing recent examples of regulatory
elements that have been discovered along various
branches of life. In particular, we review examples that
provide general insight into the structure and function of
regulatory elements or into the location and function of
human regulatory elements.

Classes of regulatory element

Functional assays provide the basis for defining regula-
tory elements and, vice versa, better definitions of reg-
ulatory elements permit more refined assays. Improved
definitions will ultimately provide the basis for the high-
throughput methods that will be necessary to discover
and to characterize comprehensively the regulatory ele-
ments in the human genome. Below we discuss several
types of known regulatory elementand the ways in which
they are currently defined. T'wo main classes of regula-
tory element can be distinguished as those that control
gene expression and those that function in chromatin
organization.

Control of gene expression: promoters, enhancers

and silencers

The best understood noncoding functional elements are
promoters. A promoter is defined as the segment of DNA
located immediately proximal to the transcriptional start
site of a gene that is involved in initiating transcription.
Because of this definition, the identification of promoters
is dependent on knowledge of the locations of transcrip-
tional start sites, which is consistently being improved for
all sequenced genomes. Recently, predictions of the
promoters for 10,000 human genes were made [6°]. For
verification, 152 DNA segments corresponding to these
predictions were randomly selected and examined in a
luciferase reporter assay. Nearly 90% of the predicted
promoters were found to function, in that they were able
to promote expression in several types of cell. This
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confirms that a nearly comprehensive identification, along
with basic functional characterization, of human promo-
ters will be feasible in the near future.

Enhancers are regulatory elements that upregulate gene
expression by sequence-specific positioning of transcrip-
tional activators. Enhancers can function independently
of position and orientation, although they are generally
located within hundreds of kilobases of their target genes.
Although no attempt has been made so far to characterize
enhancer elements comprehensively in an organism,
the genetically simple and experimentally tractable sea
squirts of the Ciona genus [7-10] may provide just such an
opportunity. Recently, >100 random genomic fragments
were assayed for their ability to direct expression in a
specific manner in Crona tadpoles; at least five of these
seemed to contain authentic tissue-specific enhancers,
thereby providing promise for larger efforts to character-
ize enhancers in the future [11°].

Silencers are elements that are capable of repressing
transcription. Many silencers are found near the promoter
of their target gene, but there are various other subclasses
[12]. Although less is known about silencers than about
enhancers, silencers are clearly important in the regula-
tion of gene expression. Consider the recent sequencing
of the chicken gene encoding CD4, in which a function-
ally characterized human silencer [13] appears to be
conserved in the chicken genome [14°]. This level of
distant conservation suggests that this silencer has a
fundamental role in controlling gene expression.

Control of chromatin organization: insulators and
matrix attachment regions

Insulator elements are barriers that separate domains
within chromatin and confine the actions of regulatory
elements to their appropriate targets. They can block the
action of enhancers as well as prevent the spread of
chromatin condensation from nearby regions [15]. The
existence of these functional elements partially satisfies
intuitive curiosity concerning how enhancers can function
so specifically and yet so distantly, in terms of nucleotide
position, from their target genes. Recent work is advan-
cing our understanding of these elements and facilitating
the derivation of molecular mechanisms for their activity
[16]. These advances include several comparative studies
that highlight the importance of insulators among verte-
brates in the Hoxd gene complex [17°] and among mam-
mals in the B-globin locus [18°].

Another group of regulatory elements that are likely to
have important roles in chromatin organization includes
matrix attachment regions (MARs). These regions may
mediate binding to the nuclear matrix and may have key
roles in the higher-order organization of eukaryotic nuclei
[19]. Their importance has been highlighted by the
striking discovery that as much as 11% of the noncoding

regions that are conserved between human and mouse
may be due to the presence of MARs [20°].

Of course, the distinction of regulatory elements into
those controlling gene expression and those involved in
chromatin structure is not definitive, given the correlation
between chromatin structure and transcriptional activity.
Indeed, regulatory elements function and interact
through numerous mechanisms by virtue of the activities
of the bound proteins. Overlaps in functional capacity,
such as working associations between enhancers, insula-
tors and MARs, have been already reported [16]. In
addition, evidence suggests that the commonly used
definition of enhancers is somewhat arbitrary. At least
some enhancers function as ‘anti-silencers’; that is, they
prevent regional chromatin condensation without neces-
sarily having any direct effect on the rate of transcription
[21]. A great challenge of systems biology will be to
understand regulatory elements in light of their multi-
potent capacities and their participation in complex reg-
ulatory networks [22]. Simple discovery and basic
functional annotation on a larger scale, however, will
be a prerequisite for this.

