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The identity and developmental potential of a human cell is specified by its epigenome that is largely defined
by patterns of chromatin modifications including histone acetylation. Here we report high-resolution
genome-wide mapping of diacetylation of histone H3 at Lys 9 and Lys 14 in resting and activated human T
cells by genome-wide mapping technique (GMAT). Our data show that high levels of the H3 acetylation are
detected in gene-rich regions. The chromatin accessibility and gene expression of a genetic domain is
correlated with hyperacetylation of promoters and other regulatory elements but not with generally elevated
acetylation of the entire domain. Islands of acetylation are identified in the intergenic and transcribed regions.
The locations of the 46,813 acetylation islands identified in this study are significantly correlated with
conserved noncoding sequences (CNSs) and many of them are colocalized with known regulatory elements in
T cells. TCR signaling induces 4045 new acetylation loci that may mediate the global chromatin remodeling
and gene activation. We propose that the acetylation islands are epigenetic marks that allow prediction of
functional regulatory elements.
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Comparative genomics studies reveal the existence of
long conserved noncoding sequences (CNSs) that are
thought to play regulatory roles in the expression of the
mammalian genomes (Loots et al. 2000; Dermitzakis et
al. 2002). However, even though all of the nucleated
mammalian cells in one species have the same genome,
every cell type has a different epigenome that is mainly
defined by post-translational modifications of chromatin
and expresses a subset of genes by using only a subset of
the regulatory elements. Additional screening strategies
are required to identify genome-wide functional regula-
tory elements.

Histone modifications regulate the accessibility of
chromatin and gene activity (for reviews, see Kornberg
and Lorch 1999; Strahl and Allis 2000; Turner 2000; Wu
and Grunstein 2000; Jenuwein and Allis 2001; Berger
2002; Kurdistani and Grunstein 2003). Many enzymes
that regulate histone acetylation and deacetylation are
transcriptional cofactors (Kuo and Allis 1998). Histone
acetylation is required for gene activation and cell
growth (Megee et al. 1990; Durrin et al. 1991). The acety-

lation of histone H3 at Lys 9 and Lys 14 has been shown
to be important for activation of the human interferon-�
gene upon viral infection (Agalioti et al. 2002). Genome-
wide analyses in yeast and Drosophila melanogaster
have correlated acetylation patterns with the transcrip-
tional activity (Kurdistani et al. 2004; Schubeler et al.
2004). While the mechanisms by which histone acetyla-
tion regulates chromatin structure and transcription are
not fully understood, it is believed that the acetylation
status of histones provides complex recognition surfaces
or a code for factors that regulate chromatin structure
and gene activity (Strahl and Allis 2000). For example,
the recruitment of Sir3 to form heterochromatin in yeast
requires that H4-K16 is deacetylated (Hecht et al. 1996).
The bromodomain, which is found in many chromatin-
modifying enzymes, binds specifically to acetylated ly-
sine residues (Dhalluin et al. 1999; Jacobson et al. 2000).
Therefore, the acetylated histones may recruit and/or
stabilize transcription factors and/or chromatin remod-
eling enzymes to their target sites in chromatin (Hassan
et al. 2001; Agalioti et al. 2002). There is also evidence
that histone acetylation regulates gene expression by fa-
cilitating transcriptional elongation (Belotserkovskaya
et al. 2003; Saunders et al. 2003).

Much in vivo evidence about the function of histone
acetylation in regulation of gene expression comes from
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genetics studies in lower eukaryotic organisms such as
yeast (Kurdistani and Grunstein 2003), which has high
levels of histone acetylation in the whole genome (Roh
et al. 2004). Higher eukaryotic genomes differ from yeast
in having much lower acetylation levels and more het-
erochromatic regions. How does histone acetylation con-
trol the chromatin accessibility of active domains in
higher eukaryotes? Previous studies suggest that the
whole domain becomes generally hyperacetylated when
it is activated (Litt et al. 2001). However, analysis of
human cells suggests that histone acetylation is local-
ized to the active promoter region (Liang et al. 2004).
To clarify the question, an unbiased genome-wide analy-
sis of histone acetylation at high resolution is neces-
sary. Several methods have been reported for the high-
throughput evaluation of the chromatin immunoprecipi-
tation (ChIP) DNA sequences (Horak and Snyder 2002;
Liang et al. 2004; Roh et al. 2004). One such method,
ChIP-on-Chip has been successfully used for the analysis
of lower eukaryotes such as Saccharomyces cerevisiae
because of the availability of DNA microarrays that con-
tain most of yeast genomic DNA (Bernstein et al. 2002;
Kurdistani et al. 2004). However, the currently available
human DNA microarrays cover only a small portion of
the entire human genome. To detect the true global his-
tone modifications at high resolution, we have recently
developed a genome-wide mapping technique (GMAT)
that combines ChIP and the serial analysis of gene ex-
pression technique (SAGE) (Roh et al. 2003, 2004).
GMAT does not depend on preselected DNA sequences.
It identifies a tag of 21-bp sequence from each ChIP DNA
fragment, which contains sufficient information to be
mapped precisely in the human genome. The detection
frequency of a tag in the GMAT library reflects directly
the level of modification at the locus. Therefore, the
level of histone modifications can be compared between
different genetic loci.

