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Methods

Genome-wide prediction of conserved
and nonconserved enhancers by histone

acetylation patterns

Tae-young Roh,' Gang Wei,' Catherine M. Farrell, and Keji Zhao?

Laboratory of Molecular Immunology, National Heart, Lung, and Blood Institute, National Institutes of Health, Bethesda,

Maryland 20892, USA

Comparative genomic studies have been useful in identifying transcriptional regulatory elements in higher eukaryotic
genomes, but many important regulatory elements cannot be detected by such analyses due to evolutionary
variations and alignment tool limitations. Therefore, in this study we exploit the highly conserved nature of
epigenetic modifications to identify potential transcriptional enhancers. By using a high-resolution genome-wide
mapping technique, which combines the chromatin immunoprecipitation and serial analysis of gene expression
assays, we have recently determined the distribution of lysine 9/14-diacetylated histone H3 in human T cells. We
showed the existence of 46,813 regions with clusters of histone acetylation, termed histone acetylation islands, some
of which correspond to known transcriptional regulatory elements. In the present study, we find that 4679 sequences
conserved between human and pufferfish coincide with histone acetylation islands, and random sampling shows that
33% (13/39) of these can function as transcriptional enhancers in human Jurkat T cells. In addition, by comparing
the human histone acetylation island sequences with mouse genome sequences, we find that despite the conservation
of many of these regions between these species, 21,855 of these sequences are not conserved. Furthermore, we
demonstrate that about 50% (26/51) of these nonconserved sequences have enhancer activity in Jurkat cells, and
that many of the orthologous mouse sequences also have enhancer activity in addition to conserved epigenetic
modification patterns in mouse T-cell chromatin. Therefore, by combining epigenetic modification and sequence
data, we have established a novel genome-wide method for identifying regulatory elements not discernable by
comparative genomics alone.

[Supplemental material is available online at www.genome.org.]

The sequencing of the genomes of an increasing number of or-
ganisms has enabled scientists to carry out comparative genomic
analysis, and this has been particularly useful in the identifica-
tion of evolutionarily conserved sequences, many of which have
been shown to be important transcriptional regulatory elements
(Hardison et al. 1997; Hardison 2000; Loots et al. 2000; Pennac-
chio and Rubin 2001; Miller et al. 2004). However, genomic com-
parisons based on DNA sequence alone have proved to be chal-
lenging due to various factors that can affect the outcome of a
comparison, for instance, the alignment method used, the win-
dow size of the DNA sequences, and the stringency of other pa-
rameters used for comparison. Comparative genomics has re-
vealed that a large number of conserved noncoding sequences
exist between closely related species, thus making it difficult to
identify sequences that are functionally significant. For this rea-
son, genomic comparisons from multiple evolutionarily diverse
species are often required to filter out regions with significant
conservation, and even this can lead to the identification of false
positives due to the presence of slowly evolving neutral regions
(for review, see Stone et al. 2005). Comparative genomic analysis
is also complicated due to degeneracy in functionally significant
sequences, e.g., many transcription factors can recognize mul-
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tiple binding sites and ultimately give rise to the same functional
effect. In addition, conserved functional regions often have small
amounts of neutrally evolving sequences embedded within
them, and thus these regions may be missed in the analysis,
particularly in more stringent comparisons.

