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SUMMARY

The positioning of nucleosomes with respect to DNA
plays an important role in regulating transcription.
However, nucleosome mapping has been performed
for only limited genomic regions in humans. We have
generated genome-wide maps of nucleosome posi-
tions in both resting and activated human CD4+ T
cells by direct sequencing of nucleosome ends using
the Solexa high-throughput sequencing technique.
We find that nucleosome phasing relative to the
transcription start sites is directly correlated to RNA
polymerase II (Pol II) binding. Furthermore, the first
nucleosome downstream of a start site exhibits
differential positioning in active and silent genes.
TCR signaling induces extensive nucleosome re-
organization in promoters and enhancers to allow
transcriptional activation or repression. Our results
suggest that H2A.Z-containing and modified nucleo-
somes are preferentially lost from the �1 nucleo-
some position. Our data provide a comprehensive
view of the nucleosome landscape and its dynamic
regulation in the human genome.

INTRODUCTION

Nucleosomes consisting of approximately 146 base pairs (bp) of

DNA wrapped around a histone octamer are the fundamental

structural units of chromatin (Kornberg and Lorch, 1999;

Kornberg and Lorch, 2002). The covalent modifications of

histones as well as the translational positioning of nucleosomes

along the DNA have been implicated in profoundly influencing

gene expression (reviewed in Berger, 2002; Henikoff et al.,

2004; Kingston and Narlikar, 1999; Kouzarides, 2007; Li et al.,

2007; Peterson and Laniel, 2004; Shahbazian and Grunstein,

2007; Zhang and Reinberg, 2001). During the past few years,

large amounts of data pertaining to genome-wide profiles of

histone modifications have been generated for a number of

human cell types (Barski et al., 2007; Bernstein et al., 2005,

2006; Boyer et al., 2006; Guenther et al., 2007; Heintzman

et al., 2007; Kim et al., 2005; Lee et al., 2006; Mikkelsen et al.,

2007; Roh et al., 2004, 2006; Squazzo et al., 2006). These studies
have provided novel insights into the mechanisms by which

histone modifications regulate genome function. Specific

histone modifications are enriched at important regulatory

elements of transcription such as promoters and enhancers

(Barski et al., 2007; Heintzman et al., 2007; Roh et al., 2005,

2007). Although nucleosome positions have been mapped

in the S. cerevisiae (Lee et al., 2007; Yuan et al., 2005) and

C. elegans genomes (Johnson et al., 2006), across human

promoters and other human genomic regions (Dennis et al.,

2007), a genome-wide map of nucleosomes in the human

genome has not yet been produced.

Traditionally, nucleosome positioning at a specific locus has

been determined by microccocal nuclease (MNase) digestion,

followed by ligation-mediated PCR analysis. Recently, DNA

microarrays with tiling oligonucleotide probes have been utilized

to analyze MNase-digested chromatin to determine nucleosome

positioning at a genome scale in yeast (Lee et al., 2007; Yuan

et al., 2005). Similar strategies have been employed to analyze

nucleosome positioning in limited genomic regions in the human

genome (Dennis et al., 2007; Ozsolak et al., 2007). However,

because the resolution of DNA microarray-based methods is

dependent on the spacing between neighboring probes, it would

be extremely expensive and tedious to generate a genome-wide

map of nucleosome positioning at a high resolution for the entire

human genome using this strategy.

We previously analyzed the genome-wide distribution

patterns of histone methylation in human CD4+ T cells using

ChIP-Seq by combining chromatin immunoprecipitation with

Solexa high-throughput sequencing technology (Barski et al.,

2007). We noticed that the H3K4me3 profiles in promoter re-

gions displayed several subpeaks, each spanning approximately

150 bp, suggesting that these short sequence reads may eluci-

date nucleosome positions. To address this possibility directly,

we sequenced the ends of the mononucleosome-sized DNA

isolated from MNase-digested chromatin using the Solexa

sequencing technique. Our data indicate that this strategy is

an efficient and precise method to map genome-wide nucleo-

some positions in the human genome. Using this strategy, we

have generated genome-wide maps of nucleosome positions

in both resting and activated human T cells. We find that nucle-

osomes are highly phased relative to the transcription start sites

(TSSs) of expressed genes, but this phasing disappears for

unexpressed genes. Expressed genes and unexpressed genes

exhibit differential positioning for the +1 nucleosome. We find
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Figure 1. The Solexa Sequencing Tags

Define Nucleosome Boundaries in the

Human Genome

(A) Nucleosome profile at the FZD2 promoter. The

mononucleosome-sized DNA was isolated from

MNase-digested chromatin of human T cells and

sequenced to read 25 bp from the end using the

Solexa sequencing technique. The sequence

reads mapped to a given region were used to gen-

erate the nucleosome profiles using a scoring

function (see Experimental Procedures) as shown

by the black track. Blue ovals indicate inferred

nucleosome positions in this study and red ovals

indicate nucleosome positions identified previ-

ously (Ozsolak et al., 2007).

(B) Nucleosome profile at the BRCA1 and NBR2

promoters.

(C) Nucleosomes identified in the gene body of

NBPF10 (region shown is chr1:16763501-

16764673).

