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Abstract

Background: Despite the recent completion of the chimpanzee genome project, few functionally
significant sequence differences between humans and chimpanzees have thus far been identified.
Alteration in transcriptional regulatory mechanisms represents an important platform for
evolutionary change, suggesting that a significant proportion of functional human-chimpanzee
sequence differences may affect regulatory elements.

Results: To explore this hypothesis, we performed genome-wide identification of conserved
candidate transcription-factor binding sites that have evolved since the divergence of humans and
chimpanzees. Analysis of candidate transcription-factor binding sites conserved between mouse
and chimpanzee yet absent in human indicated that loss of candidate transcription-factor binding
sites in the human lineage was not random but instead correlated with the biologic functions of
associated genes.
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Conclusion: Our data support the notion that changes in transcriptional regulation have
contributed to the recent evolution of humans. Moreover, genes associated with mutated
candidate transcription-factor binding sites highlight potential pathways underlying human-
chimpanzee divergence.

Background

Comprehensive analysis of the draft chimpanzee genome
confirmed that the human and chimpanzee genomes are
98.8% identical [1]. Given the dramatic behavioral and devel-
opmental differences that have arisen since their divergence
from a common ancestor 6-7 million years ago [2], the ques-
tion therefore arises of how these phenotypic differences are
reflected at the genome sequence level.

Two major consequences of DNA sequence alteration are
changes in protein coding sequence and changes that affect

spatiotemporal and/or quantitative aspects of gene expres-
sion. The latter includes post-transcriptional aspects of gene
expression, such as sequence changes that affect alternative
splicing or RNA stability. However, one of the major causes of
changed gene expression is likely to be changes in gene regu-
latory sequences, such as promoters, enhancers, and silencers
[3,4]. Such sequence changes might increase or decrease
affinities for specific transcription factors, or indeed result in
the acquisition of new binding sites.
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Comparative gene expression profiling can identify subsets of
genes for which expression levels differ between human and
chimpanzee tissues [5-8]. This provides a potentially power-
ful approach to identifying those differences in the genome
that are responsible for the different expression patterns or
levels. Accordingly, a recent study [8] showed that the degree
of sequence divergence in aligned human and chimpanzee
core promoters correlated with the divergence of gene expres-
sion levels. However, two important issues remain unre-
solved. First, which specific DNA sequence changes are
responsible for the altered levels of gene expression? (These
will not be restricted to core promoters and may be located far
away in enhancers.) Second, which of the expression changes
contribute to the phenotypic differences between humans
and chimpanzees?

When compared with lower eukaryotes, the greater biologic
complexity of mammalian genomes is thought largely to be a
result of intricate mechanisms of gene regulation [9]. Conse-
quently, although deciphering gene regulatory mechanisms is
a prerequisite to understanding human genome function, the
complexity of regulatory mechanisms raises several prob-
lems. The connectivity or "hard wiring' of transcriptional reg-
ulatory networks is achieved through transcription factors
binding specific sequence motifs in gene regulatory regions
[10]. However, the identification of functional regulatory
motifs is hampered by the fact that transcription factor bind-
ing sites (TFBSs) are often short (four to six nucleotides) and
degenerate. This means they occur by chance alone in the
genome, thereby obscuring functional sites. Moreover, and
unlike in simpler genomes such as worm or yeast, in mamma-
lian genomes TFBSs are frequently located outside the proxi-
mal promoter of a gene in distal 5' and 3' enhancers or within
introns.

One method by which discovery of functional sites can be
improved is by using phylogenetic footprinting that focuses
on the areas of sequence conservation between two or more
species [11]. For example, comparison of human and mouse
sequences (separated by 70 million years) is a widely used
approach to identifying gene regulatory sequences [12-15].
However, this method is not sensitive enough to detect func-
tional differences between evolutionarily 'close' species, such
as human and chimpanzee. Phylogenetic shadowing repre-
sents a possible alternative because it was designed for the
analysis of closely related genomes. However, this method
requires sequences from multiple closely related species to
function effectively [16].