The sequencing of the relatively small and compact genome
of Fugu rubripes, the pufferfish, has provided us with a useful tool
for the identification of conserved vertebrate functional elements
(Brenner et al. 1993; Aparicio et al. 2002; Venkatesh and Yap
2004). This is due to the fact that the pufferfish has eliminated a
large proportion of its nonessential DNA, yet this organism,
which is one of the most distant vertebrate relatives of mammals,
shares a similar repertoire of genes with mammals, implying that
it uses similar regulatory mechanisms. However, it should be
noted that a genome duplication occurs in pufferfish and other
ray-finned fishes (Taylor et al. 2003; Christoffels et al. 2004), and
it has been shown that some duplicated coparalogous regions
have adapted new or subfunctional roles (e.g., Tiimpel et al.
2006). Nevertheless, many conserved regulatory regions have
been identified between pufferfish and mammals, e.g., the con-
served regulatory elements that exist between the mouse and
pufferfish Hoxb-4 gene (Aparicio et al. 1995). However, despite
the fact that there is some regulatory conservation between these
species, a large evolutionary distance still exists between them
and, therefore, comparative genomics using the pufferfish ge-
nome would not likely identify the more specialized species-
specific regulatory elements that have evolved to play pivotal
roles in the more complex regulatory mechanisms of higher eu-
karyotes.
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Studies of the regulation of eukaryotic gene expression have
shown that not only the genomic DNA sequence per se, but also
the higher order structure of chromatin plays an important role
in the establishment and maintenance of tightly regulated gene
expression. Many epigenetic modifications are known to occur in
active and repressed chromatin regions (for review, see Jenuwein
and Allis 2001; Felsenfeld and Groudine 2003; Peterson and
Laniel 2004; Lam et al. 2005; Margueron et al. 2005; Martin and
Zhang 2005), and many of these modifications are known to
occur at important regulatory elements, e.g., the high levels of
histone acetylation that are found at gene promoters and at
many enhancers. Some of these modifications are known to be
associated with active chromatin, including acetylation of his-
tone H3 on lysines 9 and 14 and methylation on lysines 4, 36,
and 79, while other modifications, including methylation of his-
tone H3 on lysines 9 and 27, are linked with repressive chromatin
environments, although recent data have shown an overlap of
active and repressive modifications in distinct chromatin sub-
populations (Bernstein et al. 2006; Roh et al. 2006). In addition,
it is known that many regulatory elements carry these epigenetic
modifications only in specific cell/tissue types or according to
environmental conditions, which cannot be determined by com-
parative genomics based on sequence alone. Therefore, in carry-
ing out genomic comparisons to identify regions that are likely to
be functionally important, not only should the DNA sequence
per se be taken into account, but it is also expected that the
epigenetic modification patterns would be conserved in highly
important regulatory regions. Such conservation of histone
modifications has been demonstrated at several mammalian loci,
e.g., conserved histone H3 acetylation has been shown at the
locus control region (LCR) DNasel hypersensitive site elements of
avian and mammalian B-globin loci (Schiibeler et al. 2000; Litt et
al. 2001; Bulger et al. 2002, 2003). Epigenomic comparisons
should thus be useful in filtering out functionally significant
conserved noncoding sequences between closely related se-
quences, such as mouse and human. However, the major draw-
back in doing such comparisons has thus far been the lack of
genome-wide information on epigenetic modification patterns
in different species, in addition to the fact that these epigenetic
modification patterns (but not the genome sequence) may vary
from tissue to tissue and with changing environmental condi-
tions depending on the chromatin dynamics of the gene(s) of
interest.

In the present work, we make use of our previous study
where we used a genome-wide mapping technique (GMAT) to
determine the distribution of lysine-9/14-diacetylated histone
H3 in human peripheral T cells (Roh et al. 2005). We have pre-
viously shown that this chromatin modification is correlated
with active gene promoters and with important regulatory ele-
ments associated with gene expression, and we have defined re-
gions of the genome carrying this modification as histone acety-
lation islands. Since these histone acetylation islands are very
likely to denote functional elements, we compared their se-
quences with that of the pufferfish and mouse genomes, and
random sampling with reporter gene assays in Jurkat cells re-
vealed that a significant number of both conserved and noncon-
served acetylation island sequences can function as enhancers.
Moreover, we find that some orthologous regions in the mouse
genome also display enhancer activity and have enriched histone
acetylation patterns in mouse T-cell chromatin. Therefore, we
show that by combining conventional comparative genomic
strategies with genome-wide epigenetic information, we can

more accurately pinpoint regions of functional significance as
well as uncover functionally significant regions that are not nec-
essarily conserved at the DNA sequence level, thus providing a
novel genome-wide technique for identifying regulatory ele-
ments.

