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Abstract

Regulatory regions maintain nucleosome-depleted, open chromatin status but simultaneously require the presence of
nucleosomes for specific histone modifications. It remains unclear how these can be achieved for proper regulatory
function. Here we demonstrate that nucleosomes positioned within accessible chromatin regions near the boundaries
provide platforms for histone modifications while preventing the occlusion of regulatory elements. These boundary
nucleosomes were particularly enriched for active or poised regulatory marks in human, such as histone acetylations, H3K4
methylations, H3K9me3, H3K79me2, and H4K20me1. Additionally, we found that based on a genome-wide profiling of
~100 recombinant yeast strains, the location of open chromatin borders tends to vary mostly within 150 bp upon genetic
perturbation whereas this positional variation increases in proportion to the sequence preferences of the underlying DNA
for nucleosome formation. More than 40% of the local boundary shifts were associated with genetic variation in cis- or trans-
acting factors. A sizeable fraction of the identified genetic factors was also associated with nearby gene expression, which
was correlated with the distance between the transcription start site (tss) and the boundary that faces the tss. Taken
together, the variation in the width of accessible chromatin regions may arise in conjunction with the modulation of the
boundary nucleosomes by post-translational modifications or by chromatin regulators and in association with the activity of
nearby gene transcription.
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Introduction nucleosome-free states, we set out for integrative analyses of recent

data generated as part of the ENCODE project, including
chromatin accessibility, histone modifications, histone variant
H2A.Z, in vivo nucleosome positioning, and transcription factor
(TF) binding in the GM 12878 lymphoblastoid cell line. Chromatin
accessibility was measured based on next-generation sequencing of
DNA isolated by two different methods, namely the DNase I
hypersensitivity assay [17,18] and formaldehyde-assisted isolation
of regulatory elements (FAIRE) technique [19]. Chromatin
immunoprecipitation sequencing (ChIP-seq) was used to obtain
the profile of ten different histone modifications, positioning of the
histone variant H2A.Z, and binding sites of ~90 transcription
factors. Nucleosome occupancy was measured based on micro-
coccal nuclease (MNase) digestion (MNase-seq). We also used
open chromatin (FAIRE-seq) data and MNase-seq data for a set of
yeast recombinants generated by a cross between laboratory (BY)
and wild (RM) yeast strains [20-22]. To understand the
contribution of DNA sequences to chromatin structure, we also
employed data for the positioning of the nucleosomes that were
reconstituted i vitro purely based on naked yeast and human DNA

Open chromatin provides access to a wide spectrum of DNA
binding proteins for genetic regulation processes such as
transcription, repair, recombination, and replication. In this
regard, open chromatin profiling has been widely used to identify
the location of regulatory regions, including promoters, enhancers,
msulators, silencers, replication origins, and recombination hot-
spots [1-6]. Regulatory DNA elements are made accessible upon
histone depletion. Thus, nucleosome remodelling and modifica-
tion should be intimately coupled with open chromatin formation
and regulation.

While chromatin opening is required at regulatory regions,
promoters and enhancers carry specific histone modifications that
are associated with regulatory activity and particular functionality
[7,8]. For example, H3K4me3 can mark active promoters along
with H3/H4 acetylations or mark poised promoters in concert
with H3K27me3 [9-11] while the combinations of H3K27ac,
H3K4mel, and H3K9me3 can differentially mark active and
inactive/poised enhancers [12-15]. Based on such knowledge, the

identification of different regulatory states, including active [23,24]
. 3 :
promoters, poised promoters, weak promoters, strong enhancers,
and weak enhancers, was made possible through genome-wide Results/Discussion

analyses of the distribution of those histone modifications [16].