Here, we conducted a genome-wide comparative analysis of
candidate TFBSs that have changed since the human-chim-
panzee divergence. We show that, when categorized based on
Gene Ontology (GO) annotation [17], changes in candidate
regulatory motifs correlate with genes that perform specific
biologic functions, principally the sensory perception of
chemical stimulus (smell). Our data therefore suggest that
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Figure |

Candidate TFBSs absent in human. Two examples of candidate motifs lost
in the human genome. Shown are the genome positions of candidate
TFBSs together with extracts from mouse-chimpanzee and mouse-human
whole genome alignments. TFBS, transcription factor binding site.

positive selection of altered gene regulatory programs played
a significant role in human evolution.

Results

Identification of candidate regulatory TFBSs that have
evolved since human-chimpanzee divergence

Because neither human-mouse comparisons nor phyloge-
netic shadowing appeared to be useful strategies in identify-
ing candidate regulatory motifs that have evolved since
human-chimpanzee divergence, we devised an alternative
strategy. Our approach initially entailed the identification of
candidate binding sites that are conserved in mouse-human
and mouse-chimpanzee whole genome alignments. Data files
containing these sites can be downloaded from our website
[18]. This approach therefore uses sequence conservation as
the criterion to enrich for functional TFBSs. The mouse
genome was used as the common reference sequence for both
alignments to facilitate the identification of those binding
sites conserved between mouse and chimpanzee but not
between mouse and human. The TFBS consensus sequences
chosen for the above searches were the top 30 motifs from a
recently published seminal study [19] that identified common
regulatory sites conserved in human, dog, mouse, and rat
genomes.

The number of sites conserved in the mouse-chimpanzee and
mouse-human genome alignments ranged from fewer than
20 to more than 200,000, depending on the complexity of the
TFBS consensus sequence (see supplementary data at our
website [18]). Although the numbers of conserved TFBSs
were similar for both comparisons, fewer conserved sites
were found for mouse-chimpanzee than for mouse-human
alignments. This is most likely due to the draft status of the
chimpanzee genome, in which some sequence is still missing
or may contain errors [1,20]. Using the mouse genome as the
common reference sequence allowed us to compare corre-
sponding lists of TFBSs directly and, for example, to identify
those sites that were conserved between mouse and chimpan-
zee but absent in human (referred to as human mutated sites;
available from our website [18]). In subsequent analysis we
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GO terms over-represented in the gene tiles enriched for human mutated sites (at sixfold over median threshold)

GO ID GO Level GO Term P

GO:0007606 6,5 Sensory perception of chemical stimulus 1.2] e
GO:0007608 7,6 Sensory perception of smell 1.31 e#!
GO:0007600 54 Sensory perception 5.95 el
GO:0050877 4 Neurophysiological process 2.00 37
GO:0007186 6 G-protein-coupled receptor protein signaling pathway ~ 3.48 e-30
GO:0050896 3 Response to stimulus 2.87 e26
GO:0050874 3 Organismal physiological process 8.04 e26
GO:0007166 5 Cell surface receptor linked signal transduction 8.05 e23
GO:0007165 4 Signal transduction 6.26 e-!5
GO:0007154 3 Cell communication 1.01 e-10
GO:0007582 2 Physiological process 9.89 04

GO, Gene Ontology.

concentrated on the human mutated sites because of the draft
status of the chimpanzee genome sequence. For the converse,
namely those TFBSs that were conserved in mouse and
human but absent in chimpanzee, some chimpanzee motifs
might be counted as absent because of missing or erroneous
chimpanzee sequence. By contrast, given the high accuracy of
current human genome sequence builds, most mouse-chim-
panzee motifs not present in human are likely to be results of
mutations in the human lineage rather than a result of
sequencing artifacts. Two examples of human specific
sequence changes in candidate TFBSs are shown in Figure 1.
Data files containing binding site positions conserved in
mouse and chimpanzee but absent in the human genome can
be downloaded from our website [18]. These files therefore
represent a genome-wide resource cataloging candidate
TFBSs that have evolved in human and chimpanzee lineages
since their last common ancestor.