Results

We have previously mapped the acetylation of histone H3 in
human peripheral T cells by using an unbiased genome-wide
mapping technique we called GMAT (Roh et al. 2004, 2005,
2006). This technique, which is a combination of the chromatin
immunoprecipitation (ChIP) assay and the serial analysis of gene
expression (SAGE) assay, involves the isolation and subsequent
sequencing of DNA tags from the acetylated histone-enriched
chromatin, and the frequency of these tags in the sequenced
DNA corresponds to the relative histone acetylation level at a
particular location in the human T-cell genome. From this GMAT
analysis, we identified 46,813 genomic regions where clusters of
two or more unique acetylation tags are present, and we named
these histone acetylation islands. Specifically, histone acetyla-
tion islands are defined based on the following criteria: (1) they
are composed of GMAT sequence tags from more than two ad-
jacent NIlalll sites (the restriction enzyme used to cleave the im-
munoprecipitated chromatin in the GMAT assay); (2) the detec-
tion frequency of the tags is =1; and (3) neighboring acetylation
islands are separated by >500 bp. In addition, these acetylation
island sequences ranged in length from 44 to 7827 bp (average
size of 508 bp), and given that the resolution of the ChlIP step of
the GMAT assay was 500 bp-1 kb, the precise genomic location of
the acetylated chromatin could be up to 1 kb from the location of
the GMAT sequence tag. Many of these acetylation islands sig-
nificantly correlated with conserved human-rodent noncoding
sequences (CNSs) and with known regulatory elements in T cells,
and high levels of H3 acetylation were detected in promoter re-
gions, especially for genes that are highly expressed in human T
cells (Roh et al. 2005).

In the present study, to determine the extent of sequence
conservation between the human T-cell histone acetylation is-
lands and the pufferfish genome, we determined the precom-
puted aligned sequences of these genomes by using the VISTA
genome browser (Mayor et al. 2000; Frazer et al. 2004; http://
pipeline.lbl.gov/cgi-bin/gateway2). Of 91,915 genomic se-
quences that are conserved between these two distantly related
vertebrates (of which 70,339 or 76.5% are also conserved in
mouse, and 68,494 are protein-coding regions, 1338 are untrans-
lated regions, and 22,083 are other noncoding sequences; see
Methods for criteria used to define conservation), we found that
14,068 of these sequences (or 15%) are located within 5 kb of a
RefSeq transcription start site (TSS) as downloaded from the
UCSC Genome Browser (http://www.genome.ucsc.edu/). All hu-
man regions that showed a hit in the VISTA database were con-
sidered conserved irrespective of whether they occurred once or
twice in the pufferfish genome. By counting the number of se-
quences in 50-bp window sizes, we plotted the distribution of
14,068 of these conserved sequences that are present within 5 kb
of known or predicted TSSs in the human genome (Fig. 1A). We
found that the majority of these conserved sequences tend to
map downstream of a TSS or in the gene body rather than to an
upstream or promoter region, which reflects the large number of
conserved coding-region sequences. Upon examination of the
distribution of conserved sequences that are associated with his-
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Figure 1. The distribution of sequences that are conserved between
human and pufferfish. (A) The distribution of human-pufferfish con-
served sequences. A total of 14,068 conserved sequences are plotted
relative to their location within 5 kb of the nearest RefSeq transcription
start site (TSS) in the human genome. The y-axis indicates the number of
sequences (50-bp window sizes) found 5 kb upstream or downstream of
a TSS. (B) The distribution of human-pufferfish conserved sequences that
are associated with histone acetylation islands. A total of 2459 conserved
sequences associated with acetylation islands are plotted as in A. The
hatched box indicates sequences found within 1 kb of a TSS.

tone acetylation islands (see Table 1 for details), we found that
4679 acetylation islands coincide with conserved sequences and
that 2459 of these fall within 5 kb of a TSS as plotted in Figure 1B.
We found that a large portion (57.8%) of these conserved acety-
lation island sequences map within 1 kb of a TSS (hatched box,
Fig. 1B). We also noted that many of these sequences are still
present in the 5-kb region upstream of a TSS, suggesting that
some of these may possibly be functional transcriptional regula-
tory elements in T cells, notwithstanding that many more distal
regulatory elements associated with histone acetylation may ex-
ist beyond the 5-kb limit examined here.