Using GMAT, we determined the genome-wide distri-
bution of K9/K14 diacetylated histone H3 in resting and
activated human T cells. Our data argue that chromatin
accessibility of a genetic locus is not caused by generally
elevated acetylation; instead, the openness is correlated
with hyperacetylation of a limited number of regulatory
elements including promoters, locus control regions, and
enhancers. We propose a concept “acetylation islands”
and show that they are functional regulatory elements in
the human genome.

Results

Sequencing the GMAT library

To generate GMAT libraries for sequencing analysis,
resting CD3+ T cells were isolated from human blood
using negative selections. The cells were either used im-
mediately or activated with anti-CD3 and anti-CD28 for
24 h before ChIP with anti-K9/K14 diacetylated histone
H3 antibodies. The GMAT libraries were prepared from
the ChIP DNA as described previously (Roh et al. 2003,
2004). As shown in Table 1A, the human genome con-

tains a total of 24,577,210 tags, which represent
18,559,414 kinds of tags (or different 21-bp sequences).
By sequencing 32,544 GMAT clones, we obtained a total
of 803,439 tags, which represent 414,655 kinds of tags.
Therefore, 2.2% of the tag kinds in the human genome
were detected in the GMAT library. To determine
whether we have covered the genome sufficiently, we
quantified the level of H3-K9/K14 acetylation in resting
T cells using ChIP as described (Litt et al. 2001). The
results showed that ∼1.2% of nucleosomes in total chro-
matin is associated with K9/K14 acetylated H3 (data not
shown). Since the repetitive sequences, which make up
∼40% of the human genome, were associated with hy-
poacetylated histone H3 (Table 1B), we estimate that
∼2% of the unique sequences in the genome are associ-
ated with the acetylated histone. This is consistent with
the data that 2.1% of unique tags were detected in the
GMAT library (Table 1B). We conclude that our sequenc-
ing has covered most of the acetylated regions.

Table 1B shows that 2.1% of the unique sequences (1
repeat) in the genome were detected in the GMAT li-
brary, while the percentage of detection decreased as the
repetitiveness (repeat number) increased, indicating that
higher repetitive sequences are associated with lower
levels of the histone H3 acetylation. Since the repetitive
sequences were not associated with significant levels of
the H3 acetylation and the repetitive tags that are asso-
ciated with acetylated H3 could not be mapped precisely
in the human genome, we considered only the unique
tags for further analysis.

The GMAT tags are truly associated
with H3 acetylation

We detected 670,073 tags (Table 1A) derived from unique
sequences. The detection frequency of the tags in the
GMAT library ranges from 1 to 65 times (Table 1C). Of
these tags, 40.7% were detected only once (single-copy
tag) and 59.3% were detected multiple times in the li-
brary (Table 1C). Since the specific antibody against the
diacetylated (K9/K14) histone H3 pulled down 100-fold
more DNA than nonspecific rabbit IgGs in the ChIP ex-
periments, the majority of the ChIP DNA and therefore
the tags detected in the GMAT library were associated
with the acetylated histone. However, we could not
completely avoid of low levels of nonspecific pull-down
of DNA in the procedure. One nonspecific fragment may
generate a maximum of two tags irrespective of the frag-
ment size. To confirm that the majority of the tags de-
tected in the library truly represent the levels of histone
modification and are not derived from contamination
during ChIP experiments, we randomly picked ∼100 tags
and analyzed them by quantitative PCR using specific
primers. Our analysis of 15 loci with a two-copy or
higher-copy GMAT tag indicates that all of them were
enriched in the ChIP DNA. The enrichment was >10-
fold over the control �-globin sequence (data not shown).
The results were reproduced with four different ChIP
samples obtained from chromatin prepared from four in-
dependent cultures. Therefore, we can confidently con-
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clude that all of the tags that were detected two or more
times are truly positive tags. Approximately 59.3% of all
the unique tags detected in the GMAT library belonged
to this category (Table 1C).

For the single-copy tags, 74% of them were enriched
more than threefold over the control sequences when the
distance to the nearest detected tag was within 5 kb. The
results were confirmed in four different experiments us-
ing different ChIP DNA samples (Table 2). When the
nearest detected tag was found at a distance of >5 kb,
only 36% of the tags were enriched more than threefold
(Table 1D). However, only 7.9% of the tags fell into this

category. Therefore, we conclude that all of the multiple-
copy tags and most of the single-copy tags detected in the
GMAT library were associated with the acetylated his-
tone H3.

To reconfirm that the GMAT tags were derived from
the acetylated but not from nonacetylated regions by
contamination, we examined the �-globin domain that is
not expressed and exists as condensed chromatin in rest-
ing T cells. The 120-kb region contained 1016 predicted
tags. Only three tags from this region were detected in
the GMAT library. We cannot conclusively determine if
these three tags represent true low levels of acetylation

Table 1. GMAT analysis of the human genome

(A) Tag distribution in the human genome (C) The detection frequency of unique tags varies widely

Calculated
in the genome

Detected in GMAT library

Resting
T cell

Activated
T cell

Detection
frequency

Number
of tags

Percentage
in library

Total tags 24,577,210 803,439 761,624 1 272,477 40.7%
Tag kinds 18,559,414 414,655 425,762 2 81,334 12.1%
Unique tags 17,688,797 670,073 626,692 3 49,404 7.4%

(72%) (83%) (82%) 4 38,864 5.8%
Repetitive tags 6,890,413 133,366 134,932 5 31,675 4.7%
(2–91,831) (28%) (17%) (18%) 6–10 99,963 14.9%