Genome-wide distribution of human mutated motifs

We then addressed the distribution of candidate TFBSs
mutated since the human-chimpanzee divergence. As our
searches were based on the top 30 TFBS consensus sequences
from the report by Xie and coworkers [19], it was important
to control for any potential bias in their genome-wide distri-
bution. We therefore divided each chromosome into 50 kilo-
base (kb) nonoverlapping tiles and calculated the following:
the relative number of mouse-chimpanzee conserved sites as
a proportion of these sites on the chromosome; the relative
number of human mutated sites as a proportion of these sites
on the chromosome; and the ratio of the relative number of
human mutated sites over the relative number of mouse-
chimpanzee conserved sites (fold enrichment). To facilitate
subsequent analysis of those parts of the genome that were
highly enriched in human mutated sites, the mean and
median values of fold enrichment were calculated for each
chromosome. Subsequently, enrichment thresholds were set
at mean plus twofold standard deviation as well as threefold

and sixfold over median. These three levels equated to 6.54-
fold, 5.17-fold, and 10.54-fold enrichment, respectively, aver-
aged over all chromosomes (except X and Y). Chromosome X
had significantly higher fold enrichment at 9.68, 6.33, and
12.67, respectively. Chromosome Y only had two enriched
tiles and we set enrichment thresholds to 6, 5, and 10, respec-
tively. The chromosome specific data were plotted against the
University of California at Santa Cruz (UCSC) mouse genome
browser (March 2005/mm6/build 34) using custom tracks
for each chromosome. The files are available from our website
[18]. Figure 2 is an example of the data plotted against mouse
chromosome 19.

The analysis outlined above demonstrated that the TFBSs
generated from the consensus sequences derived by Xie and
coworkers [19] are not distributed evenly across the genome,
thus emphasizing the need to control the distribution of
TFBSs lost in human. Importantly, however, the distribution
of TFBSs lost in human did not simply shadow the distribu-
tion of the total TFBS data set (Figure 2c). This allowed us to
characterize further those regions of the genome that were
relatively enriched for candidate TFBSs lost in the human
genome.

Analysis of genomic regions enriched in candidate
TFBSs mutated since the human-chimpanzee
divergence

The candidate regulatory TFBS consensus sequences used in
the present study were based on the top 30 hits from a recent
study [19] that was designed to identify sequence TFBSs that
play an important role in gene regulation. Importantly, no
specific regulatory functions have been assigned to these sites
asyet. Therefore, detailed analysis of whether particular over-
represented human mutated motifs recurrently occur in the
vicinity of specific groups of genes is at present limited in its
ability to yield deep biological insight, but it may become use-
ful in the future. Nevertheless, a striking observation was that
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Figure 2

Distribution of candidate TFBSs plotted against mouse chromosome 19 in the UCSC genome browser. (a) Distribution of mouse-chimpanzee conserved
TFBSs. Bars indicate the number of TFBSs per 50 kb divided by the total number of TFBSs on chromosome 9. (b) Distribution of human mutated TFBSs
plotted as in panel a. (c) Over-representation of human mutated sites relative to the total mouse-chimpanzee TFBS data set. Shown is the ratio b/a of the
two plots above. The three horizontal lines indicate sixfold over median threshold, mean plus two standard deviations, and threefold over median
threshold (from top to bottom). (d) Structure of mouse chromosome 19 with chromosome bands and Ensembl gene predictions taken from the UCSC
genome browser. kb, kilobase; TFBS, transcription factor binding site; UCSC, University of California at Santa Cruz.

a small number of biologic functions (as indicated by GO
annotation) were statistically over-represented in genes
within the vicinity of these TFBSs.

To correlate changes in candidate TFBSs with possible bio-
logic functions, the GOToolBox program 'GO-Stats' was run
using the genes identified throughout the genome in areas
over-represented by human mutated TFBSs. We also
included genes with 25 kb either side of the 50 kb tiles,
because sites of interest can be close to the boundary of a tile
and may control genes not within the original tile coordi-
nates. First, we cataloged all genes present in tiles enriched in
human mutated sites (mean plus two standard deviations as
well as threefold and sixfold over median). We focused GO
analysis on these groups because we reasoned that regions
exhibiting enrichment were more likely to contain at least
some biologically important sequence changes than those
with lower levels of enrichment. (Of course, this does not
exclude the possibility that areas with lower enrichment may

contain some biologically important sequence changes.) The
input files for GOToolBox can be downloaded from our web-
site [18]. Several GO terms were either statistically over-rep-
resented (enriched; P < 0.01) or under-represented
(depleted; P < 0.01) relative to the distribution of the same
terms in the complete mouse genome (Table 1). Similar
results were obtained when we analyzed our data set with an
analogous tool made available as part of the Panther Classifi-
cation System [21] (data not shown).