In order to examine the extent of sequence conservation of
the human T-cell histone acetylation islands with a more closely

related organism, we next compared these acetylation island se-
quences with mouse genome sequences. In total, we found that
1,362,767 genomic regions are conserved between human and
mouse by VISTA analysis, of which 162,613 are protein-coding
regions, 37,664 are untranslated regions, and 1,162,490 are other
noncoding sequences. By comparing our 46,813 human T-cell
acetylation island sequences with these conserved sequences, we
found that 24,958 acetylation islands coincide with conserved
regions (see Table 1 for details). In addition, we were also inter-
ested in using our histone acetylation island data to uncover
sequences that are not conserved between human and mouse,
but which may nonetheless represent functional elements. From
this analysis, we calculated the relative distance of 19,070 non-
conserved acetylation island sequences from the nearest RefSeq
TSS in the human genome, and by counting the number of is-
lands in 50-bp window sizes, we plotted their distribution within
100 kb of the TSSs (Fig. 2A). Again, as in Figure 1, we find that the
majority of these nonconserved sequences map at or near a TSS.
The fact that a significant portion of these acetylation island
sequences are present at large distances (>20 kb) from a TSS sug-
gests that they may possibly represent distant functional ele-
ments involved in long-range gene regulation or chromatin do-
main formation such as enhancers, LCRs, matrix attachment re-
gions, or boundary elements, or they could possibly represent
unknown noncoding RNA genes and/or intergenic transcripts.
We also wanted to compare the distribution of these noncon-
served acetylation island sequences to that of conserved acetyla-
tion island sequences. We therefore plotted the distribution of
22,796 of these conserved sequences that fall within 100 kb of a
TSS (Fig. 2B). This distribution of conserved acetylation island
sequences was not surprisingly similar to that of the noncon-
served sequences, but we noted that a larger number of the con-
served sequences map at or close to a TSS.

To determine what proportion of the human-pufferfish
conserved, or human-mouse nonconserved, acetylation island
sequences display functional enhancer activity, we decided to
randomly sample some of these human sequences for enhancer
activity in reporter gene assays. In these assays, we inserted 1.2-
kb test sequences spanning the acetylation islands upstream of a
heat-shock promoter-driven luciferase reporter gene (Fig. 3A),
and we transiently transfected these constructs into human Jur-
kat T cells. By comparing the luciferase activity of each construct
to the same construct without an insertion, we determined the
relative enhancer activities of the selected acetylation island se-
quences (Fig. 3B,C; Supplemental Tables S1 and S2). To test for
enhancer activity of the human-pufferfish conserved sequences,
39 sequences located >1 kb from a TSS were selected, omitting
those sequences in the hatched box in Figure 1. The data show
that of the 39 human conserved sequences tested, 13 show a
minimum of 1.5-fold enhancer activity (Fig. 3 B,D; Supplemental
Table S1), consistent with the expectation that these sequences
represent functional elements. In addition, we tested 51 human-

Table 1. Acetylation islands and sequence conservation between human and pufferfish/mouse

Coding Untranslated Intronic Intergenic Total
Acetylation islands 9017 (19%) 1405 (3%) 17,793 (38%) 18,598 (40%) 46,813
Acetylation islands conserved in pufferfish 3332 (71%) 204 (4%) 736 (16%) 407 (9%) 4679
Acetylation islands nonconserved in pufferfish 5686 (14%) 1201 (3%) 17,057 (40%) 18,190 (43%) 42,134
Acetylation islands conserved in mouse 7747 (31%) 982 (4%) 8608 (34%) 7621 (31%) 24,958
Acetylation islands nonconserved in mouse 1271 (6%) 422 (2%) 9185 (42%) 10,977 (50%) 21,855
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Figure 2. The distribution of human-mouse conserved and noncon-
served histone acetylation island sequences. (A) The distribution of
19,070 nonconserved acetylation island sequences is plotted relative to
their location within 100 kb of the nearest RefSeq TSS. The y-axis indi-
cates the number of sequences (50-bp window sizes) found +=100 kb
from a TSS. (B) The distribution of 22,796 human-mouse conserved
acetylation island sequences is plotted as in A.