11–65 96,356 14.4%

(B) Repetitive sequences are associated with lower levels
of histone H3 acetylation in resting T cells (D) Most tags are truly positive tags

Repeat number
in genome

Calculated
tag kinds

Detected
tag kinds

Percentage
of detection

Distance to the
nearest tag (kb)

Percentage of
detected tags

Number of
tested tags

Positive
(%)

1 17,686,797 365,250 2.1% Multiple-copy tags
2 517,461 3497 0.7% na 59.3 15 (15) 100.0
3 133,541 517 0.4% Single-copy tags
4 64,570 169 0.3% 0–5 32.5 42 (57) 73.7
5–100 151,854 182 0.1%
101–91,831 5191 0 0 >5 7.9 9 (25) 36.0

(A) The 21-bp tag distribution in the human genome and in GMAT libraries. The calculated column shows the calculated number
of the 21-bp tags derived from NlaIII cleavage of human genome sequence downloaded from http://genome.ucsc.edu/downloads.
html#human. The detected column indicates the number of the 21-bp tags detected in the GMAT library from the resting and
activated T cells. Total tags represent the total number of the 21-bp tags existing in the human genome or detected in the libraries.
Unique tags indicate the number of the 21-bp tags whose sequence is found only once in the human genome. Repetitive tags indicate
the number of the 21-bp tags whose sequence is found two or more times in the human genome. Tag kinds represent the number of
the 21-bp tags including both the unique tags and repetitive tags, all of which are counted once even if they appear more than once
in the human genome.
(B) Repetitive sequences are associated with lower levels of the H3 acetylation. Repeat number in genome indicates the number of
times a 21-bp tag appears in the human genome. Repeat number “1” indicates a unique sequence. Repeat number “2” indicates a
sequence that is found two times in the genome. Calculated tag kinds indicate the total number of tag kinds with the same copy
number in the human genome. Detected tag kinds indicate the total number of tag kinds with the same copy number detected in the
GMAT library. The percentage of detection (%) was calculated by dividing the detected tag kinds in the GMAT library by the
calculated tag kinds in the human genome.
(C) The tag detection frequency varies widely. Only the tags from unique sequences in the resting T cell GMAT library were analyzed.
Detection frequency indicates the number of times a tag was detected in the GMAT library. Single-copy tags are those with a detection
frequency of 1.
(D) Most tags are truly positive tags. Single-copy or multiple-copy tags were randomly selected for analysis using PCR on ChIP DNA.
A 200–300-bp fragment of DNA containing the selected tag was amplified from the ChIP DNA in the presence of �-32P(dCTP) for
PhosphorImager analysis. The band intensity was normalized to the band intensities of two control regions from the �-globin domain.
A value of three-fold or more is considered positive. Distance to the nearest tag indicates how far a neighboring detected tag is located.
The percentage of detected tags indicates the percentage of the categorized tags in the GMAT library. Number of tested tags indicates
the number of positive tags and total number of tested tags (in parentheses), respectively, in the PCR analysis.
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or if they represent background. However, these data in-
dicate that the background level was very low and most
of the tags detected in the library were derived from the
specific association with the acetylated H3.

Promoter regions are highly acetylated
in the human genome

To determine if the H3 acetylation is biased toward any
functional regions in the human genome, we arbitrarily
defined the genome as consisting of three parts: 2-kb
promoter regions including 1 kb upstream and 1 kb
downstream of the transcription initiation site, gene
body regions including introns and exons, and intergenic
regions (Fig. 1A). The 2-kb promoter region makes up
0.8% of the genome (Fig. 1B). The gene body and inter-
genic regions make up 27.3% and 71.9% of the genome,
respectively. Interestingly, 23.5% of the tags detected in
the GMAT library were derived from the promoter re-
gion, and 30.0% and 46.4% were from the gene body and

intergenic regions, respectively. These results indicate
that the distribution of the acetylated H3 is biased to-
ward the promoter region in the genome, which is con-
sistent with the results obtained from the analysis of 57
human genes (Liang et al. 2004).

We aligned 21,355 annotated genes relative to their
transcription initiation sites and plotted the tag density,
which is derived by normalizing the detected number of
tags in the GMAT library to the number of expected
NlaIII sites in a 50-bp window across a 10-kb region (Fig.
1C). The green line represents the calculated value,
which shows that the calculated tags are distributed
evenly across the whole region. Interestingly, a signifi-
cant peak of tags was detected in the GMAT library in
the 2-kb promoter region, as revealed by the black line
for all the genes. A chi-squared statistical test indicates

Figure 1. High levels of the H3 acetylation are detected in the
promoter regions. (A) A schematic showing the human genome
arbitrarily separated into three parts: 2-kb promoter regions,
intergenic regions, and gene body regions. (B, left) Calculated
percentage of each region in the genome. (Right) The percentage
of the tags detected in the GMAT library from each region. (C)
A 10-kb region of 21,355 genes was aligned relative to their
transcription initiation sites (X-axis). The Y-axis shows the tag
density that was obtained by normalizing the total number of
detected tags with the number of expected NlaIII sites in a 50-bp
window. The green line represents the calculated value, pro-
vided the tags were detected randomly. The black line repre-
sents the tag density of all of the 21,355 genes. The pink line
represents the tag density of the 8000 highly active genes. The
blue line represents the rest of the genes that are either silent or
expressed at lower levels.