Discovery and functional tests of regulatory
elements

Aligning orthologous genomic sequence from different
species, coupled with finding regions of conservation, is a
powerful method for discovering functional elements.
The basic principle behind the method is found in
standard molecular evolutionary theory: mutations in
functional DNA are likely to be deleterious and therefore
will be selected against [23], resulting in a reduced rate of
evolution in functional elements [3,4,24].

The two most important factors affecting the results of a
comparative analysis are, first, the amount of divergence
being captured and, second, the phylogenetic scope of the
aligned sequences [25]. The amount of divergence affects
the power and resolution of the analyses; the scope, which
is defined as the narrowest taxonomic group that encom-
passes all analyzed sequences, affects the applicability of
conclusions and the generality of results.

The importance of scope

A given scope captures the biology that is shared among
the compared species because of a common line of
descent (Figure 1, note colored lines). A dipteran scope,
such as one that includes Drosophila and Anopheles, can be
used to find elements necessary for features that were
present in their common dipteran ancestor, including
traits that evolved before, for example, the diversification
of hexapods, arthropods and metazoa. Alternatively, con-
sider a placental mammal scope, such as one including
human and mouse: functional elements that might be
captured in this scope include not only those that evolved
before the diversification of placental mammals, but also
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Figure 1
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The importance of scope and the impact of shared ancestry on comparative sequence analysis. The tree describing the relationships among

six actively studied genomes is drawn in black (not to scale). Each colored line indicates the phylogenetic scope that applies to each pair of
species at the terminal nodes: red line, placental mammal scope; green line, teleost scope; blue line, dipteran scope. Overlaps of the colored lines
indicate shared ancestry and capture traits shared by the indicated scopes and, by implication, shared functional elements. For example, whereas
placental mammal traits are specific to human and mouse in this tree, vertebrate traits are common to human, mouse, zebrafish and Fugu, but
exclude insects. As such, a comparative analysis using human and mouse will capture not only placental mammal functional elements, but

also vertebrate functional elements. Open circles and associated text show various traits that exemplify the major animal clades and the branch

of the tree on which they arose.

those that evolved before the evolution of tetrapods,
vertebrates and metazoa.

Note that another consequence of scope is that, barring
lineage-specific losses of elements, a conclusion drawn
applies to all of the analyzed species. For example, a
comparative analysis using human, mouse and rat
sequences not only will annotate the human genome,
but will also provide data relevant to the mouse and rat
genomes, allowing their simultaneous annotation. Com-
parative analyses on scopes that do not include human
but are centered on model organisms such as worms or
flies, do not directly annotate the human genome but
are valuable for facilitating experimentation in those
models.

Below we review recent discoveries of regulatory cle-
ments that are organized according to the phylogenetic
scope employed by the study. Furthermore, we highlight
the importance of these discoveries in terms of the

insights that they may provide into the biology of human
functional elements (Figure 2).

Nonvertebrate model organism scopes

A few recent papers highlight the power of comparative
analyses in taxa that are distant from humans. The recent
genomic comparison of four species of yeast, constituting
the relatively narrow fungal scope of Saccharomyces sensu
strictu, represents a landmark among these efforts [26°°].
By coupling the discovery of conserved noncoding cle-
ments with informatic approaches to discover sequence
motifs, Kellis ez a/. [26°°] were able to generate insight
into the organization of regulatory elements and the ways
in which they might function combinatorially to control
gene expression.

Another excellent example of the utility of model organ-
ism scopes is a recent comparison of the genomes of
Caenorhabditis elegans and Caenorhabditis briggsae, from
which a model for identifying noncoding RNAs was
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Figure 2
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Phylogenetic scopes relative to human, depicted around a tree connecting human to other actively studied organisms. Sequentially broader
scopes that include relevant species are indicated by nested and colored boxes, beginning with placental mammals. For example, the placental
mammal scope (red) that includes human and mouse in this tree, is a subset of the vertebrate scope (blue), which also includes Fugu. References
discussed in the text and pertinent to each scope are provided in the appropriate boxes. General classes of functional element that are shared

among all members of a given scope are also provided.

obtained; this model was then successfully applied to the
identification of vertebrate noncoding RNAs [27°°]. This
underscores the utility of such scopes for understanding
general features of metazoan biology.

Model organism scopes have been also applied to the
elucidation of general evolutionary mechanisms. For
example, the extensive molecular, genetic and develop-
mental resources of Drosophila, coupled with the exis-
tence of many drosophilids with varying and easily scored
phenotypes such as pigmentation, will enable the deter-
mination of regulatory changes that cause known evolu-
tionary differences [28°].