mouse nonconserved sequences that are located >1 kb from a
transcription start site, and we found that 26 of these displayed
enhancer activity in our assay (Fig. 3C,D; Supplemental Table
S2), suggesting that these histone acetylation islands are impor-
tant elements in human T cells, despite the lack of sequence
conservation. Given that surprisingly high numbers of our con-
served and nonconserved sequences showed enhancer activity in
our assay, 33% and 50%, respectively, it was therefore necessary
to determine whether the enhancer activity seen in these se-
quences was statistically significant for acetylated regions. We
therefore randomly chose nine nonacetylated sequences in the
human genome, and upon testing these in our reporter gene
assay, we found no significant enhancer activity above our
threshold level (Supplemental Table S3), strongly suggesting that
a significant portion of our sampled acetylated sequences are
bone fide regulatory elements. Furthermore, by utilizing the re-
sults with these randomly chosen nonacetylated sequences, we
performed Student t-tests and calculated P-values for all acetyl-
associated sequences that showed enhancer activity in our assays
(Fig. 3; Supplemental Tables S1 and S$2), and the very low P-values
obtained, ranging from 8.1 X 10~ to 1.3 X 10~ ° (Supplemen-
tal Tables S1 and S2), revealed that our enhancer activity is sta-
tistically significant.

Given the distribution of the human nonconserved acety-
lation island sequences (Fig. 2A) and the fact that about half of
these displayed enhancer activity (Fig. 3C,D), we were interested

in determining whether the orthologous nonconserved mouse
sequences were functional in enhancer assays and whether or not
they too had acetylated histone H3 in mouse T cells. We thus
selected nine of these nonconserved human acetylation island
sequences that showed enhancer activity in the above assays, and
by using the VISTA genome browser, we determined the spatially
equivalent or candidate orthologous sequences in the mouse ge-
nome (Supplemental Table S4), which, according to the criteria
used by the browser, correspond to sequences that are located
between conserved sequence blocks in syntenic human-mouse
genomic regions. We then tested these sequences in enhancer
assays (Supplemental Table S4), comparing their enhancer activi-
ties in human Jurkat T cells to that in the mouse thymoma-
derived EL4 T-cell line (Fig. 4). Of the sequences tested in Jurkat
cells (Fig. 4; Supplemental Table S4), we found that 44% of the
corresponding mouse sequences displayed enhancer activity,
suggesting that although the sequence per se is not conserved,
there is still some functional conservation between these corre-
sponding regions. Furthermore, when these sequences were
tested for enhancer activity in mouse EL4 cells, which do not
have the cross-species variations that may be present in human
Jurkat cells, we found that an even higher proportion of these
sequences, 67%, displayed enhancer activity (Fig. 4; Supplemen-
tal Table S4).