Table 2. Most single-copy tags are reproducibly enriched in
independent experiments

No.

Enrichment fold

1 2 3 4

1 11.03 27.64 0.320 11.60
2 13.0 15.34 10.62 13.3
3 3.12 6.17 3.88 0.09
4 64 12.2 3.67 17.2
5 21.8 6.97 4.30 3.63
6 21.7 10.3 3.95 13.5
7 19.5 5.14 0.36 4.96
8 11.84 2.48 3.58 4.03
9 10.73 13.75 11.47 8.83

10 49.3 17.42 7.62 11.52
11 NA 10.7 5.51 0.58
12 NA 0.17 1.67 19
13 7.17 8.84 4.91 1.67
14 5.9 10.86 4.73 3.81
15 8.46 4.43 5.12 2.27
16 70.3 30.1 18.9 8.18
17 17.5 24.3 12.8 3.43
18 14.6 4.28 7.1 0.09
19 6.09 1.66 2.25 0.39
20 15.35 2.69 2.04 2.05

Single-copy tags were randomly selected for analysis using PCR
on ChIP DNA. A 200–300-bp fragment of DNA containing the
selected tag was amplified from the input and four ChIP DNA
samples in the presence of �-32P(dCTP). The products were re-
solved by PAGE and quantified by PhosphorImager analysis. A
pair of primers specific for the �-globin domain (chromosome
11: 5,250,645–5,250,913) was used as a control in column 1 and
a pair of primers amplifying a fragment on chromosome 4
(57,858,032–57,858,304) was used as a control for columns 2, 3,
and 4. The fold of enrichment is calculated by normalizing the
tag signals from each sample to the control tag signals. Then,
the normalized signals of each tag site from the ChIP samples
were normalized to the input signals to obtain the fold of en-
richment. The values that are less than threefold are shown in
bold. (NA) not available.
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the enrichment of the H3 acetylation in the promoter
region is significant (p < 0.0001). To rule out the possi-
bility that the enrichment of the GMAT tags in the pro-
moter region was caused by the exclusion of repetitive
tags from the data, we analyzed the distribution of the
repetitive tags detected in the GMAT library. As shown
in Supplementary Figure 1B, the repetitive tags were dis-
tributed in the genome with a slight enrichment in the
promoter region. Therefore, removal of these tags from
the analysis should not generate a bias in favor of detect-
ing the unique tags in the promoter region. The pink line
represents the acetylation level of the 8000 highly ex-
pressed genes (van der Kuyl et al. 2002) and the blue line
indicates the acetylation level of 14,000 genes whose ex-
pression was not detected. The data showed that more
active promoters have higher levels of histone H3 acety-
lation than less active promoters. A similar observation
has been made from the genome-wide analysis of Dro-
sophila cells (Schubeler et al. 2004). It is noteworthy that
the 1-kb region 3� of the transcription initiation site has
the highest acetylation level. Since the genome-wide ex-
pression data in literature did not allow us to distinguish
true silent genes from the genes expressed at lower lev-
els, we examined the acetylation of several genes includ-
ing �-globin, BAF53b (Olave et al. 2002), NEUROD1
(Naya et al. 1995), and PITX2 (Semina et al. 1996), which
are not expressed in T cells and are true silent genes. The
analysis indicates that no acetylation was detected in
their promoter regions (data not shown).

CpG islands are highly acetylated

Many human promoters contain CpG islands, which are
important transcription-controlling elements and are
unmethylated under normal circumstances (Bird et al.
1985; Gardiner-Garden and Frommer 1987). The mecha-
nisms preventing CpG islands from being methylated
remain elusive. We decided to examine the acetylation
status of CpG islands. The human genome project has
identified 27,058 CpG islands in the human genome (Ka-
rolchik et al. 2003). As suggested by previous studies
(Larsen et al. 1992), we found that the CpG islands were
highly concentrated in a 1-kb region surrounding the
transcription initiation site of human genes (Supplemen-
tary Fig. 2), which is consistent with the overrepresen-
tation of the CpG dinucleotides in human promoter se-
quences (Marino-Ramirez et al. 2004). Our data indicate
that 64.2% of the CpG islands were acetylated (Fig. 2A),
which is much higher than the 1.2% average acetylation
level in the whole genome. In active genes and the genes
whose expression was not detected (from −10 kb to the
gene end), 78.2% and 67.8% of CpG islands, respec-
tively, were acetylated. Interestingly, ∼33% of CpG is-
lands were located in the intergenic regions and were
also acetylated at a level of 49.1%. A chi-squared test
indicates that the association of H3 acetylation with
CpG islands is significant (p = 0.001). To study the rela-
tionship between CpG islands and associated chromatin
acetylation status, we analyzed acetylation boundaries
of 4973 CpG islands that have a size ranging from 1 to 2

kb (Fig. 2B). The analysis revealed that the acetylation
was quite evenly distributed within the CpG islands.
However, sequences 200 bp away from CpG islands
showed a significant decrease in the acetylation. Further-
more, some of the GMAT tags neighboring CpG islands
may have been brought down by the acetylation within
the CpG islands because of the heterogeneous size of the
chromatin fragments used for ChIP experiments. The
acetylation level decreased rapidly as the distance to
CpG islands increased. It reached background level when
the distance was ∼1 kb. These data suggest that the H3
hyperacetylation may serve as a mechanism to prevent
the CpG islands from being methylated.