(D) Confirmation of nucleosome boundaries using

LM-PCR. The mononucleosome DNA was ligated

to a pair of Solexa adaptors, followed by ampli-

fication using one Solexa primer and one se-

quence-specific primer recognizing one of the

nucleosomes indicated in Figure 1C. The product

was labeled using a 32P-labeled nested primer,

resolved by polyacrylamide gel electrophoresis,

and visualized by exposing to X-ray films. An

arrowhead indicates the major nucleosome

boundaries.
that promoters with stalled Pol II exhibit a nucleosome phasing

similar to promoters of transcriptionally active genes. Gene

activation by T cell receptor (TCR) signaling is accompanied by

nucleosome reorganization in promoters and enhancers.

Furthermore, our data suggest that H2A.Z deposition and

H3K4me3 modification may facilitate nucleosome eviction or

repositioning in promoter regions of the human genome.

RESULTS

Mapping Nucleosome Positions by the Solexa
Sequencing Technique
To analyze nucleosome positioning across the genome in resting

and activated human CD4+ T cells, we isolated mononucleo-

some-sized DNA from MNase-digested chromatin and

sequenced the DNA ends using the Solexa sequencing technol-

ogy as described previously (Barski et al., 2007). We achieved

approximately 10-fold coverage of all nucleosomes of each

cell state assuming one nucleosome every 200 bp of DNA

throughout the genome. The short reads obtained from

sequencing were mapped to the human genome (hg18), and

a simple scoring function (see Experimental Procedures) was

applied to create a profile of nucleosomes across the genome.

A previous study reported the mapping of nucleosome positions

across 3692 human promoters using high-density tiling DNA
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microarrays (Ozsolak et al., 2007). Comparison of our data with

the DNA microarray results revealed similar nucleosome posi-

tioning at the FZD2, BRCA1, and NBR2 promoters (Figures 1A

and 1B). In addition, we detected several overlapping nucleo-

somes in the region downstream of the NBR2 TSS whereas

only one single nucleosome was detected by the DNA microar-

ray method (Figure 1B). These results indicate that the short

sequence reads obtained from sequencing of MNase-digested

chromatin using the Solexa technique can reliably define the

nucleosome boundaries in the human genome at high resolution.

In addition to promoter regions, well-positioned nucleosomes

were detected in intergenic and transcribed regions, as exempli-

fied in Figure 1C for a transcribed region of the NBPF10 gene on

chromosome 1. To confirm the nucleosome positions revealed

by the sequencing strategy, we used LM-PCR assays to deter-

mine the boundaries of the nucleosomes indicated in

Figure 1C. As shown in Figure 1D, one major nucleosome

position was detected for each of these nucleosomes.

Nucleosome Phasing surrounding TSSs
Previous analyses of nucleosome positioning in yeast have

suggested that nucleosomes in promoter regions are highly

phased (Albert et al., 2007; Yuan et al., 2005). To determine if

nucleosomes are phased relative to the TSS in the human

genome, we counted the total number of sequence reads



Figure 2. Nucleosomes near the TSS of Actively Transcribed Genes Are Strongly Phased

(A) The nucleosomes near the TSS of expressed genes are phased with respect to the TSS. The y axis shows the normalized number of sequence tags from the

sense strand (red) and antisense strand (green) of DNA at each position. The inferred nucleosomes are shown by the filled ovals that are numbered as indicated.

(B) Only one well-positioned nucleosome exists near the TSS of unexpressed genes (see panel A for details).

(C) Histone distribution surrounding the TSS of expressed genes analyzed by ChIP-Seq using an H3 antibody and crosslinked and sonicated chromatin. The

y axis shows the normalized number of sequence tags from the sense strand (red) and antisense strand (green) of DNA at each position.

(D) The +1 nucleosomes are differentially positioned in expressed and unexpressed genes. The nucleosome tags from the sense strand of DNA of expressed

(indicated as 50 Exp Nuc, red) and unexpressed (indicated as 50 Non Nuc, blue) genes are shown. The Pol II tags obtained from the ChIP-Seq analysis (Barski

et al., 2007) are also shown for the expressed and unexpressed genes.
(tags) from both the sense and antisense strands of DNA in 5 bp

windows surrounding TSSs for expressed and unexpressed

genes (see Experimental Procedures for definitions). The reads

from the sense and antisense strands represent the 50 and 30

nucleosome boundaries, respectively. As shown in Figure 2A,

we detected eight phased nucleosomes as indicated by the filled

ovals (from�3 to +5), three upstream and five downstream of the

TSSs in the promoter regions of expressed genes. Interestingly,

we detected only one well-positioned nucleosome, the +1 nucle-

osome, in the promoter regions of unexpressed genes

(Figure 2B). To validate the nucleosome distribution revealed

by MNase digestion, we examined the distribution of histone

H3 by sequencing the ChIP DNA using an H3 antibody and chro-

matin fragmented by sonication of formaldehyde-crosslinked

CD4+ T cells. Our data indicate that the two methods revealed

generally similar nucleosome levels in most regions (Figure S1

available online). However, the fine resolution in nucleosome

positioning surrounding the TSS detected by the direct sequenc-

ing of mononucleosomes from MNase digestion was not

achieved by the H3-ChIP procedure (compare Figure 2A with

Figure 2C), which is likely due to the heterogeneous sizes of

chromatin fragments used for ChIP.
Nucleosome Positioning surrounding TSSs
To examine the relationship between the positioning of nucleo-