To understand the mechanisms by which various histone
modifications specifically mark regulatory regions that should be in
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By using deep sequencing technology, we previously identified
4,897 open chromatin loci in yeast [25] based on the FAIRE assay
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Author Summary

Open chromatin formation and regulation are intimately
coupled with nucleosome remodelling and modification.
Regulatory regions such as promoters and enhancers
maintain nucleosome-free, open chromatin states whilst at
the same time the presence of nucleosomes is required for
specific histone modifications. In this work, we carried out
detailed analyses of our data of open chromatin maps for
~100 different yeast strains and whole-genome nucleo-
some occupancy along with the public data of open
chromatin and nucleosome positioning in human gener-
ated in the ENCODE project. We observed nucleosomes
positioned within accessible chromatin regions near their
boundaries. These boundary nucleosomes appeared to
carry various histone methylations without hampering the
binding of DNA regulators and sequence preferences for
these nucleosomes were associated with variation in the
width of accessible chromatin. The end positions of open
chromatin domains, particularly with high intrinsic prefer-
ences for nucleosome formation, were more flexible than
the middle point, changing mostly within 150 bp upon
genetic perturbation. By using quantitative trait loci (QTL)
mapping, we identified genetic variants that are associated
with the variation in the width of open chromatin and
examined its relationship with nearby gene expression.

[19]. In this work, we profiled iz vivo nucleosomes by means of
MNase-mediated purification of mononucleosomes (see Methods).
Unexpectedly, we discovered the presence of boundary nucleo-
somes just inside of open chromatin (black curve in Figure 1A), a
pattern which also appeared with 46,080 open chromatin regions
identified in the GM12878 human lymphoblastoid cells by the
ENCODE project (black curve in Figure 1B). This evolutionarily
conserved feature was commonly found for promoter and non-
promoter regulatory regions.

In vitro nucleosomes that were reconstituted purely based on
naked DNA [23,24] also peaked within open chromatin in both
yeast and human (gray shade in Figure 1). In vyeast, the
corresponding DNA sequences displayed an increase in the C/G
dinucleotide frequency (red dots in Figure S1) and a decrease in
the A/T dinucleotide frequency (blue dots in Figure SI),
exhibiting nucleosome-favouring features near the boundaries of
accessible chromatin. In yeast, >60.8% of open chromatin regions
had sequence-directed (in vitro) nucleosome positioning whereas
>25.6% had nucleosome positioning i vivo (Table S1). In human,
the fraction of nucleosome-possessing chromatin sites is lower than
in yeast but the same tendency (higher i wvitro than i vio
occupancy) is maintained (Table S1). Although there was a
difference in the peak position between the i viwo and i wvitro
nucleosomes particularly in human, the relative distance was
consistent between promoter and non-promoter regions. There-
fore, we propose that nucleosome-encoding sequences are more
assoclated with the boundary & viwo nucleosomes rather than the
center of regulatory regions as previously observed [24,26]. The
vitro nucleosomes in non-promoter regions appeared to be
positioned at the center of open chromatin because the average
size of non-promoter regions, as estimated by the location of the
inside FAIRE peak (blue curve in Figure 1), was smaller than that
of promoters. Indeed, the @ vitro nucleosomes peaked at the center
of small-sized (<500 bp) open chromatin regions while forming a
bimodal peak in longer regions (>1 kb) (Figure S2). On the other
hand, the m viwo nucleosomes formed a bimodal peak regardless of
the size of the region (Figure S2).
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When examined according to TT binding sites (TTBSs) in the
human cells, two strongly positioned nucleosomes were found
200 bp away on average from empirical TFBSs (based on the
ChIP-seq of ~90 TFs), and periodic nucleosome phasing was
observed in the surrounding regions (see black curve in Figure 2A).
A less stable positioning of the flanking nucleosomes and less
distinct phasing of the surrounding nucleosomes were obtained
when sequence-predicted TFBSs (based on the Transfac database)
were used (gray curve in Figure 2A). Intriguingly, sequence tags
from DNase I hypersensitive sites (DHSs) were confined within the
400 bp region centered on the TFBS (black curve in Figure 2B).
The coincidence between the position of the two flanking
nucleosomes (yellow lines in Figure 2A) and the edges of the
DHS tag cluster (yellow lines in Figure 2B) was not observed when
DHS tags were aligned by Transfac sequence motifs (gray curve in
Figures 2B). This implies that the boundary nucleosome position-
ing and the nucleosome phasing may be dependent on i vivo TF
binding events.

