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Nucleosome positioning around the gene space (or transcriptional unit) plays a crucial role for gene reg-
ulation but we do not know if the spatial organization—nucleosome-space occupancy or nucleosome
density in a defined sequence unit length—contributes to the regulation complexity of mammalian gene
expression. Using our own rmRNA-Seq (ribosomal RNA-minus RNA sequencing) and publically available
ChIP-Seq (H3) data from mouse stem cells, we discovered a non-random distribution of nucleosomes
along chromosomes, and further genome-wide studies on histone modifications, DNA methylation, tran-
scriptional activity, gene density, and base compositional dynamics, demonstrated that nucleosome-
space occupancy of genomic regions—clustered genes and their intergenic spaces—show distinctive fea-
tures, where a high occupancy coincides with active transcription, intensive histone modifications, poor
DNA methylation, and higher GC contents as compared to the nucleosome-poor regions. We therefore
proposed that nucleosome-space occupancy as a novel mechanism of epigenetic gene regulation, creating
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a vital environment for transcriptional activation.
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Introduction

Nucleosome, as a basic building unit of eukaryotic chromatins,
not only plays a structural role, but also participates in regulating
transcription through its deposition over nucleosome-space (DNA
sequence where nucleosomes are bound to) and the chemical
modification of its components—histones [1-3]. Genome-wide
investigations of nucleosome positioning demonstrated that nucle-
osomes are regularly arranged around protein-coding genes from
the transcriptional start site (TSS) to transcriptional termination
site (TTS), and free in the regions flanking the genes [4]. The nucle-
osome predominantly resides the upstream of TSS and regulates
the accessibility of regulatory elements (such as promoters)
through histone modifications (such as H3K4me3 and H3K36me3
for active genes, and H3K27me3, H3K9me2, and H3K9me3 for
inactive genes) [5,6]. In the interior of genes, nucleosomes strongly
prefer to occupy exon starts, suggesting a potential role in splicing
[4,7]. These noticeable organizational patterns provide clues into
mechanistic principles of nucleosome-related gene regulations.

Recent studies have been focused on nucleosome positioning
around genes [4,8,9]; however, knowledge on how nucleosomes
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are organized locally across genes beyond individual transcrip-
tional units and to what extents nucleosome-space are occupied
among actively transcribed genes remains to be elucidated. We
used our own rmRNA-Seq data in combination with other publicly
available ChIP-Seq (H3) data to conduct a survey for conditional
occupancy of the nucleosome-space at whole-genome level, and
identified nucleosome-rich regions among mouse ESCs. Combining
data from other genome-wide studies for histone modifications,
DNA methylation, transcriptional activity, gene density, and base
compositional dynamics, we discovered that nucleosome-rich re-
gions possess distinctive features, including active transcription,
intensive histone modifications, poor DNA methylation, higher
GC content, and higher gene density as compared to nucleosome-
poor regions. These analyses suggested that nucleosome-space
occupancy in general may also play a pivotal role in regulating
gene expression.

Materials and methods

Data sources. We generated rmRNA-Seq (ribosomal RNA-minus)
data from S129 mouse stem cell, using SOLiD (Life Technologies),
and other data are from public databases. Nucleosome (pan-H3),
histone modification, transcriptome, and DNA methylation data
for mouse stem cell [10,11] are from public database NCBI. Other
expression sequence tags were mapped to the mouse genome
using the SOLiD analysis pipeline [12] and annotated based on Ref-
seq [13]. We used a Poisson background model to evaluate
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Fig. 1. Profiles of nucleosome and transcription along chromosome 7 and their correlation analysis (A). The whole chromosome is equally divided into 10,000 windows
(resolution = 1 e—5); in each window, tag density of ChIP-Seq (pan-H3) and rmRNA-Seq, separately indicating the level of nucleosome and transcription, are determined and
plotted along the whole chromosome. (B) Firstly, all windows were grouped to 5000 window sets according to expression level. There is a good correlation (P < 0.01) when
each chromosome is equally divided into 10000 windows (resolution = 1 e—4). The x axis indicates the transcriptional level, while the y axis indicates nucleosome level.

whether a gene is active or inactive [14], and obtained 6047 inac- Correlation analyses. We divided chromosome into numbers of
tive and 12,994 active genes. To assess the expression level of a windows based on the defined resolution (resolution = 1/numbers
gene, we counted its mapped sequence tags and normalized over of windows), and counted number of tags in each window as “Tag
its transcript length. We classified the Refseq-defined genes into Density” or the signal of nucleosomes, transcriptional activity,
the HCP, LCP, and ICP genes according to a published method [15]. RNAPII, histone modifications or DNA methylation. Then, we
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Fig. 2. Correlation between nucleosome-space occupancy and RNAPII binding signals, histone modifications, DNA methylation, GC content. (A) Windows were grouped to
5000 gene window sets according to nucleosome enrichment. The x axis indicates the nucleosome level, while the y axis indicates histone modification level. (B) The
nucleosome density was box-plotted according to GC content. Firstly, each chromosome was equally divided into 10,000 window; the nucleosome density and GC content
were calculated in each window. The GC content is divided into several intervals indicated on the x axis, and the corresponding nucleosome density was box-plotted. (C) We
investigated the correlation between the nucleosome density and DNA methylation level. Firstly, each chromosome is equally divided into 10,000 windows, and the density
of nucleosome was assessed in each window. Then, we investigated the distribution of nucleosome density, and found most genomic windows have a moderate nucleosome
density. (D) The mean methylation level of each window is calculated and plotted against nucleosome density. The nucleosome-poor region show highly methylated.