somes and transcriptional activity, we plotted the nucleosome

and Pol II tags from the sense strand for both the expressed

and unexpressed promoters (Figure 2D). It is interesting to

note that the 50 end of the +1 nucleosome in the active promoters

peaked at +40 bp, whereas the 50 end of the +1 nucleosome in

the inactive promoters peaked at +10 bp. A similar shift of the

30 end was also observed (data not shown). Examination of Pol

II binding in the promoter region of active genes indicates that

it peaked at around +10 bp, overlapping with the nucleosome

peak in the inactive promoters.

Nucleosome Phasing near TSSs Is Correlated
with Pol II Binding
The above data suggest that nucleosome phasing and position-

ing surrounding the TSSs may be related with Pol II binding.

Indeed, we find that the nucleosome phasing patterns appear

to correlate with the levels of Pol II in the promoter region: better

phasing was observed with higher levels of Pol II and less

phasing with lower levels of Pol II (Figure S2). Recent data

suggest that a significant fraction of Drosophila genes are
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Figure 3. Promoters with Stalled Pol II Exhibit Similar Patterns of Nucleosome Phasing to the Promoters with Elongating Pol II

(A) Expression patterns of the genes with elongating, stalled, or no Pol II (see Experimental Procedures for details). The y axis indicates the number of genes

exhibiting the expression level shown by the x axis.

(B) The nucleosome pattern near the TSS of the genes with elongating Pol II. The y axis shows the normalized number of sequence tags from the sense strand (red)

and antisense strand (green) of DNA at each position.

(C) The nucleosome pattern near the TSS of the genes with stalled Pol II in the promoter region.

(D) The nucleosome pattern near the TSS of the genes without any Pol II binding in the promoter region.
associated with poised or stalled Pol II (Muse et al., 2007; Zeitlin-

ger et al., 2007). To examine the nucleosome organization at

promoters with poised Pol II, we selected genes with stalled

Pol II, elongating Pol II, or no Pol II, adopting a strategy previously

employed in Drosophila (Zeitlinger et al., 2007) (see Experimental

Procedures for details). The genes without any Pol II binding

exhibited very low levels of expression (Figure 3A, bottom panel),

whereas the genes with elongating Pol II showed a broad range

of expression (Figure 3A, top panel). The majority of the genes

with poised Pol II exhibited similar expression levels to those

without any Pol II binding (Figure 3A, middle panel). As expected,

the genes with elongating Pol II demonstrated a similar nucleo-

some phasing pattern to the expressed genes shown in

Figure 2A (Figure 3B). Interestingly, the genes with poised Pol

II also exhibited a similar pattern of nucleosome phasing to the

expressed genes (Figure 3C), whereas the genes without any

Pol II did not show any significant nucleosome phasing

surrounding the TSS (Figure 3D). Despite the similar patterns

of nucleosome phasing in the promoters with elongating and

stalled Pol II, the +1 nucleosome in these two sets of promoters

exhibited different positions, peaking at +10 bp for promoters
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with stalled Pol II and +40 bp for promoters with elongating Pol

II (Figure 4). In addition, the Pol II signal was localized within a

narrow region immediately upstream of the TSS at the elongating

promoters, whereas it was distributed broadly at the poised

promoters (Figure 4). These data suggest that the nucleosome

phasing surrounding the TSS is correlated with Pol II binding

but not necessarily with the activity of the bound Pol II. Further-

more, the single positioned +1 nucleosome observed in the

unexpressed genes (Figure 2B) may be attributed to the fraction

of the unexpressed genes that are associated with stalled Pol II.

To ensure that the methods we used to identify genes with

stalled, elongated, and no Pol II were appropriate, we analyzed

the genes that are associated with initiating Pol II by ChIP-Seq

using an antibody specifically recognizing the unphosphorylated

form of Pol II. We find that 41% of all promoters are associated

with significant levels of initiating Pol II (p < 0.05; see Experimen-

tal Procedures for details) in resting human CD4+ T cells. The

distribution of unphosphorylated Pol II in the promoters of active

and inactive genes (Figure S3A) was similar to what has been

shown previously (Guenther et al., 2007). Furthermore, we

used the H3K36me3 level in gene bodies as a mark of active



transcription (Barski et al., 2007; Guenther et al., 2007) and com-

pared the H3K36me3 profile across the genes we defined as

elongated, silent, and stalled with the profiles of genes that are

expressed and unexpressed and those containing significant

unphosphorylated Pol II signals in the promoter regions but no

detectable mRNAs. The genes classified as elongated had

similar H3K36me3 profiles to those classified as expressed,

the silent genes were similar to those classified as unexpressed,

and the genes classified as stalled were similar to those with an

unphosphorylated Pol II signal in the promoter but no mRNAs

(Figures S3B and S3C). Finally, our data indicate that the inactive

genes associated with initiating Pol II identified using the

unphospohorylated Pol II antibody exhibited a similar nucleo-

some phasing pattern to those identified as stalled genes

(Figure S3D). These results indicate that the methods we

employed to identify genes with stalled, elongated, and no Pol

II were indeed valid.