We next wanted to determine the histone acetylation modi-
fication patterns of these sequences in Jurkat cells and in mouse
T-cell chromatin. We first did ChIP assays with some of the hu-
man sequences that displayed enhancer activity in Jurkat cells
(Fig. 5A). Although these sequences were defined as histone
acetylation islands in the GMAT analysis in human peripheral
pan T cells (Roh et al. 2005), the Jurkat cells used in the enhancer
assays are a CD4"* T-cell line and may not have the same modi-
fications as the primary T cells used in the GMAT analysis. We
therefore analyzed both lysine 9/14 diacetylation of histone H3
and lysine 4 dimethylation of histone H3 (Fig. 5A), and we found
that most (at least seven of the nine sequences tested), but not
all, of these sequences displayed these histone modifications in
Jurkat cells. We next wanted to sample orthologous mouse se-
quences to see whether they also have conserved histone acety-
lation in mouse T-cell chromatin, similar to their counterparts
being histone acetylation islands in human T-cell chromatin. We
thus performed ChIP assays with a lysine 9/14 diacetyl histone
H3 antibody on 15 different orthologous mouse regions, and we
found that about two-thirds of these sequences, which are not
conserved at the sequence level, also carry this histone modifi-
cation in mouse thymocytes (Fig. 5B). Therefore, both the en-
hancer assays (Fig. 4) and the histone modification analysis (Fig.
5) may possibly imply that at least some of these nonconserved
but corresponding mouse sequences have functional conserva-
tion (notwithstanding possible functional changes due to adap-
tive evolution or neofunctionalization) as determined not by se-
quence per se, but by epigenetic modification patterns.

Discussion

In this study, we have taken advantage of our previous genome-
wide histone acetylation data in human T cells, and we have
compared acetylation island sequences with the genomic se-
quences of a distantly related vertebrate, the pufferfish, as well as
to a more closely related species, the mouse. In this way, we have
identified many evolutionarily conserved sequences between
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Non-conserved Al 51 26 various reports in the literature of such
Figure 3. Enhancer activity assays of the conserved and nonconserved acetylation island sequences. instances (e.g., Ikura et al. 2000; Mc-

(A) The construct used to test for enhancer activity. Each construct contains a 1.2-kb sequence en-
compassing the acetylation island sequence, which is cloned upstream of a luciferase reporter gene
driven by a heat-shock gene promoter (HS pr). (B) Reporter gene activities of 39 acetylation island
sequences that are conserved between human and pufferfish, following transient transfection of the
constructs in Jurkat cells. The relative luciferase activity (x-axis) was determined by comparing the
luciferase activity of the test construct to that of a similar construct without a putative enhancer
insertion. The construct numbers (as shown in Supplemental Table S1) are indicated on the y-axis.
Error bars indicate the standard deviation from the mean. (C) Reporter gene activities of 51 acetylation
island sequences that are not conserved between human and mouse, as plotted in B. The construct
numbers on the y-axis are described in Supplemental Table S2. (D) Summary of enhancer assay results.

(Al) Acetylation island.

pufferfish and human, and we have shown that about one-third
of these sequences act as enhancers in reporter gene assays, and
these sequences are thus likely to be highly functional. In the
case of our human-mouse acetylation island sequence compari-
sons, we have focused on sequences that are not conserved be-
tween these species. Our data reveal that about half of these
sequences have enhancer activity in human Jurkat T cells, and
thus, are likely to represent important regulatory regions. Fur-
thermore, we have shown that about two-thirds of the sampled
orthologous but nonconserved mouse sequences show enhancer

Blane and Boyes 2000; McMurry and
Krangel 2000; Litt et al. 2001; Bird et al.
2002; Mutskov et al. 2002; Bulger et al.
2003; Aggarwal and Calvi 2004). In ad-
dition, in the case of the conserved and
nonconserved sequences that showed
enhancer activity in our assays, it is im-
portant to note that we cannot make
conclusions about functionality based
on these assays alone, even when there
is conservation of the histone acetyla-
tion islands, and various speculations can be made about these
regions, including the possibility of functional changes due to
adaptive evolution or neofunctionalization, or the possibility
that they could represent unknown noncoding RNAs.

In the case of the nonconserved orthologous regions in the
mouse genome that did not show enhancer activity, it is possible
that the human T-cell acetylation islands could represent species-
specific enhancer/regulatory regions. An example of this is the
nonconserved acetylation island sequence that is present down-
stream of the IL13 gene in the T,2 cytokine locus (Roh et al.
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Figure 4. Enhancer activities of nonconserved but corresponding
mouse sequences. The enhancer activities of nine nonconserved ortholo-
gous mouse sequences are shown following transient transfection in hu-
man Jurkat cells and mouse EL4 cells. Relative enhancer activities were
determined as in Figure 3. The construct numbers (x-axis) are described
in Supplemental Table S4.