Eleven GO terms were significantly over-represented in the
most restrictive group of genes (sixfold over median density
of human mutated sites). When visualized as a GO tree (a
facility of GOToolBox), it became apparent that these GO
terms were biologically linked in two clusters, culminating in
the GO terms 'sensory perception of smell' and 'G-protein-
coupled receptor protein signaling pathway' (Figure 3). The
fact that a small number of GO terms were over-represented
suggests that candidate TFBSs mutated since the human-
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Figure 3

GO trees showing the relationships between 'biological process' terms
associated with genes containing TFBSs mutated in human. Filled boxes
represent GO terms that were over-represented in genes associated with
the conserved TFBSs analyzed in the present study (sixfold over median
enriched set). Ontology relationships were confirmed using the
GOToolBox ontology browser. The || enriched GO terms could be
integrated into only two functionally related GO trees. GO, Gene
Ontology; TFBS, transcription factor binding site.

chimpanzee divergence are not randomly distributed across
the genome. Moreover, olfactory receptor genes encode G-
protein-coupled receptors, thus linking the two groups of GO
terms shown in Figure 3. GOToolBox analysis of the threefold
over median enriched set gave similar results with only one
difference; 'physiological process' was no longer identified
whereas 'response to pheromone' was (data not shown).
GOToolBox analysis of the mean plus two standard devia-
tions enriched set again gave similar results. The same 10
overlapping GO annotations were identified, and "physiologi-
cal process' was now replaced with 'keratinization' (data not
shown).

We next investigated the GO terms that were under-repre-
sented in the gene lists derived from candidate TFBSs lost in
humans. This analysis should identify biologic functions
associated with gene loci where mutation of candidate bind-
ing sites was a relatively rare event in recent human evolu-
tion. Only five GO terms were significantly under-
represented in the sixfold over median group: 'mucleobase,
nucleoside, nucleotide and nucleic acid metabolism', 'devel-
opment', 'cellular physiological process', 'primary metabo-
lism', and 'cell organization and biogenesis'. For the threefold
over median set the first three GO terms were found as well as
several additional terms: 'transcription, DNA dependent’,
'regulation of cellular metabolism', 'regulation of biological
process', 'regulation of physiological process', 'regulation of
cellular process', 'cellular defense response’, and 'regulation
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of cellular physiological process'. For mean plus two standard
deviations, four GO terms were under-represented: three GO
terms were the same as for the sixfold over median set ('nucle-
obase, nucleoside, nucleotide and nucleic acid metabolism',
'development’, 'cellular physiological process') and one addi-
tional term was also identified ('organ development'). Con-
sistent with a slow rate of evolutionary change at the
respective loci, all depleted GO terms describe very funda-
mental biologic processes that are likely to be conserved
across large evolutionary distances. Taken together, our
observation that specific GO terms were identified consist-
ently using three different thresholds suggests that this
approach may be used to identify potential pathways under-
lying human-chimpanzee divergence.

Discussion

It was proposed more than 30 years ago that gene regulatory
mutations account for many of the major biologic differences
between humans and chimpanzees [22]. This idea has been
reinforced by the recent demonstration of widespread herita-
bility of variation in gene expression levels in humans [23].
Nevertheless, a recent theoretic analysis of human and chim-
panzee genome sequences [24] argued that, due to small pop-
ulation sizes in primates, selection may not be effective for
regulatory mutations. However, concerted functional analy-
sis of specific genes has identified positive selection of
regulatory variants during recent primate evolution. For
example, comparative analysis of various primates focusing
on the factor VII and prodynorphin gene promoters [25,26]
demonstrated selection of sequence variants affecting tran-
scriptional activity, thus supporting the hypothesis that regu-
latory mutations have been important in human evolution.
The apparent discrepancies between the theoretical and
experimental studies may at least partly be a consequence of
the theoretical study treating all bases equally. By contrast,
we aimed to focus our analysis on a small subset of noncoding
sequence by incorporating sequence conservation and TFBS
content criteria, and the data obtained using these criteria are
consistent with regulatory evolution having contributed to
recent human evolution.