Nucleosome Levels in the Promoter Region
Previous studies have suggested that a nucleosome-free region

(NFR) exists upstream of the TSS of expressed genes but not

Figure 4. The Distinct Nucleosome Positioning Patterns at Poised

and Elongating Promoters

(A) Nucleosome positioning and Pol II binding at elongating promoters.

(B) Nucleosome positioning and Pol II binding at poised promoters.

The peak of the +1 nucleosome position is indicated in both panels.
unexpressed genes in the human genome (Ozsolak et al.,

2007). Comparison of the nucleosome peaks in Figures 2A and

2B indicates that the �1 nucleosome level was lower than either

the �2 or +1 nucleosome level in both the active and inactive

promoters, suggesting some nucleosome depletion in both

cases. To better quantify the nucleosome level in this region,

we counted the total number of tags detected in each of these

regions from the�2 to the +5 nucleosome. Interestingly, the level

of the +1 nucleosome was higher than other nucleosomes, being

11% and 14% higher than the�2 nucleosome level in expressed

and unexpressed genes, respectively (see Figures 7C and 7D).

Compared with the �2 nucleosome, the level of the �1 nucleo-

some decreased 40% in expressed genes and only 16% in

unexpressed genes (Figure S4A; Figures 7C and 7D). These

results are consistent with the previous observation that active

transcription is detected at only a fraction of cells at any one

moment (Chubb et al., 2006). We further separated the

expressed genes according to their expression levels and

analyzed the depletion of the �1 nucleosome. We did not find

significant differences in the �1 nucleosome depletion between

the different expression groups (data not shown). Even the group

of the 100 most active genes exhibited similar �1 nucleosome

depletion to the set of all expressed genes (Figure S4A).

However, our analysis of the Pol II levels in promoter regions

indicates that the�1 nucleosome depletion appears to correlate

with promoter Pol II binding levels (Figure S4B).

T Cell Activation Induces Nucleosome Reorganization
Activation of human CD4+ T cells by TCR signaling activated 417

and repressed 580 genes (see Experimental Procedures for

definitions). To determine if the nucleosome structure is dynam-

ically regulated by TCR signaling, we compared the nucleosome

distribution across the promoter regions of the repressed and

induced genes (Figures 5A, 5B, and 5E). Our data indicate that

the nucleosome level did not show an apparent change in the

region of the �1 nucleosome (highlighted region) for induced

genes. Instead, we observed an increase in the +1 and +2 nucle-

osome levels downstream of the TSS (Figure 5A). This suggests

that the �1 nucleosome may already be depleted and prepared

for gene activation before TCR signaling. Indeed, comparison of

these genes with actively expressed genes indicates that they

had similar levels of the �1 nucleosome in resting T cells

(Figure 5B). Pol II may have already bound to the promoters in

the resting state and TCR signaling may have induced a switch

of Pol II from a stalled form to an elongating form. Indeed,

more hypophosphorylated Pol II than ser5-phosphorylated Pol

II was detected at the inducible promoters before TCR signaling

(Figure 5C), whereas more ser5-phosphorylated Pol II was

detected after TCR signaling (Figure 5D). Analysis of the

promoters repressed by TCR signaling revealed a significant

increase of nucleosome level at the �1 nucleosome position

upon T cell activation (highlighted region), although the +1 nucle-

osome level also increased (Figure 5E). The increase of the �1

nucleosome level may help to repress these genes. Indeed,

our examination of Pol II levels indicates that both the ser5-phos-

phorylated and hypophosphorylated forms of Pol II were

decreased significantly at the repressed promoters after TCR

signaling (compare Figures 5F and 5G).
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Figure 5. Nucleosome Reorganization at Genes Induced and Repressed by TCR Signaling

(A) Nucleosome profiles in resting and activated T cells for genes induced by TCR signaling. The y axis shows the normalized number of sequence tags from the

sense strand of DNA of induced genes in resting (blue) and activated (red) T cells in 5 bp windows. Highlighted region indicates the �1 nucleosome position.

(B) Comparison of nucleosome levels between the expressed and inducible genes in resting T cells.

(C) Pol II density as determined by performing ChIP-Seq for Pol II using antibodies against Ser5 phosphorylated and unphosphorylated Pol II in resting T cells

across genes induced by TCR signaling.

(D) Pol II density for Ser5 phosphorylated and unphosphorylated Pol II in activated T cells across genes induced by TCR signaling.

(E) Nucleosome profiles in resting and activated T cells for genes repressed by TCR signaling. The y axis shows the number of sequence tags from the sense

strand of DNA of repressed genes in resting (blue) and activated (red) T cells. Highlighted region indicates the �1 nucleosome position.

(F) Pol II density for Ser5 phosphorylated and unphosphorylated Pol II in resting T cells across genes repressed by TCR signaling.