We then sought to examine nucleosome organization across
defined open chromatin domains. As illustrated in Figure 2C, the
nucleosomes positioned within open chromatin near the bound-
aries may carry specific histone modifications while DNA-binding
factors may bind in between the flanking nucleosomes. Maintain-
ing nucleosome signatures at the borders may help to prevent
occlusion of regulatory elements by histones. The boundary
positioning of nucleosomes was confirmed by the genome-wide
average patterns (black solid lines in Figure 3). Notably, different
histone modifications showed different patterns across open
chromatin (coloured lines) and H2A.Z-containing nucleosomes
(black dotted line) were observed in between the boundary
nucleosomes. TF binding was concentrated in between the two
flanking boundary nucleosomes (Figure S3).

Histone marks associated with active gene transcription such as
H3K9ac, H3K27ac, H3K4me2, and H3K4me3 coincided with
H2A.Z distribution across open chromatin (Figure 3A). While the
acetylation patterns (red and orange lines) were well overlapping
with H2A.Z positioning, there was a slight dip on the methylation
levels (violet and blue lines). By using comprehensive chromatin
data in human T cells, encompassing H2A.Z occupancy, histone
methylation and acetylation marks, and MNase-digested nucleo-
somes [9,10,27], we calculated relative H2A.Z levels across the
genome and compared them with histone modification levels.
H2A.Z incorporation positively correlated with most histone
acetylations, in particular with H3K9ac and H3K27ac, but not
with histone methylations except H3K4me3 and H3K4me2
(Figure S4). Those active histone marks are expected to decrease
nucleosome stability and this may explain the low occupancy of
the H2A.Z-enriched central nucleosomes. Nucleosome purifica-
tion in low salt conditions revealed the enrichment of H2A.Z
nucleosomes at the nucleosome-free region of the promoter as
defined in high salt conditions [28].

Histone methylations such as H3K4mel, H3K9me3,
H4K20mel, and H3K79me2 were absent on the central H2A.Z
nucleosomes but present on the flanking nucleosomes (Figure 3B).
Enhancer elements marked by H3K4mel alone are inactive or
poised until they turn into active enhancers in the wake of
H3K27ac modifications [13]. H3K9me3 is also associated with
poised enhancers. High levels of H3K9me3 are found in
enhancers that are inactive in one cell type but become active in
another under the control of the stimulus-induced demethylase
Jmyd2d [15]. H4K20mel was found to be associated with
transcription activation in the context of canonical Wnt signaling
[29] and with specific classes of enhancers that are deprived of
H2A.Z: certain classes of enhancers are enriched in H2A.Z but
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Figure 1. Positioning of boundary nucleosomes within open chromatin. (A) Superposition of in vivo and in vitro nucleosomes, and FAIRE
read density across the boundaries of promoter-associated (left) or non-associated (right) open chromatin in yeast. (B) Superposition of in vivo and in
vitro nucleosomes, and FAIRE read density across the boundaries of promoter-associated (left) or non-associated (right) open chromatin in human.

doi:10.1371/journal.pgen.1003778.g001

not H4K20mel while others are enriched in H4K20mel but not
H2A.Z [30]. Promoter H3K79me2 was linked to active transcrip-
tion in flies [31] and in humans [32] but in another study it did not
show any preference toward either active or silent genes [9]. A role
for H3K79me?2 in enhancer regulation remains to be elucidated.
Taken together, histone modifications related to inactive or poised
enhancers or other regulatory states occur on the nucleosomes at
the borders of open chromatin.