2005), which juxtaposes another acetylation island previously
identified as a CNS that is required for the coordinated expres-
sion of the T2 genes (Loots et al. 2000). However, in analyzing
the nonconserved but “corresponding” mouse sequences, it is
important to note that the accuracy of defining these highly
diverged but orthologous regions is limited by the capabilities of
the VISTA alignment program we used. While this aligner is gen-
erally used to compute global alignments and is constantly being
improved to handle chromosomal rearrangements like inver-
sions, deletions, duplications, insertions, and nucleotide substi-
tutions (Mayor et al. 2000; Couronne et al. 2003; Frazer et al.
2003, 2004), there is always the possibility that the precomputed
aligned sequences are not truly orthologous or corresponding
regions, and perhaps another alignment method, such as a local
alignment program or phylogenetic footprint analyses, could un-
cover more precise corresponding regions or determine whether,
at all, a truly orthologous region exists in the other species. For
this reason, to determine the biological/evolutionary relevance
of the individual nonconserved acetylated sequences tested here,
further in-depth analyses of our epigenomic comparisons would
have to involve more precise local alignments and factor bind-
ing-site data, which is beyond the scope of the current study.
Nonetheless, despite these limitations, it is still remarkable that
such a high proportion of our nonconserved sequences showed
enhancer activity in our assays, and that many of these had con-
served histone acetylation in mouse T-cell chromatin. Similar
examples of conserved histone modifications in nonconserved
human and mouse sequences were also shown in a study by
Bernstein et al. (2005), where a comparison of histone H3 lysine
4 methylation was carried out across human chromosomes 21
and 22 and at a series of human and mouse loci. However, our
study has been extended to a genome-wide scale, and we have
carried the analyses a step further by demonstrating in vitro en-
hancer activity at nonconserved human-mouse sequences in ad-
dition to showing conserved histone acetylation at these regions.

While our study is part of a new era in epigenomic sequence
comparisons, the concept of using epigenetic features to identify
important chromatin regulatory regions has been used in biology
for some time now, e.g., the occurrence of CpG islands and their
methylation status, or the occurrence of DNasel hypersensitive

sites that were later shown to have enhancer, LCR, or boundary
element activity, even before the underlying DNA sequences
were known. However, most of these previous studies were lim-
ited by the availability of sequences and/or clones, and could
only be confined to the specific loci under investigation. Nowa-
days, the recent sequencing of the genomes of a growing number
of higher eukaryotic organisms, coupled with the emergence of
new technologies to map chromatin modifications genome-wide
(for review, see Huebert and Bernstein 2005; Barrera and Ren
2006; Callinan and Feinberg 2006), including our GMAT analy-
sis, has paved the way for future breakthroughs in deciphering
the functionally relevant areas of the human genome. Not only
can histone modification data be used for such purposes, but
knowledge of the genome-wide binding sites of specific transcrip-
tion factors, or of DNA methylation patterns, or of DNasel hy-
persensitivity, could also be applied to identify functionally sig-
nificant genomic regions. To this end, a recent study has used
genome-wide chromatin immunoprecipitation studies to iden-
tify promoters in the human genome independently of the
mRNA sequences (Kim et al. 2005a,b). In addition, methodolo-
gies have been developed to map DNasel hypersensitivity ge-
nome-wide (Dorschner et al. 2004; Sabo et al. 2004; Crawford et
al. 2006), and recent studies have also compared DNA methyl-
ation in normal versus human cancer cells (Weber et al. 2005;
Callinan and Feinberg 2006; Wilson et al. 2006).