(G) Pol II density for Ser5 phosphorylated and unphosphorylated Pol II in activated T cells across genes repressed by TCR signaling.
892 Cell 132, 887–898, March 7, 2008 ª2008 Elsevier Inc.



Nucleosome Reorganization at Functional Enhancers
Conserved noncoding sequence 1 (CNS1) downstream of the

IL-13 gene is required for the coordinated expression of the

Th2 cytokine genes, including IL-13 and IL-4 (Loots et al.,

2000). We have previously reported that a DNA element immedi-

ately next to CNS1, which was identified as an acetylation island,

termed as AI1, and was not as conserved as CNS1, can activate

a reporter promoter in response to Ionomycin and PMA stimula-

tion that mimics TCR signaling (Roh et al., 2005). Interestingly,

AI1 constitutively activates the reporter promoter in a nonchro-

matin vector, suggesting that the factors required for activating

transcription via AI1 are present in the cells and can access

the target sites to activate the transcription. However, AI1 fails

to activate the reporter promoter in a chromatin vector without

stimulation (Roh et al., 2005). This suggests that the transcription

activators cannot access their target sites in a chromatin envi-

ronment without TCR signaling. Therefore, TCR signaling may

induce chromatin remodeling and make the target sites more

accessible to the transcription activators. To determine if

changes to the chromatin structure occur at the endogenous

locus in response to TCR signaling, we examined the nucleo-

some organization at the AI1 and CNS1 regions in both resting

and activated T cells. As shown in Figure 6A, this region contains

several smaller CNSs (labeled a to i). Examination of the nucleo-

some profile revealed that there are multiple nucleosomes, both

well-positioned and delocalized, in this region in resting T cells.

All of these CNSs, except CNSi, are located within nucleosomes.

Interestingly, after T cell activation, we observed a significant

reorganization of the nucleosome structure such that the nucle-

osomes became more localized. Furthermore, several nucleo-

somes were either removed or shifted so that CNSb, c, d, e,

and f and half of the CNSg sequence were now located in linker

regions (Figure 6A), suggesting that they had become accessible

to regulatory factors. These results also suggest that localization

of the regulatory sequences in linker regions may be important

for their function in regulating transcription. Indeed, we observed

that many CNSs, which are potential regulatory elements, are

located in linker regions, as exemplified for a region in the

RAD50 gene (Figure 6B).

Modification of the Promoter-Proximal Nucleosomes
Previous studies have suggested that promoter regions are often

associated with H3K4 methylation, with nucleosomes near the

TSS being modified with H3K4me3 and nucleosomes further

away being modified with H3K4me2 and H3K4me1 (Barski

et al., 2007; Heintzman et al., 2007; Pokholok et al., 2005). To

pinpoint the specific modifications associated with each individ-

ual nucleosome in the promoter region, we examined the H3K4

modification tags (Barski et al., 2007) along with the nucleosome

tags near the TSSs of active genes (Figure 7A). The H3K4me3

modification was mainly associated with the �2, +1, +2, and

+3 nucleosomes; H3K4me2 peaks with the +3 and +4 nucleo-

somes; and H3K4me1 peaks with the +5 and +6 nucleosomes.

Histone variant H2A.Z has been reported to decorate two

nucleosomes, one upstream and one downstream of TSSs in

yeast (Raisner et al., 2005). Our data indicate that it is associated

with the �3, �2, +1, +2, and +3 nucleosomes of actively

transcribed genes in the human genome (Figure 7B). The deeper
valley at the �1 nucleosome region of the H2A.Z distribution

versus the total nucleosome distribution suggests that H2A.Z

nucleosomes are preferentially lost in this region compared to

all nucleosomes. To quantify this, we counted all the nucleosome

and H2A.Z nucleosome tags corresponding to each nucleosome

position (see Experimental Procedures) (Figures 7C, 7D, 7E, and

7F). Even though the total nucleosome loss at the �1 nucleo-

some position was only 40% in active genes, the H2A.Z nucleo-

some was depleted 74% compared to the �2 nucleosome

(Figures 7C and 7E). A remarkable 52% loss was observed for

the�1 H2A.Z nucleosome in the silent genes, even though there

was only 16% total nucleosome loss at the same position

(Figures 7D and 7F). Examination of specific promoters indeed

revealed that H2A.Z-containing nucleosomes are preferentially

lost from the �1 nucleosome position even when there is still

nucleosome structure in the region (Figures 7G and 7H). It is

also interesting to note that the loss of the H2A.Z-containing

nucleosome from the �1 nucleosome position in the

Figure 6. Nucleosome Reorganization at Functional Enhancers

(A) Nucleosome profiles in resting and activated T cells near the functional

enhancer elements CNS1 and AI1. CNS1 and AI1 regions are indicated below

the nucleosome profiles. The CNSs are alphabetically labeled and their

correspondence to nucleosome structure is highlighted in yellow. Region

shown is chr5:132,026,345-132,028,199.