Our approach to restrict analysis to likely regulatory sites is in
many ways analogous to previous studies of human-chim-
panzee divergence that studied the evolution of protein cod-
ing sequences [27,28] and divided sequence alterations into
synonymous and nonsynonymous changes. Nonsynonymous
changes are more likely to affect protein function than are
nonsynonymous ones. By analogy, sequence alterations in
candidate TFBSs are more likely to affect gene regulatory
mechanisms than changes in noncoding sequence not
thought to be involved in regulatory control. The second key
aspect of our methodology was to study likely TFBSs in a
comparative way in human, chimpanzee, and mouse to enrich
further the likely functionality of candidate sites. Restricting
the analysis on candidate TFBSs conserved between mouse
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and chimpanzee but absent in humans was again similar to a
principle employed in a recent comparative analysis of
human/chimpanzee/mouse coding sequences [29]. The lat-
ter study provided strong evidence for non-neutral evolution
of coding sequences and, similar to our study, suggested that
positive selection during human evolution was affiliated with
a subset of biologic processes.

Clearly, the evolutionary pressures acting on coding versus
gene regulatory sequences may be different. Nevertheless,
'sensory perception' - the biologic process most strongly asso-
ciated with positive selection in human protein evolution [29]
- was also shown to be over-represented in the present study,
and indeed represented the GO term that integrated most of
the other terms found to be over-represented. The data pre-
sented here therefore suggest that recent divergence of sen-
sory perception of smell between humans and chimpanzees
may have occurred at the gene regulatory level as well as the
protein sequence level. Interestingly, when a lower threshold
of motif over-representation was applied using the Panther
classification tool (threefold over median, as opposed to six-
fold over median), several GO terms associated with B-cell
immune function were identified in addition to the olfactory
pathway (data not shown). Interestingly, the GO term 'B-cell
function' had not been associated with recent human evolu-
tion when human and chimpanzee coding sequences were
compared [29]. This may be the result of different evolution-
ary pressures acting on coding sequences versus regulatory
mechanisms.

Two recent studies attempting to uncover general principles
governing the recent evolution of human coding and regula-
tory sequences reached opposing conclusions. According to
the neutralist model of evolution between human and chim-
panzee genes, divergence of protein coding sequence and
expression are tightly linked [1]. By contrast, the selectionist
view argues that there is no, or very little, correlation between
coding sequence divergence and expression [30,31]. Our
analysis was restricted to potential regulatory motifs lost
since human-chimpanzee divergence. We therefore did not
address the potential for newly created TFBSs. Moreover, we
only analyzed those motifs lost during human evolution.
Given the potentially different evolutionary pressures acting
on coding and regulatory sequences, we would argue that
generalized concepts explaining the parallel evolution of cod-
ing sequences and regulatory elements may not be applicable
in a genome-wide manner. Our observation that olfactory
receptor genes exhibit apparent accelerated evolution at both
the gene regulatory and protein levels is consistent with the
neutralist model of evolution. However, this parallel acceler-
ated evolution may not apply to genes playing a role in B-cell
function. By providing a genome-wide catalog of candidate
TFBSs mutated since the human-chimpanzee divergence, the
present study will not only allow the characterization of gen-
eral patterns of evolutionary change but also facilitate analy-
sis of specific gene loci.
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Conclusion

Alteration in transcriptional regulatory mechanisms repre-
sents an important platform for evolutionary change. This
report suggests that a significant proportion of functional
human-chimpanzee sequence differences may affect regula-
tory elements, thus supporting the notion that changes in
transcriptional regulation played an important role in recent
human evolution. Moreover, by identifying genes associated
with mutated candidate binding sites, the present study high-
lights potential pathways underlying human-chimpanzee
divergence.