Unlike the above histone modifications, H3K27me3 and
H3K36me3 are not concentrated in specific regions but spreading
across multiple nucleosomes [9]. H3K36me3 forms a broad
domain of enrichment across the body of genes as a regulator of
alternative splicing [33]. While H3K27me3 typically shows a
domain-like profile similarly to H3K36me3, it can also form a
peak around the transcription start site of bivalent genes [34] or
appear at poised enhancers [14]. Both marks (red and green line in
Figure 3C) were present on nucleosomes (black solid line in
Figure 3C) that were distant from open chromatin, as opposed to
the other marks that were absent on these nucleosomes (Figures 3A
and 3B). A higher level of H3K27me3 (red line) was observed on
the boundary nucleosomes as compared with H3K36me3 (green
line), maybe indicating the association of H3K27me3 with poised
promoters or enhancers.

To examine the positional changes in the borders of open
chromatin according to genetic variation, we identified open
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chromatin loci in 96 different yeast strains [25] consisting of the
parental strains (BY4716 and RM11_la) and the descendants
resulted from their crossing [20-22]. We aligned all open
chromatin sites in the laboratory strain (BY4716) by the 5’
boundary, center, and 3" boundary, and then mapped the relative
locations of nearby open chromatin loci in the other strains,
resulting in the cluster of homologous regions falling within a
certain distance (Figure 4A).

While the central location changes within 25 bp upstream or
downstream, the border shifts by ~75 bp away probably giving
rise to changes in the size of the region (Figure 4B). The effect of
technical variation or inherent data structure could be ruled out in
general (Figure S5). Importantly, the borders with a higher
intrinsic propensity for nucleosome positioning showed a higher
degree of deviation, clearly separating those with the @ wvitro
occupancy score [23] <0 and >0.5 (Figure 4C). We used the score
of 0.5 as the threshold for a positioned in vitro nucleosome.

To identify genetic determinants of the local boundary shifts, we
carried out quantitative trait locus (QQ'T'L) mapping for the end-to-
end distances of the open chromatin boundaries that were
identified in BY4746 and were <100 bp away from their
homologous sites in all the other strains. At a false discover rate
(FDR) of 0.01, 39.2% of the boundary shifts were significantly
assoclated with at least one genetic marker in frans. About 5.4%
were associated with czs-acting elements located within 100 kb. In
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Figure 2. Boundary nucleosome positioning within open chromatin. (A) Superposition of in vivo and in vitro nucleosomes surrounding the in
vivo TFBSs (black curve) and sequence-predicted Transfac TFBSs (gray curve). (B) Number of DHS tags mapped to the region centered on the in vivo
TFBSs (black curve) and sequence-predicted Transfac TFBSs (gray curve). (C) Chromatin structure in GM12878 at a genomic locus (chr2:232,378,500-
232,379,800). Shown from top to bottom are tracks for open chromatin density (two replicates), chromatin states (red: active promoter, yellow: weak
enhancer, and orange: strong enhancer), nucleosome density (blue box: boundary nucleosomes), histone modifications (density shown on the gray
scale with dark indicating dense modifications), and TF binding locations (binding affinity shown on the same gray scale as above).
doi:10.1371/journal.pgen.1003778.g002
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gradient according to the distance shown at the bottom of each heat map. The rows of each heat map correspond to each of the 4,897 chromatin
sites in BY4716. (B) The average frequency of mapped locations as a function of the distance to the center or to the end of the homologous site in
BY4716. (C) The average frequency of mapped locations according to the in vitro nucleosome score as a function of the distance to the center or to

the end of the homologous site in BY4716.
doi:10.1371/journal.pgen.1003778.g004

terms of the number of associations, the frans- and cis-associations
accounted for 84.3% and 15.7%, respectively.