(B) Nucleosome profiles in resting and activated T cells in an intron of the

RAD50 gene. The correspondence of CNSs in this locus to nucleosome linker

regions is highlighted in yellow. Region shown is chr5:131,960,529-

131,964,566.
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Figure 7. Modification Profiles and Nucleosome Loss of Individual Nucleosomes near the TSS

(A) Methylation of H3K4 near the TSSs of actively transcribed genes (data from Barski et al., 2007) overlaid with nucleosome positions. The sequence tags from

the sense strand are shown for nucleosomes (black), H3K4me3 (red), H3K4me2 (green), and H3K4me1 (blue). H3K4me3 marks the �2, +1, +2, and +3 nucleo-

somes, H3K4me2 marks the +3 and +4 nucleosomes, and H3K4me1 marks the +5 and +6 nucleosomes.

(B) Histone variant H2A.Z marks the �3, �2, +1, +2, and +3 nucleosomes in actively transcribed genes.

(C) Quantification of the nucleosome levels by counting the sequence tags at the nucleosome positions (indicated in Figure 2A) for actively transcribed genes in

resting T cells.

(D) Quantification of the nucleosome levels by counting the sequence tags at the nucleosome positions (indicated in Figure 2A) for silent genes in resting T cells.

(E) Quantification of the H2A.Z nucleosome levels by counting the sequence tags obtained from the ChIP-Seq analysis (Barski et al., 2007) at the nucleosome

positions (indicated in Figure 2A) for actively transcribed genes in resting T cells.

(F) Quantification of the H2A.Z nucleosome levels by counting the sequence tags obtained from ChIP-Seq analysis (Barski et al., 2007) at the nucleosome

positions (indicated in Figure 2A) for silent genes in resting T cells.

(G) Total nucleosomes and H2A.Z-containing nucleosomes near the TSS of the CDC23 gene in resting T cells. The �1 nucleosome region is highlighted.

(H) Total nucleosomes and H2A.Z-containing nucleosomes near the TSS of the ADIPOR2 gene in resting T cells. The �1 nucleosome region is highlighted.
894 Cell 132, 887–898, March 7, 2008 ª2008 Elsevier Inc.



TCR-inducible genes in resting T cells was similar to the loss in

expressed genes (Figure S5). We also observed a preferential

loss of H3K4me3-modified nucleosomes from the �1 nucleo-

some position as compared to the total nucleosomes

(Figure 7A). These data suggest that deposition of histone variant

H2A.Z or modification by H3K4me3 may facilitate nucleosome

eviction or repositioning in the �1 nucleosome region.

DISCUSSION

We have demonstrated that the short sequence reads generated

by sequencing mononucleosome DNA ends using the Solexa

sequencing technology can precisely define nucleosome

positions in the human genome. While the resolution of DNA mi-

croarray-based techniques is dependent on the spacing of

probes and mononucleosome preparation, the resolution of

the sequencing strategy is only dependent on the size distribu-

tion of the mononucleosome templates. Different methods of

chromatin preparation, including sonication or MNase digestion

of crosslinked or native chromatin, have been used for analysis

of histone modification and histone/nucleosome positioning.

One concern using the MNase digestion strategy is that it may

preferentially degrade open chromatin in regions such as

promoters of active genes. Previous results suggest that this is

not the case. For example, a similar nucleosome depletion in

the promoter region has been observed using both the MNase

digestion strategy and sonication followed by H3-ChIP

(Bernstein et al., 2004; Lee et al., 2004; Yuan et al., 2005).

Furthermore, our sequencing analysis of the H3-ChIP DNA

reveals a similar depletion of the �1 nucleosome as detected

by the direct sequencing of MNase-generated mononucleo-

somes (Figure 2). Another concern is that MNase digestion

may preferentially release more active chromatin. Indeed,

when very limited digestion is used, MNase can be used to probe

nuclease hypersensitive sites (Langst et al., 1997). However,

when the chromatin is digested to 80% of mononucleosomes,

the active and inactive genes are equally accessed. For exam-

ple, the fractions of the inactive b-globin and active b-actin

gene regions in the mononucleosome DNA were similar (data

not shown). The third concern is that nucleosomes prepared

from native noncrosslinked chromatin may freely slide and lose

their positioning information. Published results suggest that

nucleosomes are stable under these in vitro conditions; both

crosslinked (Albert et al., 2007) and noncrosslinked nucleo-

somes (Segal et al., 2006) show similar preference to the dinucle-

otide repeat patterns.

Transcriptional activation requires assembly of bulky tran-

scription machinery immediately upstream of the TSS. The

nucleosome structure is apparently incompatible with the pro-

cess and needs to be removed for active transcription (Lorch

et al., 1987). Previous studies have provided evidence that

nucleosomes are lost in the Pho5 promoter region during tran-

scriptional activation in yeast (Boeger et al., 2003; Reinke and

Horz, 2003). A similar nucleosome loss has been observed for

the mouse mammary tumor virus promoter upon its activation

by hormone (Richard-Foy and Hager, 1987). Large-scale analy-

ses have also revealed nucleosome loss surrounding TSSs in

both yeast and humans (Bernstein et al., 2004; Lee et al., 2004;
Ozsolak et al., 2007; Yuan et al., 2005). Consistent with these

observations, we find that the nucleosome level immediately

upstream of TSSs is decreased in a Pol II-dependent manner

in the human genome. We can imagine that there are at least

two mechanisms involved in the nucleosome loss: nucleosome

eviction and nucleosome sliding. As mentioned above, nucleo-

some loss has been shown to accompany gene activation

(Boeger et al., 2003; Reinke and Horz, 2003). Similarly, it has

been reported that nucleosome sliding is associated with activa-

tion of the interferon-b promoter by viral infection (Lomvardas

and Thanos, 2002). Whichever process takes place probably

depends on what is energetically more favorable in each situa-

tion. Our data suggest that the binding of Pol II may prevent

nucleosomes from occupying the �1 nucleosome position.