In conclusion, we have combined genome-wide epigenomic
data with conventional comparative genomics to reveal both
conserved and nonconserved functionally significant regions in
the human and mouse genomes, and we have thereby uncovered
new functional regions that were not discernable by sequence
comparisons alone. In the future, this method could be extended
to yield even more information by comparing our human T-cell
histone modified sequences to genome-wide histone modifica-
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Figure 5. Histone modifications of the acetylation island sequences. (A)
ChIP assays using diacetyl K9/K14 histone H3 and dimethyl K4 histone H3
antibodies in human Jurkat cells. The sequence numbers are described in
Supplemental Table S2. (B) ChlIP assays using a diacetyl K9/K14 histone
H3 antibody in mouse thymus cells. The sequence numbers are described
in Supplemental Tables S2 and S4.
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tions in mouse T-cell chromatin. In the continuing efforts to
mine the human genome and to weed out significant regulatory
regions, it has become clear that genomic comparisons between
different organisms have their limitations, and future compari-
sons must not only take into account the DNA sequence itself but
also the architecture of the surrounding chromatin and its asso-
ciated modifications. The emergence of future genome-wide epi-
genomic data from various cell types and organisms will un-
doubtedly aid in these epigenomic comparisons and thus greatly
increase our chances of finding important regulatory regions,
which in turn will further our understanding of gene regulation,
developmental processes, and the underlying causes of human
diseases.

Methods

Sequence alignments

For sequence comparisons, the UCSC human July 2003 (hgl6/
NCBI build 34) base sequence assembly was compared with the
mouse mm4 October 2003 assembly or to the Fugu v.3.0 August
2002 assembly. Conserved and corresponding aligned sequences
were downloaded based on precomputed alignments from the
VISTA analysis Web site (http://genome.lbl.gov/vista/
index.shtml) using the default sliding window size of 100 bp to
calculate conservation scores for each base pair in the VISTA
curve. Regions that had a minimum of 70% identity were con-
sidered conserved in our analysis, and all other parameters were
as defined for the precomputed alignments in the VISTA data-
base. The RefSeq gene tables of the human hgl6 assembly were
downloaded from the UCSC Web site (http://www.genome.ucsc.
edu/). Histone acetylation island sequences were obtained as de-
scribed previously (Roh et al. 2005; http://dir.nhlbi.nih.gov/labs/
Imi/zhao/epigenome/G&D2005.htm).

Cell lines

Jurkat cells and EL4 cells were maintained in RPMI 1640 medium
supplemented with 10% fetal calf serum and 1% penicillin—
streptomycin mix.

Reporter gene assays

Enhancer candidates were amplified using High Fidelity Plati-
num Taq DNA polymerase (Invitrogen), and all products were
about 1.2 kb in length with the acetylation island sequences
(Supplemental Tables S1-S4) in the center. Primer sequences are
available upon request. To test these sequences in enhancer as-
says, pGL3-HS was constructed by subcloning the Smal-Nhel
(blunt-ended) minimal heat-shock promoter fragment from
pIND (Invitrogen) into the blunt-ended HindIII site of pGL3-
basic (Promega). The amplified candidate sequences were then
subcloned in either the Kpnl or BglII restriction sites of the pGL3-
HS construct immediately upstream of the heat-shock promoter.
Jurkat cells were transfected with 2 pg of each reporter construct
using Superfect transfecting reagent (Qiagen) according to the
manufacturer’s directions, and EL4 cells were transfected with 10
pg of each reporter construct by electroporation with a BIO-RAD
gene pulser (250 V, 960 pF). Cell extracts were prepared, and
luciferase activities were measured 48 h after transfection using
the Dual-Luciferase Reporter Assay System (Promega). All en-
hancer assays were carried out at least in duplicate.

ChIP analysis

ChIP assays using Jurkat cells and mouse thymocytes were per-
formed as described previously (Roh et al. 2004). Pre-immune

serum (Santa Cruz Biotechnologies), antidiacetylated K9/K14 his-
tone H3 (Upstate) and dimethyl K4 histone H3 (Abcam) antibod-
ies were used for immunoprecipitation. Primer sequences used in
PCR reactions are available upon request. Input and immunopre-
cipitated DNA samples were examined by agarose gel electropho-
resis after 32 cycles of PCR amplification.
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