The highest H3 acetylation is detected
in gene-rich regions

Based on the sequence information, we mapped the
GMAT tags onto the 24 chromosomes in the human

Figure 2. CpG islands are highly acetylated. (A) CpG islands
are highly acetylated. “Active” and “silent” indicate the CpG
islands identified between the −10- and +10-kb regions in active
genes and the genes whose expression was not detected, respec-
tively. “Intergenic” indicates the CpG islands identified in the
intergenic region beyond −10 kb upstream of the transcription
initiation site. (B) Sharp boundaries of histone H3 acetylation
are detected surrounding CpG islands. The detected GMAT tags
within the 4973 CpG islands that have a size ranging from 1 to
2 kb were counted in a window of 10% of the CpG island length
and normalized to the number of NlaIII sites in the window to
get the tag density. The GMAT tags outside of the CpG islands
were counted in a 0.2-kb window and normalized to the number
of NlaIII sites in the window to get the tag density. Each bar
represents 10% of the sequence length within the CpG islands
and 0.2 kb outside of the CpG islands. Black bars indicate the
tag density within the CpG islands and the gray bars indicate
the tag density outside of the CpG islands.

Roh et al.

546 GENES & DEVELOPMENT

 Cold Spring Harbor Laboratory Press on August 22, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


genome (Supplementary Fig. 3). The X-axis in the upper
panel indicates the chromosomal coordinates of the tags
and the Y-axis indicates the detection frequency or num-
ber of times detected for a tag in the GMAT library. The
data show that the acetylated H3 was not evenly distrib-
uted on chromosomes. Instead, there appear to be clus-
ters of the tags and large chromosomal regions with low
levels of tags, indicating that there are chromatin do-
mains that are highly or poorly acetylated. For example,
chromosome 12 contains several large gaps due to low or
no histone acetylation (Supplementary Fig. 4). Analysis
of gene distribution suggests that the highly acetylated
regions on the chromosomes were correlated with gene-
rich regions (r = 0.80), as shown in Supplementary Figure
4. This observation indicates that gene-rich regions tend
to exist in an open chromatin structure, since the H3
acetylation is generally associated with active chroma-
tin. This is consistent with the observation that open
chromatin fibers correlate with regions of highest gene
density, obtained from sucrose sedimentation analysis
(Gilbert et al. 2004).

An interactive high-resolution acetylation map linked
to the University of California, Santa Cruz (UCSC), hu-
man genome database can be found at http://dir.nhlbi.
nih.gov/labs/lmi/zhao/epigenome/G&D2005.htm.

Active chromatin domains are not
uniformly hyperacetylated

Supplementary Figure 4 indicates that active chromatin
domains correlate with high levels of H3 acetylation. Is
an open chromatin domain generally highly acetylated?
To answer this question, we examined the high-resolu-
tion map of the H3 acetylation of the STAT2 locus on
chromosome 12 (Fig. 3A). The 160-kb region (chromo-
some 12: 54,920,000–55,080,000) harbors five expressed
genes as indicated by the arrows in Figure 3A. Interest-
ingly, there were no sustained high levels of the H3
acetylation throughout the entire domain. Instead, high
peaks of acetylation were detected within promoter re-
gions. To determine whether this is a general phenom-
enon, we examined the high-resolution maps of more
active loci. BAF53A (Zhao et al. 1998) and Sp1 are con-
stitutively expressed in almost every cell type, and
STAT5B (Liu et al. 1995) are constitutively expressed in
T cells. As shown in Figure 3B, C, and D, all of these loci
have high levels of acetylation in their promoter regions.
However, no general hyperacetylation was detected in
their transcribed regions, except for a few isolated clus-
ters of tags in some genes. The same is also true for the
CD4 locus (Fig. 4A; data not shown). These results indi-
cate that active domains are not uniformly hyperacety-
lated but correlated with hyperacetylation of critical
regulatory elements, suggesting that localized acetyla-
tion may contribute to maintain the openness of the en-
tire domain.

Identification of acetylation islands

Examination of the high-resolution maps revealed that
there were clusters of two or more acetylation tags along

the chromatin fiber, which we have named “acetylation
islands” (highlighted and numbered in Figs. 3, 4). The
acetylation islands were detected both in the intergenic
and transcribed regions. We identified a total of 21,481
and 25,332 acetylation islands in the intergenic and tran-
scribed regions, respectively. Our discovery of the acety-
lation islands suggests that besides promoters, other
regulatory elements may also be marked by histone
acetylation.

Most acetylation islands colocalize with CNSs

Comparative genomics studies have identified ∼240,000
CNSs in the human and mouse genomes (for review, see
Hardison 2000), which are believed to be regulatory ele-
ments in the mammalian genomes. Because of the gen-
eral role that histone acetylation plays in the regulation
of transcription and chromatin structure, we investi-
gated whether there is a correlation between the acety-
lation islands and CNSs. As shown in Figure 4, most of
the acetylation islands are associated with CNSs that are

Figure 3. Active domains are not uniformly acetylated. (A) A
gene-rich region on chromosome 12. The transcribed regions
and gene orientations are indicated by the arrows. The acetyla-
tion levels of the locus in resting T cells are shown. The Y-axis
indicates the detection frequency and the X-axis indicates the
chromosome coordinate. The numbers above the broken lines
indicate the detection frequency. (B) BAF53A locus. (C) The Sp1
locus. Acetylation islands are highlighted and numbered. (D)
The STAT5B locus.
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revealed by the VISTA analysis (http://pipeline.lbl.gov/
cgi-bin/gateway2) at the lower part of the figure.