This could also explain why nucleosomes are phased in active

promoters. If the +1 nucleosome is positioned by the transcrip-

tional machinery assembly, the other nucleosomes downstream

are constrained by the positioning of the first nucleosome and

the result is phasing (Kornberg and Stryer, 1988). However,

nucleosomes might also assume energetically favorable

positions based on DNA sequence features (Albert et al., 2007;

Ioshikhes et al., 2006; Satchwell et al., 1986; Segal et al., 2006)

and therefore gradually lose the phasing further away from the

TSS. This interpretation is also consistent with the observation

that the promoters with stalled Pol II assume similar nucleosome

organization to the promoters with actively elongating Pol II. We

speculate that the nucleosome positioning at regulatory regions

such as promoters may be maintained by multiple factors includ-

ing ATP-dependent chromatin-remodeling enzymes, DNA/chro-

matin-binding factors, and Pol II machinery assembly, whereas

the nucleosome positioning at nonregulatory regions may be

mainly controlled by the underlying DNA sequence features, as

described previously.

How is the �1 nucleosome eviction or sliding regulated?

Previous studies suggest that an ATP-dependent chromatin-

remodeling enzyme, the SWI/SNF complex, is involved in nucle-

osome eviction (Gutierrez et al., 2007; Owen-Hughes et al., 1996;

Schwabish and Struhl, 2007) and the Iswi2 enzyme is involved in

shifting nucleosomes to a position with an energetically unfavor-

able DNA sequence (Whitehouse and Tsukiyama, 2006).

However, histone modifications may also be involved in the

process of nucleosome eviction. In the yeast Pho5 promoter,

nucleosomes are first hyperacetylated and then lost upon activa-

tion (Boeger et al., 2003; Reinke and Horz, 2003). In addition,

mutation of the histone acetyltransferase GCN5 has been found

to decrease nucleosome eviction from GAL1 promoter and

transcribed regions (Govind et al., 2007). Deposition of the

histone variant H2A.Z by the ATP-dependent Ino80 into nucleo-

somes (Kobor et al., 2004; Krogan et al., 2003; Mizuguchi et al.,

2004) may also facilitate nucleosome eviction or repositioning by

destabilizing the nucleosome structure (Luger et al., 1997).

Indeed, H2A.Z appears to be preferentially lost upon induction

of the Pho5 gene (Santisteban et al., 2000). H2A.Z is highly

enriched at yeast promoter regions (Guillemette et al., 2005;

Zhang et al., 2005) and has been found to flank an NFR near

the TSS (Raisner et al., 2005), suggesting a potential role for

H2A.Z in maintaining the NFR. Our data that H2A.Z-containing

nucleosomes are more depleted at the �1 nucleosome position
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than non-H2A.Z nucleosomes are consistent with this notion.

Furthermore, H2A.Z-containing nucleosomes are located farther

away from TSSs than non-H2A.Z nucleosomes (Figure 7). This

suggests that they might be preferentially shifted and that it

might be energetically more favorable to shift an H2A.Z-contain-

ing nucleosome than a regular nucleosome. It is important

to point out that we cannot rule out the possibility that what

we are observing in these regions is histone turnover from

H2A.Z nucleosomes to nucleosomes containing the canonical

H2A histone. Another histone variant, H3.3, is also found at

transcriptional regulatory elements (Mito et al., 2007), and its

incorporation together with H2A.Z into a nucleosome further

destabilizes the nucleosome structure (Jin and Felsenfeld,

2007). Therefore, we expect that H3.3 may be also involved in

the nucleosome reorganization at promoter regions upon gene

activation.

EXPERIMENTAL PROCEDURES

Mononucleosome Preparation and Sequencing

using the Solexa Technique

CD4+ T cells were purified from human blood as described (Barski et al., 2007).

Incubating with anti-CD3 and anti-CD28 antibodies for 18 hr activated the

cells. To prepare mononucleosomes, the resting and activated T cells were

treated with MNase to generate approximately 80% mononucleosomes and

20% dinucleosomes. The DNA fragments of approximately 150 bp were

isolated from agarose gel, blunt-ended, ligated to the Solexa adaptors, and

sequenced using the Illumina 1G Genome Analyzer as described previously

(Barski et al., 2007).

ChIP-Seq experiments were performed as described previously (Barski

et al., 2007) using antibodies directed against histone H3 (Abcam, AB1791),

Ser5 phosphorylated Pol II (Abcam, AB5131), and unphosphorylated Pol II

(Abcam, AB817).