Genetic markers with >5 frans-linkages included chromatin
remodelers and transcription regulators (Table S2). The largest
number of associations was found for [ES6, which encodes a
protein that associates with the INO80 chromatin remodelling
complex. INO8O0 is an ATP-dependent nucleosome spacing factor
that is involved in nucleosome positioning and mobilization with a
role in transcription and DNA repair [35]. Not only general
transcription factors such as SRB2, a subunit of the RNA
polymerase II mediator complex, but also several sequence-
specific transcription factors were identified (Table S1). Three of
the subunits of the MCM2-7 complex, which is involved in DNA
replication, were also associated with multiple regulatory regions
(Table S1). While 42% of boundary shifts were associated with
genetic variation, perturbation in cellular environment caused by
combinatorial or secondary effects of multiple genetic alterations
may underlie other local changes.

We then compared the results of the boundary QTL mapping
with those of the QTL mapping for chromatin accessibility as
previously performed for the same dataset [25]. The fraction of the
cis-associations in the boundary QTL mapping (15.7%) was two
times higher than that in the accessibility QT'LL mapping, implying
that underlying DNA sequences play a significant role in the
regulation of open chromatin boundaries. Sixty-six boundary shifts
were assoclated in c¢is with 226 genetic markers while 853
boundaries were in frans with 431 genetic markers. Interestingly,
only for 4.5% of the 66 cis-associated boundaries and 5.0% of the
853 trans-associated boundaries, the relevant chromatin region was
also identified in the accessibility QTL mapping. This supports
that the variation in boundary locations does not simply reflect the
variation in chromatin accessibility despite a possible mechanistic
correlation between peak size and peak width. While different
target chromatin regions were identified in the two QTL
mappings, there was a considerable overlap of responsible
regulatory loci. Among the 431 regulatory loci that were
associated in frans with boundary variations, 52.4% were also
responsible for chromatin accessibility in trans, and 58.0% of these
dual chromatin QTLs were trans-expression QTLs as well. On the
other hand, 15.0% of ¢s-QTLs for boundary variations were cis-
QTLs for chromatin accessibility. The overlapping fraction is low
because a single marker cannot usually cover multiple different
chromatin regions in czs. However, 97.1% of these dual chromatin
QTLs were cs-expression QTLs. This cross-confirmation suggests
that the regulatory loci identified in each QTL mapping may be
functional with many of them exerting effects on transcription
regulation.

To investigate the functional effect of boundary shifts on gene
transcription, we examined the pattern of boundary variations in
relationship with the transcription pattern of the gene whose
expression level is associated with the same genetic marker and
whose tss is located within 1 kb from the open chromatin of
question. For example, in the locus illustrated in Figure 5A, the
expression level of TAT1 (Figure 5B) and the boundary location of
the upstream open chromatin peak (Figure 5C) are both associated
with common local genetic markers. In this case, the gene is
transcribed from right to left, and the left boundary (orange box in
Figure 5A), but not the right boundary, of the chromatin peak was

PLOS Genetics | www.plosgenetics.org

genetically associated. The strains with the RM genotype at this
locus tend to have the left boundary farther from that in the BY
strain and closer to the tss (Figure 5C) and have higher expression
levels of the gene (Figure 5B). In fact, the distance of the left
boundary to the tss was correlated with the expression level
(Figure 5D).

We found that in all cases in which a boundary location is
associated with a local or distant genetic marker in common with
the expression level of a gene located within 1 kb from the
chromatin peak, only the boundary that faces the tss, but not the
boundary on the other side, has been identified in the QTL
mapping. Therefore, the example provided in Figure 5 is a general
feature of the relationship between chromatin border regulation
and gene expression regulation. This is a novel finding and it is
currently unclear by what mechanism the border of accessible
chromatin can affect or be affected by the transcription of the
gene it faces. Active histone modifications on the boundary
nucleosome or an active physical interaction of TFs and RNA
polymerase II may result in an extension of chromatin borders
towards the tss.