Comparative analysis of human chromosome 21 with
syntenic regions of the mouse genome has revealed 2262
CNSs in the intergenic regions (Dermitzakis et al. 2002).
Comparison between the CNSs and H3 acetylation indi-
cates that there are 187 acetylated CNS, which accounts
for 8.3% of CNSs. Genome-wide analysis of the acetyla-
tion status of CNSs revealed that 15.7% of the 241,222
CNSs identified in the VISTA database (http://pipeline.
lbl.gov/cgi-bin/gateway2) were associated with the
acetylated H3. Chi-squared statistical tests suggest that
the correlation between CNSs and the H3 acetylation is
significant (p = 0.001).

Colocalization of acetylation islands with known
regulatory elements in T cells

The significant colocalization of acetylation islands with
CNSs suggests that the acetylation islands may repre-
sent functional regulatory elements in T cells. There-
fore, we examined whether they are correlated with
known regulatory elements in T cells.

CD4 is a critical T-cell coreceptor that assists antibody
production. DNase hypersensitive sites (HS) mapping
combined with transgenic studies has identified several
regulatory elements that collectively mediate the spe-
cific expression of the CD4 gene (for reviews, see
Ellmeier et al. 1999; Siu 2002). As expected, strong acety-
lation was detected in the promoter (Fig. 4A, highlight 7).
Interestingly, the proximal enhancer, which is conserved
between human and mouse and is located 6.5 kb up-
stream of its transcription initiation site in human, is

colocalized with an acetylation island (Fig. 4A, highlight
5). The distal enhancer located upstream of the LAG3
gene was also acetylated (Fig. 4A, highlight 1). The CD4
gene is also regulated by a locus control region (LCR) and
a thymocyte enhancer (TE) that are located 30 kb down-
stream of the CD4 gene with several intervening genes.
A significant acetylation island was detected in the LCR/
TE region (Fig. 4A, highlight 12). Besides the known
regulatory elements, we detected several other signifi-
cant acetylation islands within the locus (Fig. 4A, high-
lights 2–4, 6, and 9–11). It will be interesting to deter-
mine if these also represent important regulatory ele-
ments for the CD4 gene.

The CD8� and CD8� coreceptors play critical roles in
mediating cell killing. The minimal functional elements
of the human CD8 genes, which render their specific
expression, are contained in a 95-kb region (Kieffer et al.
1997). Six clusters of DNase HSs are present in the locus
(Kieffer et al. 2002), as summarized in Figure 4B. Inter-
estingly, most of these HS sites coincided well with sig-
nificant acetylation islands. However, HS cluster III was
not colocalized with any significant acetylation islands.
Instead, a significant acetylation island (Fig. 4A, high-
light 5) was detected ∼5 kb away from HS III. Since the
expression level of the CD8 genes contained in the 95-kb
region varies depending on integration site, it does not
contain a LCR, suggesting a LCR may be located outside
of the region. Examining the acetylation map revealed a
highly acetylated region and a TCR signaling-induced
island, 100 and 40 kb downstream of the CD8� gene,
respectively (data not shown). It will be interesting to
test whether these regions function as LCRs for the CD8
locus.

Figure 4. Colocalization of acetylation
islands with known regulatory elements.
(A) CD4 locus. The upper panel shows the
acetylation data, above which gene posi-
tions and known functional regulatory el-
ements are indicated. The lower panel
shows the VISTA human and mouse se-
quence comparison. (DE) Distal enhancer;
(PE) proximal enhancer; (Pr) promoter; (Sil)
silencer; (LCR) locus control region; (TE)
thymocyte enhancer. The acetylation is-
lands colocalized with known regulatory
elements are highlighted in pink. The
acetylation islands with no known func-
tions are highlighted in green. (B) CD8 lo-
cus. The acetylation data and VISTA se-
quence analysis are shown as in A. The
positions of the six clusters of DNase hy-
persensitive sites (HS) are indicated below
the genes.
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Examination of the IL2R� (Lin and Leonard 1997) and
BCL3 (Ohno et al. 1990) loci (Supplementary Fig. 5) also
revealed that known transcription and chromatin regu-
latory elements are well correlated with the acetylation
islands, suggesting that the acetylation islands may rep-
resent a functional regulatory network of gene expres-
sion programs in T cells.

Genome-wide change of histone H3 acetylation
induced by TCR signaling

TCR signaling induces thousands of genes required for
cellular differentiation and immunologic functions, ac-
companied by massive chromatin decondensation (Crab-
tree 1989). To identify cis regulatory elements that ini-
tiate the global chromatin remodeling upon T-cell acti-
vation, we analyzed the histone H3 acetylation of T cells
after 24 h of TCR signaling (Table 1A). We determined
the changes in acetylation levels between the resting and
activated T cells by comparing the average tag density,
which is obtained by dividing the total number of de-
tected tags by the number of NlaIII sites in the region,
within a 3-kb window. Changes of three times or more
were plotted along chromosome coordinates (Fig. 5;
Supplementary Fig. 6). The analysis revealed that in-
creased acetylation was detected at 4045 loci and de-
creased acetylation was detected at 4178 loci (Supple-
mentary Table 1), indicating that the TCR signaling in-
duced a genome-wide acetylation change.