Data Analysis

Solexa Pipeline Analysis

Sequenced reads of mostly 25 bp were obtained using the Solexa Analysis

Pipeline. All reads were mapped to the human genome (hg18) and all uniquely

matching reads were retained. Unique read numbers for each library are listed

in Table S1.

Nucleosome Scoring

Nucleosome profiles were obtained by applying a simple scoring function to

the sequenced reads. A sliding window of 10 bp was applied across all

chromosomes and at each window all reads mapping to the sense strand

80 bp upstream of the window and reads mapping to the antisense strand

80 bp downstream of the window contributed equally to the score of the

window.

Gene Sets

Expression microarray experiments were performed for both resting and

activated T cells using Affymetrix Human Genome U133 Plus 2.0 GeneChip

array. The Affymetrix Microaray Suite 5 (MAS5.0) algorithm (Affymetrix,

2002) was applied to the expression data to make Absent/Present calls.

Expressed (nonexpressed) probes were selected for both resting and

activated T cells by selecting all probes that were unambiguously called Pres-

ent (Absent) across all replicates. The Affymetrix probe ids were then mapped

to UCSC genes (Hsu et al., 2006) using the mapping table provided by the

UCSC Genome Table Browser (Karolchik et al., 2004). All probes not mapping

uniquely to a UCSC gene were removed from analysis. Induced genes were

defined as genes unambiguously called Absent in resting T cells and Present

in activated T cells. Alternatively, repressed genes were defined as genes

unambiguously called Present in resting T cells and Absent in activated T cells.

For identifying induced and repressed genes, in an effort to get larger gene

sets, no filter for nonunique mapping of Affymetrix probe ids to UCSC genes

was applied.
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Polymerase II Stalling Analysis

To classify genes as containing stalled or elongating polymerase II (Pol II), we

utilized a stalling index similar to that employed in Zeitlinger et al. (2007). We

calculated the promoter Pol II level as the sum of all Pol II signals in a 1 kilobase

(kb) region surrounding the TSS and calculated the average Pol II signal for

1 kb windows through the gene body, starting 1 kb downstream of the TSS.

A stalling index was then defined as the ratio of the promoter Pol II level

over the average gene body level. Genes with stalled Pol II were defined as

those with a stalling index of at least 10 and no detectable Pol II signal within

the gene body. Genes with elongating Pol II were defined as those with a

stalling index between 1 and 3 and an average gene body Pol II signal of at

least 5. Genes with no promoter Pol II were defined as those with no Pol II

signal in the 1 kb region surrounding the TSS.

For evaluation of these methods, we identified genes with stalled,

elongated, and no Pol II in a complementary, mRNA-level-based approach.

We identified genes that were unambiguously classified as Absent and Present

by the Affymetrix MAS5.0 algorithm as analogous to genes with no Pol II and

elongated Pol II, respectively. We then identified all genes with significant

amounts of unphosphorylated Pol II in the promoter regions (see below) that

were still classified as Absent as analogous to the genes with stalled Pol II.

Identification of Significant Windows of Pol II

To identify regions with significant amounts of Pol II, we modeled the distribu-

tion of sequenced reads throughout the genome as a Poisson process and

calculated the number of reads necessary in 1 kb windows for a p value thresh-

old of 0.05.

TSS Alignments

To examine nucleosomes near the TSSs of each gene set, we aligned all genes

in each set using TSS coordinates of UCSC genes (Hsu et al., 2006). Sliding

windows of 5 bp were applied in the regions of TSSs and all reads originating

in these windows were tallied. Total counts were normalized by the numbers of

genes in each set. Reads on the sense and antisense strands were treated

separately. Similar methods were applied to the Pol II, H3K4me3, H3K4me2,

H3K4me1, and H2A.Z libraries using data from Barski et al. (2007).

Gene Body Density of Pol II Signals

The densities for Ser5 phosphorylated and unphosphorylated Pol II (Figures

5C, 5D, 5F and 5G) were calculated by starting 5 kb upstream of the TSS of

each gene and summing the Pol II signal in 250 bp windows up to the TSS.

Within the gene bodies, the Pol II level was calculated in 5 kb windows. The

density downstream of the gene was calculated similar to the upstream region.

Densities were obtained by dividing read numbers by the total number of base

pairs in each window.

Quantification of Nucleosome Levels

Nucleosome levels at individual nucleosome positions were calculated by

defining the following positions to individual nucleosomes: �2 [�370: �196],

�1 [�195: �46], +1 [�45:134], +2 [135:314], +3 [315:494], +4 [495:674], +5

[675:859]. Nucleosome levels corresponding to each nucleosome were calcu-

lated by summing the reads aligning to the sense strand in the window asso-

ciated with each nucleosome.

ACCESSION NUMBERS

The raw sequence tags from the resting and activated human CD4+ T cells as

well as from the H3 and Pol II ChIP-Seq analysis have been deposited in the

Short Read Archive (SRA) (Wheeler et al., 2008) under accession number

SRA000234. The microarray data have been deposited to the GEO repository

under accession number GSE10437.
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Supplemental Data include five figures and one table and can be found with

this article online at http://www.cell.com/cgi/content/full/132/5/887/DC1/.
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