Materials and methods

Discovery of conserved binding sites in aligned
genomes and the determination of sites mutated in the
human genome

The genome assemblies used in the mouse-human and
mouse-chimpanzee sequence alignments were mouse
(mm6), human (hg17), and chimpanzee (panTrogi). The
localized alignments for each comparison (specifically the
axtNet processed alignments) were downloaded from the
Genome Bioinformatics group at the UCSC [32]. Conserved
binding sites were located using our PERL program TFB-
Ssearch [33], excluding those located in repetitive sequence
identified in the alignments by softmasking.

For 30 TFBS consensus sequences, positions of mouse-chim-
panzee conserved binding sites were compared with mouse-
human conserved binding sites (using a PERL script); those
motifs that could not be found to be conserved in the mouse-
human alignments were retained for further study. Of these
motifs we removed duplicated sites, those located in anno-
tated exons, and areas affected by genomic structural varia-
tion (using PERL scripts). Duplicate sites are present as eight
of the motifs contain palindromic sequence and our program
searches the entire genome on both strands. We chose to
remove sites located in annotated mouse exons (both coding
and untranslated), the positions of which were retrieved
using the Ensembl API v32 [34]. Genomic structural varia-
tions are manifest by deletions, insertion, and inversions
between the human and chimpanzee genomes [35]. To this
end we only considered motifs in areas of the mouse genome
that are present in both human and chimpanzee genome pair-
wise alignments.

Localization of Ensembl genes to binding sites mutated
in the human genome

For each of the 50 kb tiles (+ 25 kb) over-represented by
human mutated TFBSs, we employed a PERL script [33] uti-
lizing the Ensembl API v32 to identify all genes in these
regions. Gene symbols (represented by the Ensembl identifier
'db_xref: MarkerSymbol') were extracted from each localized
gene file and were processed to ensure all gene symbols are
only represented once in the data set.

Genome Biology 2006, 7:R52
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Identifying gene function using GO

The web-based tool GOToolBox [36,37] was used to identify
statistically over-represented or under-represented GO terms
in our gene symbol data sets compared with the distribution
of the terms among the annotations of the complete genome.
The 'Create Dataset' program was used to make a file compat-
ible with the 'GO-Stats' program. To run 'Create Dataset' Mus
musculus was selected as the target species and 'biological
processes' was chosen for the ontology type. Other options
were left as default. The resulting file was used with the 'GO-
Stats' program employing the hypergeometric statistical test
and correction for multiple tests using the Bonferroni
method.

Acknowledgements

Work in the authors' laboratory is funded by the Cambridge MIT Institute
and the Leukaemia Research Fund.

References

2.

Consortium: Initial sequence of the chimpanzee genome and
comparison with the human genome. Nature 2005, 437:69-87.
Vignaud P, Duringer P, Mackaye HT, Likius A, Blondel C, Boisserie JR,
De Bonis L, Eisenmann V, Etienne ME, Geraads D, et al.: Geology
and palaeontology of the Upper Miocene Toros-Menalla
hominid locality, Chad. Nature 2002, 418:152-155.

Davidson EH: Genomic Regulatory Systems: Development and Evolution
San Diego, CA: Academic Press; 2001.

Wray GA, Hahn MW, Aboubheif E, Balhoff )P, Pizer M, Rockman MV,
Romano LA: The evolution of transcriptional regulation in
eukaryotes. Mol Biol Evol 2003, 20:1377-1419.

Enard W, Khaitovich P, Klose |, Zollner S, Heissig F, Giavalisco P,
Nieselt-Struwe K, Muchmore E, Varki A, Ravid R, et al.: Intra- and
interspecific variation in primate gene expression patterns.
Science 2002, 296:340-343.

Fraser HB, Khaitovich P, Plotkin |B, Paabo S, Eisen MB: Aging and
gene expression in the primate brain. PLoS Biol 2005, 3:e274.
Hsieh WP, Chu TM, Wolfinger RD, Gibson G: Mixed-model rean-
alysis of primate data suggests tissue and species biases in
oligonucleotide-based gene expression profiles. Genetics 2003,
165:747-757.

Khaitovich P, Hellmann |, Enard W, Nowick K, Leinweber M, Franz H,
Weiss G, Lachmann M, Paabo S: Parallel patterns of evolution in
the genomes and transcriptomes of humans and
chimpanzees. Science 2005, 309:1850-1854.