To determine whether the acetylation islands induced
by TCR signaling are involved in T-cell activation, we
specifically examined the Th2 cytokine locus that har-
bors three TCR signaling-induced cytokine genes, IL5,
IL13, and IL4 (Abbas et al. 1996). Our analysis of resting
T cells indicates that the IL13 and IL4 promoters were
acetylated even in silent state (Fig. 6A, upper panel). In-
terestingly, two acetylation islands (Fig. 6A, highlights 1
and 2) were induced downstream of the IL13 gene by
TCR signaling (Fig. 6A, middle panel), even though there
were no significant changes of histone H3 acetylation in
the promoter regions. Acetylation Island 2 colocalized

with a conserved sequence that is known to be required
for the coordinated expression of the cytokine genes
(Loots et al. 2000). These data indicate that the TCR
signaling-induced Acetylation Islands 1 and 2 may have
an important function in initiating the chromatin open-
ing and regulating the expression of the cytokine genes.

Figure 5. Genome-wide changes of acetylation induced by
TCR signaling. The average tag density was derived by normal-
izing the total number of detected tags to the number of NlaIII
site in a 3-kb window. The average tag densities from resting
and activated T cells were compared directly to obtain the fold
change. Changes of threefold or more between activated and
resting T cells were plotted along the chromosome coordinates.
The data for chromosome 12 are shown. The other chromo-
somes are shown in Supplementary Figure 6.

Figure 6. TCR signaling-induced acetylation islands activate
transcription in a chromatin-dependent manner. (A) IL13/IL4
locus. The upper and middle panels show the acetylation data
from resting and activated T cells, respectively. The lower panel
shows the VISTA human and mouse sequence comparison. The
gene locations are indicated above the acetylation data. Also
indicated is the CNS-1 identified by Loots et al. (2000). (B) TCR
signaling induces the expression of the IL13 and IL4 genes in T
cells. Total RNA was isolated from resting T cells treated with
anti-CD3 and anti-CD28 for 24 h. The expression of the IL13
and IL4 genes were analyzed by RT–PCR with specific primers.
The 18s RNA was used as a control. (C) Acetylation Islands 1
and 2 have constitutive enhancer activity in a nonchromatin
vector. The 1.5-kb DNA containing Acetylation Islands 1 and 2
in A or a control sequence from the neighboring unacetylated
region (chromosome 5: 132,080,058–132,081,677) were inserted
upstream of a minimal GM-CSF1 promoter in the pGL3 lucif-
erase reporter vector. The constructs were transfected into Jur-
kat cells for 48 h, followed by stimulation with 1 µg/mL iono-
mycin and 10 ng/mL PMA for 15 h. The luciferase activity was
analyzed with the dual luciferase system from Promega as de-
scribed (Liu et al. 2001). (PI) PMA and Ionomycin. (D) The en-
hancer activity of Acetylation Islands 1 and 2 is dependent on
TCR signaling in a chromatin-forming vector. The 1.5-kb DNA
containing Acetylation Islands 1 and 2 in A or the control se-
quence from the neighboring unacetylated region were inserted
upstream of a minimal GM-CSF1 promoter in the pREP4 lucif-
erase reporter vector. The constructs were similarly transfected
into Jurkat cells and analyzed as above.
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The TCR-induced acetylation islands act
as transcription enhancers

Accompanying the induction of Acetylation Islands 1
and 2, the IL13 and IL4 genes were induced by the TCR
signaling (Fig. 6B, cf. lanes 1 and 2). To demonstrate
whether the TCR signaling-induced acetylation islands
are functional regulatory elements, we tested the activi-
ties of Acetylation Islands 1 and 2 in a luciferase reporter
assay. As shown in Figure 6C, both Acetylation Islands 1
and 2 activated the GM-CSF1 promoter in pGL3 vector
in Jurkat cells even without stimulation, while the con-
trol insert from the unacetylated neighboring region
(chromosome 5: 132,080,058–132,081,677) did not have
any detectible activity. Upon stimulation with ionomy-
cin and PMA, which mimicked TCR signaling, Acetyla-
tion Island 2 further activated the promoter twofold.
Next, we cloned these sequences into the episomal
pREP4 vector, which replicates and forms a regular chro-
matin structure in cells. Both Acetylation Islands 1 and
2 only modestly increased the promoter activity without
stimulation (Fig. 6D). Interestingly, they dramatically
activated the promoter upon ionomycin and PMA stimu-
lation (Fig. 6D). These results suggest that TCR signaling
induced an activity that can overcome the inhibitory ef-
fect of chromatin, possibly by modification of the chro-
matin structure, which is consistent with the observa-
tion that the acetylation of Acetylation Islands 1 and 2
was induced by TCR signaling in T cells. It is notewor-
thy that even though Acetylation Island 1 was not con-
served between human and mouse, it had strong activity
in activating transcription, indicating that comparative
genomics studies may miss important regulatory ele-
ments. These results indicate that Acetylation Islands 1
and 2 activate transcription in a chromatin-dependent
manner and the TCR signaling-induced acetylation is-
lands are indeed epigenetic marks for functional regula-
tory elements.