886

performed Pearson correlation test to evaluate the correlation be-
tween nucleosome signals and transcriptional activity, RNAPII
binding, histone modifications and DNA methylation, and used
hierarchical clustering strategy for the analysis of genomic, epige-
netic, and transcriptional features. All statistical analyses and
drawing were performed using R tools [16].

Nucleosome positioning around TSS, exon—-intron junction, and TTS.
We categorized genes into nucleosome-rich and nucleosome-poor
clusters based on their expression levels, aligned transcript-spe-
cific positions (TSS, internal exon-intron junction by eliminating
first and last exons, and TTS) in a +1-kb window, and counted
the tags in a 10-bp window.

Results

Actively transcribed genes have higher occupancy of their nucleosome-
spaces

To investigate the nucleosome distribution along chromosomes,
we acquired rmRNA-Seq data and also used the publicly available
ChIP-Seq data (H3) from the mouse ESCs [10]. We analyzed nucle-
osome signals as the number of tags in a 20-kb window at a reso-
lution of 0.0001 along chromosomes (Figs. 1A and S1) and clearly
defined nucleosome-space occupancy as nucleosome-rich or
nucleosome-poor regions as if nucleosomes preferentially bind to
certain genomic regions, leading to a non-random distribution. In
the interior space of the nucleosome-rich regions, there is an
approximately Gaussian (normal) distribution of nucleosome-
space occupancy across their genic and intergenic sequences (an
example is shown in Fig. S2). At a gene locus (lin28), the nucleo-
some phasing can be clearly observed, and it extends to the next
neighboring gene (aim and cd52) across an intergenic sequence.
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Therefore, nucleosome enrichment seems occurring at relatively
larger genomic segments, and is not limited to individual genes.
This observation suggests that nucleosome-space occupancy is be-
yond the organization of individual genes. We further defined tran-
scriptional signals along each chromosome at the same resolution
into “actively transcribed chromosomal blocks” or ACB to show
that they are associated with so-called nucleosome-rich genomic
regions (Figs. 1A, and S1). Our correlation analysis demonstrated
that their transcriptional activities (at a resolution of 0.0001 in a
20-kb window) are associated with a high density (the number
of nucleosomes over a defined space unit other than the nucleo-
some coverage over a defined binding site) of nucleosome-space
occupancy (Fig. 1B).

Nucleosome-space occupancy is correlated with epigenetic
mechanisms including histone modifications and DNA methylation

The active ACB (Fig. S1) not only has a strong correlation with
RNAPII binding signals (Fig. 2A) but also with higher GC content
(Fig. 2B), higher gene density, and open chromatin structure that
has been well described in recent studies [17,18]. We used the
publicly available histone modification data (H3K27me3,
H3K4me3, H3K9me3, H3K36me3, and H3K4me2) from mouse
ESCs to examine the nucleosome binding, based on the number
of tags at a resolution of 0.0001 (Fig. 2A). In general, H3K27me3
and H3K9me3 are associated with transcriptional suppression,
whereas H3K4me3, H3K36me3, and H3K4me?2 often indicate tran-
scriptional activation [5,19]. Obviously, nucleosome-space occu-
pancy provides more opportunities for histone modifications to
regulate gene expression [20]. In addition, a positive correlation
of H3K4 to nucleosome-space occupancy shed lights on why nucle-
osome enrichment may facilitate RNAPII binding, forming ACB.
Since H3K4 is often associated with active promoters and RNAPII
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Fig. 3. Clustering of genomic, epigenetic, and transcriptional features. The signals of nucleosome occupancy, DNA methylation, RNAPII binding, histone modification
(H3K27me3, H3K9me3, H3K4me3, and H3K36me3) and sequence tags from rmRNA-Seq are aligned in a 100-kb window. The gene count in each window indicates gene
density. Criteria about a gene-centric grouping scheme (Group1 and Group2) are discussed in the main text.
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Fig. 4. Elevated and reduced nucleosome signals in selected HCP and LCP gene loci. The two actively transcribed genomic regions around two HCP genes, nanog (A) and lin28
(B), exhibiting “nucleosomal islands” phenomenon in contrast to weaker nucleosome signals of the inactive genomic regions around a LCP gene vmn2r. The x axis shows the
genomic positions of relevant genes and the y axis indicates normalized nucleosome and transcription signals.

binding [21], we considered that intensive RNAPII binding may be gions. We also showed that nucleosome-space occupancy corre-
a consequence of H3K4 enrichment within nucleosome-rich re- lates well with the level of DNA methylation (Fig. 2C). As recent
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reports have suggested that CpG methylation and nucleotide com-
position (such as GC content) both affects nucleosome formation
and positioning [22,23], we believe that DNA methylation and
nucleotide composition dynamics may directly or indirectly con-
tribute to the regulation of nucleosome remodeling.