Levine M, Tjian R: Transcription regulation and animal
diversity. Nature 2003, 424:147-151.

Levine M, Davidson EH: Gene regulatory networks for
development. Proc Natl Acad Sci USA 2005, 102:4936-4942.
Ureta-Vidal A, Ettwiller L, Birney E: Comparative genomics:
genome-wide analysis in metazoan eukaryotes. Nat Rev Genet
2003, 4:251-262.

Chapman MA, Donaldson I}, Gilbert |, Grafham D, Rogers ], Green
AR, Gottgens B: Analysis of multiple genomic sequence align-
ments: a web resource, online tools, and lessons learned
from analysis of mammalian SCL loci. Genome Res 2004,
14:313-318.

Lenhard B, Sandelin A, Mendoza L, Engstrom P, Jareborg N, Wasser-
man WW: Identification of conserved regulatory elements by
comparative genome analysis. | Biol 2003, 2:13.

Levy S, Hannenhalli S: Identification of transcription factor bind-
ing sites in the human genome sequence. Mamm Genome 2002,
13:510-514.

Loots GG, Locksley RM, Blankespoor CM, Wang ZE, Miller W, Rubin
EM, Frazer KA: Identification of a coordinate regulator of
interleukins 4, 13, and 5 by cross-species sequence
comparisons. Science 2000, 288:136-140.

Boffelli D, McAuliffe J, Ovcharenko D, Lewis KD, Ovcharenko I,
Pachter L, Rubin EM: Phylogenetic shadowing of primate

Genome Biology 2006,

20.

21.

22.
23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

Volume 7, Issue 6, Article R52 Donaldson and Géttgens

sequences to find functional regions of the human genome.
Science 2003, 299:1391-1394.

Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry |M,
Davis AP, Dolinski K, Dwight SS, Eppig T, et al.: Gene ontology:
tool for the unification of biology. The Gene Ontology
Consortium. Nat Genet 2000, 25:25-29.
Supplementary data at HSCL
supplementary_donaldson06.html]

Xie X, Lu J, Kulbokas EJ, Golub TR, Mootha V, Lindblad-Toh K,
Lander ES, Kellis M: Systematic discovery of regulatory motifs
in human promoters and 3' UTRs by comparison of several
mammals. Nature 2005, 434:338-345.

Taudien S, Ebersberger |, Glockner G, Platzer M: Should the draft
chimpanzee sequence be finished? Trends Genet 2006,
22:122-125.

Thomas PD, Kejariwal A, Campbell M, Mi H, Diemer K, Guo N,
Ladunga |, Ulitsky-Lazareva B, Muruganujan A, Rabkin S, et al.: PAN-
THER: a browsable database of gene products organized by
biological function, using curated protein family and sub-
family classification. Nucleic Acids Res 2003, 31:334-341.

King MC, Wilson AC: Evolution at two levels in humans and
chimpanzees. Science 1975, 188:107-116.

Morley M, Molony CM, Weber TM, Devlin JL, Ewens KG, Spielman
RS, Cheung VG: Genetic analysis of genome-wide variation in
human gene expression. Nature 2004, 430:743-747.

Keightley PD, Lercher M), Eyre-Walker A: Evidence for wide-
spread degradation of gene control regions in hominid
genomes. PLoS Biol 2005, 3:e42.

Hahn MW, Rockman MV, Soranzo N, Goldstein DB, Wray GA: Pop-
ulation genetic and phylogenetic evidence for positive selec-
tion on regulatory mutations at the factor VIl locus in
humans. Genetics 2004, 167:867-877.

Rockman MV, Hahn MW, Soranzo N, Zimprich F, Goldstein DB,
Wray GA: Ancient and recent positive selection transformed
opioid cis-regulation in humans. PLoS Biol 2005, 3:e387.
Bustamante CD, Fledel-Alon A, Williamson S, Nielsen R, Hubisz MT,
Glanowski S, Tanenbaum DM, White T}, Sninsky ]J, Hernandez RD, et
al.: Natural selection on protein-coding genes in the human
genome. Nature 2005, 437:1153-1157.