Our results reveal an evolutionarily conserved feature of
nucleosome positioning within accessible chromatin. The nucle-
osomes residing at the boundaries of open chromatin seems to play
a role in demarcating functional regulatory regions such that DNA
binding events take place in between these flanking nucleosomes in
the middle of the accessible chromatin area. We also found that
the positioning of these demarcating nucleosomes is coupled with
in viwo 'TF binding events and that the sequence preferences of the
underlying DNA for nucleosome formation are proportional to
genetic variation in the size of the accessible region. Therefore, the
variation in the width of accessible chromatin regions caused by
the locational changes of the open chromatin borders may arise in
concert with the modulation of the boundary nucleosomes by post-
translational histone modifications and by chromatin regulators
and in association with the activity of nearby gene transcription.

Methods

Open chromatin data processing in yeast and human

We obtained 46,080 genomic regions enriched for DNase I
hypersensitivity as identified by F-Seq [36] that were validated by
enrichment for FAIRE signals as called using ZINBA (Zero
Inflated Negative Binomial Algorithm) [37], from the ENCODE
Open Chromatin Synthesis track of the UCSC Genome Browser
(http://genome.ucsc.edu) for the GM12878 lymphoblastoid cell
line. Chromosomal coordinates of the validated DNase I peaks
were refined by interrogating the base-pair resolution map of DHS
tags obtained from the UCSC Genome Browser (“DNase I Digital
Genomic Footprinting” track). Specifically, the average number of
the DHS tags mapped outside of the peak boundaries across all the
validated DNase I peaks was obtained and then the end positions
of each DNase I peak were adjusted such that the maximum
number of the DHS tags mapped outside of the adjusted ends
would not exceed the expected (average) number obtained. To
identify open chromatin in yeast, we obtained the BY-RM cross
strains from the original authors [20-22]. We profiled 94 yeast
segregants by high-throughput sequencing of the FAIRE libraries,
resulting in 4,897 open chromatin loci [25].
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Figure 5. Effects of chromatin border regulation on nearby gene expression. (A) FAIRE density in the BY4716 (BY) and RM11_1a (RM) strains
for accessible chromatin located upstream of the tss of the TAT1 gene is shown above the positioned nucleosomes (black bars) identified based on
nucleosome density (light green below). The FAIRE region was supported by DNase I-based protein-binding footprints (blue tick) and the regulatory
code track at the bottom displaying the location of TFBSs (black ticks). The left-side border of the FAIRE peak (orange box) was associated in cis with
local genotypes, which were also associated with the expression level of TATT. (B) The gene expression level in strains with the RM genotype and BY
genotype. (C) The distance of the left-side border in each strain with the RM or BY genotype relative to that in the BY4716 strain. (D) Correlation
between the gene expression level of TATT and the boundary-to-boundary distance of the left border of the FAIRE peak across the 96 strains.

doi:10.1371/journal.pgen.1003778.g005

In vivo and in vitro nucleosome data processing in yeast
and human

In vivo nucleosome occupancy in the GM12878 lymphoblastoid
cells was obtained from the UCSC Genome Browser (Nucleosome
Position by MNase-seq from ENCODE/Stanford/NYU). The
MNase-seq reads were extended to 147 bp and then mapped
across the boundary of open chromatin. We used the NPS package
[38] to identify 498,270 positioned nucleosomes. In vitro nucleo-
some positioning was identified in a previous study [24]. A total of
616,856 positioned nucleosomes with stringency >0.4 were used.
For in vivo nucleosome profiling in yeast, the MNase-mediated
purification of mononucleosomes was carried out. The mono-
nucleosomal DNA fragments were sequenced by Illumina
Genome Analyzer, subjected to 36 cycles of single-read sequenc-
ing. We used Genetrack software [39] to identify the location of
50,285 mononucleosome [40]. Log-normalized occupancy scores
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for i vitro nucleosomes in yeast [23] were downloaded from the
authors’ website. A positive score indicates enrichment of
nucleosome tags relative to the genome-wide average. Based on
the patterns in Figure 4, a score of 0.5 was used as the threshold of
in vitro nucleosome positioning.