We have further performed a hierarchical clustering of the rel-
evant genomic, epigenetic, and transcriptional features, and were
able to divide two broad categories of nucleosome-space occu-
pancy (Fig. 3). Group 1 represents gene-rich sequences that have
highly-expressed genes, harbor more nucleosomes, show intensive
histone modifications, especially H3K4me3 and H3K36me3 (mark-
ing transcriptional activation), possess strong RNAPII binding, ex-
hibit lower level of DNA methylation, and are high GC-content
sequences. Group 2 genomic sequences however show the oppo-
site trends for all these features as compared to Group1.

The nucleosome-space occupancy is highly relevant in regulating gene
expression in ESCs

We identified 12,994 genes that are actively transcribed in the
mouse ESCs acquired so far, of which 80% are high-CpG-density
promoter (HCP) genes, and 6% are low-CpG-density promoter
(LCP) genes. The HCP genes are associated with two categories:
ubiquitous ‘housekeeping’ genes and highly regulated ‘key devel-
opmental’ genes [15]; both are highly expressed in mouse ESCs.
The LCP genes are generally associated with tissue-specific genes
showing lower transcription activity. This pattern of gene expres-
sion is consistent with the previous report [11]. We also plotted
the nucleosome signals at TSS (transcription start sites), the
exon-intron junctions, and TTS (transcription termination sites)
of the genes. For the nucleosome-rich genes or ACB, we observed
that the nucleosome signals are strong across the exon-intron
junctions, and distinctively lower at the promoter or transcription
starts (Fig. S3). However, these nucleosome positioning patterns
are lost among the nucleosome-poor genes.

To provide insights into the role of nucleosome-space occu-
pancy in regulating gene expression, we compared nucleosome
distribution between the active and inactive genes and found that
most active genes (90%) form clusters (>5 genes) along chromo-
somes, where nucleosomes are constantly enriched but most inac-
tive genes, though also clustered, have poorly occupied
nucleosome space (Figs. S4 and S5). This is also evident from the
inspection of selected HCP and LCP gene regions (Fig. 4). For in-
stance, the two active genomic regions around nanog and lin28
genes, transcriptional factors for keeping pluripotency of ESCs
[24,25], showed the “nucleosomal island” effect that is equivalent
to ACB as we defined here. In contrast, the nucleosome signals are
dramatically reduced in inactive genomic regions around the V2R
gene families specifically expressed in the mammalian vomerona-
sal organ [26]. These analyses pointed to a widespread elevated
nucleosome signals in the active HCP genes.

Discussion

Epigenetic control plays very important role in regulating gene
expression. Over the past decade, mounting evidence has pointed
to at least four levels of epigenetic gene expression regulation:
chromosome architecture, nucleosome positioning, histone modi-
fication, and DNA methylation [2]. We are now adding the fifth
one—nucleosome-space occupancy measured by nucleosome dis-
tribution over chromosomal segments where actively transcribed
genes are clustered forming ACB. Using data from mouse ESCs,
we identified positive correlations of nucleosome-space occupancy
to transcriptional activity, histone modifications, and RNAII bind-
ing and we therefore hypothesize that, in a defined gene cluster,

the degree of its nucleosome-space occupancy alters transcrip-
tional activity and it works in concert with histone modifications,
chromosome-architecture control elements, and other transcrip-
tional regulating factors for regulating gene expression.

The genome-wide maps of nucleosome positioning suggest a
regularly arrangement of nucleosomes around protein-coding
genes (from TSS to TTS) and a poor presence in the flanking se-
quences [3]. In the present study, we propose nucleosome-space
occupancy among gene clusters and their intergenic sequences as
an important parameter in studying mechanisms of epigenetics-
based gene regulation. The distinctive patterns of nucleosome-
space occupancy between the active and inactive genomic regions
support the idea that intensive nucleosome-space occupancy cre-
ates a widely accessible environment facilitating transcriptional
activation and it is an additional mechanism for nucleosome orga-
nization over genes and their intergenic sequences aside from reg-
ulating transcriptional initiation and transcript splicing. Moreover,
based on the observation that nucleosomes are irregularly posi-
tioned among nucleosome-poor genes, we predict that nucleo-
some-space occupancy plays a necessary role for nucleosome
positioning and transcriptional gene regulation, perhaps through
some organizing or neighboring effects.
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