Nielsen R, Bustamante C, Clark AG, Glanowski S, Sackton TB, Hubisz
M), Fledel-Alon A, Tanenbaum DM, Civello D, White T, et al.: A scan
for positively selected genes in the genomes of humans and
chimpanzees. PLoS Biol 2005, 3:e170.

Clark AG, Glanowski S, Nielsen R, Thomas PD, Kejariwal A, Todd
MA, Tanenbaum DM, Civello D, Lu F, Murphy B, et al.: Inferring
nonneutral evolution from human-chimp-mouse ortholo-
gous gene trios. Science 2003, 302:1960-1963.

Jordan IK, Marino-Ramirez L, Wolf YI, Koonin EV: Conservation
and coevolution in the scale-free human gene coexpression
network. Mol Biol Evol 2004, 21:2058-2070.

Wagner A: Decoupled evolution of coding region and mRNA
expression patterns after gene duplication: implications for
the neutralist-selectionist debate. Proc Natl Acad Sci USA 2000,
97:6579-6584.

UCSC Genome Browser [http://hgdownload.cse.ucsc.edu/down
loads.html]

Donaldson 1}, Chapman M, Gottgens B: TFBScluster: a resource
for the characterization of transcriptional regulatory
networks. Bioinformatics 2005, 21:3058-3059.

Stabenau A, McVicker G, Melsopp C, Proctor G, Clamp M, Birney E:
The Ensembl core software libraries. Genome Res 2004,
14:929-933.

Newman TL, Tuzun E, Morrison VA, Hayden KE, Ventura M,
McGrath SD, Rocchi M, Eichler EE: A genome-wide survey of
structural variation between human and chimpanzee.
Genome Res 2005, 15:1344-1356.

Martin D, Brun C, Remy E, Mouren P, Thieffry D, Jacq B: GOTool-
Box: functional analysis of gene datasets based on Gene
Ontology. Genome Biol 2004, 5:R101.

GOToolBox [http://139.124.62.227/GOToolBox/index.php]

[http://hscl.cimr.cam.ac.uk/

Genome Biology 2006, 7:R52

-
o
®
e
I
o
o
-
I
4
0
8
8
[o]
>



http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16136131
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16136131
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12110881
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12110881
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12110881
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12777501
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12777501
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11951044
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11951044
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16048372
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16048372
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14573485
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14573485
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14573485
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16141373
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16141373
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16141373
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12853946
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12853946
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15788537
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15788537
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12671656
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12671656
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14718377
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14718377
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14718377
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12760745
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12760745
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12370781
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12370781
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10753117
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10753117
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10753117
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12610304
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12610304
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10802651
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10802651
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10802651
http://hscl.cimr.cam.ac.uk/supplementary_donaldson06.html
http://hscl.cimr.cam.ac.uk/supplementary_donaldson06.html
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15735639
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15735639
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15735639
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16406850
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16406850
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12520017
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12520017
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12520017
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1090005
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1090005
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15269782
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15269782
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15678168
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15678168
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15678168
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15238535
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15238535
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15238535
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16274263
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16274263
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16237444
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16237444
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15869325
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15869325
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15869325
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14671302
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14671302
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14671302
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15282333
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15282333
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15282333
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10823904
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10823904
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10823904
http://hgdownload.cse.ucsc.edu/downloads.html
http://hgdownload.cse.ucsc.edu/downloads.html
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15855248
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15855248
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15855248
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15123588
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15123588
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16169929
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16169929
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15575967
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15575967
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15575967
http://139.124.62.227/GOToolBox/index.php

	Abstract
	Background
	Results
	Conclusion

	Background
	Results
	Identification of candidate regulatory TFBSs that have evolved since human-chimpanzee divergence
	Table 1 

	Genome-wide distribution of human mutated motifs
	Analysis of genomic regions enriched in candidate TFBSs mutated since the human-chimpanzee divergence

	Discussion
	Conclusion
	Materials and methods
	Discovery of conserved binding sites in aligned genomes and the determination of sites mutated in the human genome
	Localization of Ensembl genes to binding sites mutated in the human genome
	Identifying gene function using GO

	Acknowledgements
	References