Human histone modification and TF binding data
processing

Histone modification data for the GM12878 lymphoblastoid
cell line were downloaded from the ENCODE Histone Modifi-
cation Tracks. Data for H3K4mel, H3K4me2, H3K4me3,
H3K9ac, H3K9m3, H3K27ac, H3K27me3, H3K79me2, and
H4K20mel, and H2A.Z were downloaded. The raw reads were
extended to 200 bp and the number of the extended reads
mapped to the body and flanking regions of open chromatin was
obtained. To handle different sizes of open chromatin, the body
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regions were divided into the same number of bins with varying
lengths. The profiles of transcription factor binding were obtained
from the ENCODE Transcription Factor Binding Tracks. All the
data available for the GM 12878 cell line were generated by either
HudsonAlpha Institute for Biotechnology (HAIB) or Stansford/
Yale/USC/Harvard (SYDH). The peaks of transcription binding
were identified by the MACS software (HAIB) or the PeakSeq
algorithm (SYDH). The number of peaks was obtained for the
body and flanking regions of open chromatin in a similar manner
as the histone modification plots. The Human/Mouse/Rat
Conserved Transcription Factor Binding Sites track of the UCSC
Genome Browser provided 3.8 million evolutionarily conserved
binding sites of 250 transcription factors as inferred based on the
Transfac Matrix Database (v7.0). To predict actual binding sites of
the transcription factors, we first identified enriched regions for
transcription factor binding by using the peak finding functionality
of the HOMER package [41], located the peak summit as
overlapping with the maximum number of ChIP-seq tags within
the give region, and then discarded the peaks in which <80% of
the ChIP-seq tags covered the peak summit. In this manner, we
selected the peaks that were likely to contain the focused binding
site of a single transcription factor. The summit positions of the
filtered peaks were used as the GM12878 TFBSs.

QTL mapping of positional variation of open chromatin
boundaries

For the 4,897 open chromatin loci identified in the BY strain,
the end-to-end distances to the nearest open chromatin sites in the
other strains were obtained. A total of 918 boundaries were less
than 100 bp away from the closest homologous site in all the other
95 strains. The nearest end-to-end distances for these 918
boundaries across the 95 strains were used as the quantitative
trait. The genotypes of the genetic markers from the original study
[21] were used for QTL mapping. As previously suggested [42],
the adjacent markers with no more than two genotypic
mismatches across the 96 samples were merged into one average
profile, resulting in a total of 1,533 markers. To identify potential
regulators, we first identified the genes that are located within
10 kb upstream or downstream of the genomic region covered by
a genetic marker and then performed the functional annotation of
the genes by using the Gene Ontology term ‘DNA binding’ and by
using the list of genes known to be involved in transcription and
chromatin regulation. For QTL mapping, we measured associa-
tions between the genotypes represented as a categorical variable
(0: RM, 0.5: missing, 1: BY) and the end-to-end distances of the
chromatin boundaries identified above. False discovery rates
(FDRs) were computed based on the permutation test. The matrix
of the end-to-end distances was shuffled by resampling the label of
the yeast strains, resulting in a total of B randomized matrices,
b=1,...,B. P values were determined by comparing the observed
association 7 with the expected associations # from the permuted

data as P=[1+ Zlel( #* Z\ﬂ)]/B-i—l, where [ is an

interpretation function. FDRs were obtained by adjusting the P
values for multiple testing as previously suggested [43]. A total of
1,882 marker-trait associations were identified at an FDR of 0.01.
The distance of 100 kb between the marker and trait was used to
differentiate c¢is- and frans-associations.