Vertebrate scopes

The most divergent phylogenetic scope in which direct
sequence comparisons for the detection of human reg-
ulatory elements will be generally successful includes
vertebrate species. A genome-wide vertebrate scope for
comparisons will be facilitated by the recent completion
of the genomes of human, mouse and the pufferfish
Fugu rubripes [2,29,30], and the anticipated sequencing
of the rat, chicken, frog and zebrafish genomes. The
use of several distant vertebrate species for discover-
ing human regulatory elements is exemplified by the
recent study of the SCL gene associated with stem cell
leukemia [31°].
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Other similar studies have been carried out and provide
equally exciting promise. For example, comparison of the
D/x gene cluster between fish and mammals detected
enhancers that are important for regulating D/x expression
in the forebrain [32°]. This is particularly interesting
when coupled with the recent characterization of D/x
mouse mutants, which has suggested that modification
of D/x expression played an important role in the verte-
brate acquisition of jaws [33].

Another intriguing example is the discovery of expression
control elements near the Hoxd cluster in the mouse
genome. These elements coordinate expression between
genes in the cluster and evolutionarily unrelated genes
that flank the cluster, and are highly conserved in the
Fugu genome [34°°]. Finally, enhancers that regulate
the expression of chicken Sox2, a gene that is involved
in the specification of neural cell fates, were discovered
through functional assays and were found to correspond to
blocks of sequence that are conserved among human,
mouse and chicken [35°°].

Mammalian scopes

Large-scale alignments of mammalian genomic sequences
can be made with high accuracy [36]. Although the degree
of sequence similarity among mammals has the drawback
that simple pairwise comparisons are generally insuf-
ficient for the precise discovery of regulatory elements,
such comparisons can succeed in significantly narrowing
down the regions in which to search [2,20°].

Many comparisons of human and mouse sequences have
been used to estimate the abundance of regulatory ele-
ments or to identify and to test specific elements
[37,38,39°,40,41]. The completion of more mammalian
genome sequences such as rat and dog, in addition to
other as-yet-unsequenced mammalian genomes, will
provide substantially more comparative power in the
future. These improved analyses are likely to discover
regulatory elements more precisely and with lower false-
positive rates, as well as to provide an estimate of the
distributions of the most important positions in the dis-
covered elements [25].

Given the balance between the large amount of shared
biology and the sequence diversity among mammals,
especially among placental mammals, it is likely that
the most abundant and comprehensive discoveries of
human regulatory elements will be made through com-
parisons of several mammalian genomes. This will remain
true until the cost of whole-genome sequencing efforts
decreases considerably and the large-scale sequencing of
primate genomes becomes feasible.

Ultimately, an important aim will be to have a complete
list of functional elements in the human genome, includ-
ing those that evolved in primates after their divergence

from other mammals. Such data will provide key clues by
which to determine the changes that define humans as a
species [42]. Research efforts have been already made
with this goal in mind. For example, a recent study has
used deep primate sequence data sets, from over a dozen
species, to find primate-specific functional elements
[43°°]. In another example, the evolutionary history of
a regulatory element of the gene encoding human inter-
feron-y has been dissected by using primate sequence
comparisons, and this has shown that transposable ele-
ments may be involved in mobilizing regulatory elements
to new locations in the genome [44].

Studies that are focused specifically on humans also
provide, and benefit from, information about regulatory
elements. For example, a single-nucleotide polymorph-
ism near the programmed cell death 1 (PDCDI) gene is
associated with susceptibility to systemic lupus erythe-
matosus. The single-nucleotide polymorphism alters a
binding site for a transcription factor and thus is likely to
represent a regulatory change that confers disease sus-
ceptibility [45°]. This demonstrates the benefits of char-
acterizing noncoding functional elements for directly
improving our understanding of human evolution, vari-
ability and disease.

Conclusions

Although much success has been achieved in identifying
and characterizing genomic regulatory regions in all
branches of life, the exciting fact remains that these
achievements represent only the tip of the iceberg.
Consider that even though much attention in the modern
era has been focused on coding genes and on the proteins
that they produce, many eukaryotic proteins — not to
mention the expanded and more complex protein reper-
toires of plants and animals — still await functional
characterization. Regulatory elements, which substan-
tially outnumber proteins, have been even more elusive
and less studied.

This implies a vast, systematic ignorance about the bio-
logical world that we seek to understand. Comparative
sequence analysis will be needed to eliminate this ignor-
ance in the long term. We anticipate that larger and
cheaper volumes of sequencing, improved molecular biol-
ogy and genetic tools, enhanced computational resources
and advances in the study of molecular evolution will
facilitate discovery in this emerging, interdisciplinary field.

Comparative sequence analysis leverages biological var-
iation, in the form of neutral evolution, to annotate
functional elements. In turn, the annotation of these
elements will be necessary to understand functional
variation in populations and evolution. Whether we study
cell biology, genetics, development, evolution or human
disease, it is ultimately this variation that intrigues and
motivates us as biologists.
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