Discussion

The human genome contains ∼35,000 genes (Baltimore
2001; Lander et al. 2001). At least 10,000–15,000 genes
are expressed in any tissues, which occupy ∼15% of the
human genome. We found that only 1.2% of the chro-
matin is associated with the K9/K14 diacetylated his-
tone H3 in human T cells. Therefore, this level of acety-
lation does not allow all of the active chromatin domains
to be uniformly highly acetylated, as suggested by the
data from studies in yeast. Indeed, we found that most of
intergenic and transcribed regions of active chromatin do
not have generally elevated levels of histone acetylation.
Our analysis of the 21,355 annotated human genes indi-
cates that the promoter region is highly acetylated, as
suggested by a previous smaller scale study (Liang et al.
2004). A higher acetylation level in the promoter region
is correlated with more active genes, consistent with a
previous study in Drosophila (Schubeler et al. 2004). Fur-
thermore, we find that other functional regulatory ele-
ments such as enhancers, LCRs, and insulators are also

marked by the histone acetylation. Our data argue for a
model in which the chromatin accessibility and expres-
sion of a gene are controlled by histone modifications of
a number of regulatory elements, which act to actively
limit the spreading of neighboring heterochromatin and
allow binding of transcription factors and assembly of
the transcription machinery.

Comparison of the human and mouse genomic se-
quences reveals the existence of 240,000 conserved non-
coding sequences that may function to direct the expres-
sion programs of the genomes (Hardison 2000). However,
even though all of the nucleated human cells have the
same genome, each cell type has a different “epige-
nome.” Each cell type expresses a different set of genes,
which requires a different set of regulatory elements. We
show that the acetylation islands identified in this study
are well correlated with known DNase HSs and func-
tional regulatory elements, suggesting that the 46,813
acetylation islands may represent the functional regula-
tory network required for the expression programs in T
cells. Even though many of the acetylation islands are
not colocalized with any significant CNSs, they may
have important regulatory functions, as revealed by the
transcription enhancer activity of Acetylation Island 1 of
the IL13 locus. It would be interesting to test whether
the nonconserved syntenic locus in mouse is also acety-
lated and required for the coordinated expression of the
cytokine locus. In summary, our data in this study pro-
vide valuable information for further identification of cis
regulatory elements and for elucidation of regulatory
mechanisms of transcription of almost every gene ex-
pressed in T cells.

Materials and methods

Isolation and stimulation of human T cell

Human resting T cells were purified sequentially using the lym-
phocyte separation medium (Mediatech) and Pan T-cell isola-
tion kit II (Miltenyi Biotech). The final purity of T cells was
>98%. T cells were activated with 1 µg/mL of anti-CD3 and
anti-CD28 monoclonal antibodies (BD Pharmingen) for 24 h.

ChIP and preparation of the GMAT libraries

ChIP using anti-diacetylated K9/K14 histone H3 antibody (Up-
state) and generation of GMAT library were performed as de-
scribed (Roh et al. 2004). The method was refined based on our
initial report (Roh et al. 2003).

Verification of H3 acetylation at randomly selected tag sites

An approximately 250-bp region encompassing a single or mul-
ticopy acetylation tag site was amplified. One region of �-globin
domain (chromosome 11: 5,250,645–5,250,913) and one region
on chromosome 4 (57,858,032–57,858,304) were used as con-
trols. The PCR products from five DNA samples (input and four
ChIP samples) were labeled by incorporating �-32P(dCTP) in the
reaction and were separated on a denaturing polyacrylamide gel
for quantification using the PhosphorImager (Molecular Dy-
namics). To calculate the fold of enrichment for each tag site,
the signals from each sample were first normalized to the con-
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trol signals. Then, the normalized signals of each tag site from
the ChIP samples were normalized to the input signals to obtain
the fold of enrichment.

Data analysis

A theoretical reference library of 21-bp sequence tags was de-
rived from the UCSC July 2003 human sequence (hg16) using
SAGE2000 version 4.5 software (Johns Hopkins Oncology Cen-
ter). The GMAT library was generated by extracting 21-bp tags
from raw sequencing data files using the SAGE2000 software.
All other calculations and analyses were performed using in-
house PERL programs. Detection frequency was determined by
normalizing tag count to the genomic copy number. Tag density
was calculated by dividing the detection frequency by the num-
ber of expected NlaIII sites in a 50-bp window.

An acetylation island was defined by the following criteria: (1)
It is composed of tags from more than two adjacent NlaIII sites;
(2) the detection frequency of all the tags is more than or equal
to one; and (3) neighboring acetylation islands are separated by
>500 bp.

The information on CpG islands and nonredundant RefSeq
genes was obtained from the UCSC Genome Browser (Karolchik
et al. 2003). The list of highly transcribed active genes in CD4+

T cell was downloaded from the NCBI Genome Expression Om-
nibus (GEO) database. Gene names were synchronized using
UniGene ClusterID and LocusLink RefSeq ID.

For comparative analysis of human and mouse genomes,
graphic alignments were adopted from the VISTA browser
(Couronne et al. 2003) that shows gene information and se-
quences of >50% homology with October 2003 mouse genome
assembly.

To compare the acetylation level between resting and acti-
vated T cells, the average detection frequency was calculated by
normalizing the total number of tags to the number of NlaIII
sites in the 3-kb window. The fold of change was calculated by
dividing the average detection frequency of activated T cell by
that of resting T cell.
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