Human T cell data

Regarding the human T cell chromatin data [9,10,27], histone
methylation/H2A.Z occupancy data, histone acetylation data, and
MNase-digested nucleosome data (in resting T' cells) were obtained
from http://dir.nhlbi.nih.gov/papers/Imi/epigenomes/hgtcell.aspx,
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http://dir.nhlbi.nih.gov/papers/lmi/epigenomes/hgtcellacetylation.
aspx, and http://dir.nhlbi.nih.gov/papers/Imi/epigenomes/hgtcell-
nucleosomes.aspx, respectively. MNase-seq nucleosomes and
H2A.Z-containing nucleosomes were identified by using the NPS
package [44]. Histone modification levels were estimated for
individual positioned nucleosomes based on overlapping sequence
read counts and the relative enrichment of each type of histone
modification on H2A.Z nucleosomes was computed.

Data summary and availability
All the data used in this work is summarized in Table S3. The

nucleosome occupancy data in yeast have been made available at
the GEO database with accession number GSE34923.

Supporting Information

Figure S1 Normalized frequency of C/G dinucleotides and A/
T dinucleotides across the boundaries of open chromatin in yeast.
(PDF)

Figure 82 In vitro (above) and in vivo (below) nucleosome patterns
in human within open chromatin regions that are shorter than
500 bp (left) and are longer than 1 kb (right). The maximum
boundaries (for <500 bp) and the minimum boundaries (for
>1 kb) are shaded in yellow.

(PDF)

Figure 83 Overlay of @ wwo mononucleosomes, H2A.Z-
containing nucleosomes and transcription binding across the
flanking regions and body of open chromatin regions in GM12878
cells.

(PDF)

Figure S4 Association of histone modifications with H2A.Z in T
cells. Histone methylation, H2A.Z occupancy, histone acetylation,
and MNase-digested nucleosome data in resting T cells were
obtained. MNase-seq nucleosomes and H2A.Z-containing nucle-
osomes were identified by using the NPS package. Histone
modification levels were estimated for individual positioned
nucleosomes based on overlapping sequence read counts and the
relative enrichment of each type of histone modification on H2A.Z
nucleosomes was computed.

(PDF)

Figure S5 Distribution of center-to-center distances (above) and
end-to-end distances (below) of open chromatin regions detected in
technical replicates of the laboratory strain of yeast (boxplots) in
comparison with those of randomly shuffled open chromatin
regions in various strains from their homologous site in the
laboratory strain (dotted curves).

(PDF)

Table S1 The percentage of nucleosome-containing open
chromatin regions.

(PDF)

Table S2 Regulatory factors with >5 #rans-linkages (except
MCM5 and MCMBS6) in Q'TL mapping of the end-to-end distances
between homologous sites of open chromatin regions. We
identified the genes that are located within 10 kb upstream or
downstream of the genomic region covered by the genetic marker.
To identify potential regulators, we used the Gene Ontology term
‘DNA binding’ and also selected genes that are known to be
involved in transcription and chromatin regulation.

(PDF)
Table 83 Summary of datasets used in this work.

(PDF)

September 2013 | Volume 9 | Issue 9 | 1003778



Author Contributions

Conceived and designed the experiments: JKC. Performed the experi-
ments: XC SN. Analyzed the data: XC SN. Contributed reagents/
materials/analysis tools: KK KL. Wrote the paper: JKC.

References

1.

20.

21.

22.

Boyle AP, Davis S, Shulha HP, Meltzer P, Margulies EH, et al. (2008) High-
resolution mapping and characterization of open chromatin across the genome.
Cell 132: 311-322.

Song L, Zhang Z, Grasfeder LL, Boyle AP, Giresi PG, et al. (2011) Open
chromatin defined by DNasel and FAIRE identifies regulatory elements that
shape cell-type identity. Genome Res 21: 1757-1767.

. Gaulton KJ, Nammo T, Pasquali L, Simon JM, Giresi PG, et al. (2010) A map of

open chromatin in human pancreatic islets. Nat Genet 42: 255-259.

. Hesselberth JR, Chen X, Zhang Z, Sabo PJ, Sandstrom R, et al. (2009) Global

mapping of protein-DNA interactions in vivo by digital genomic footprinting.
Nat Methods 6: 283-289.

. Berchowitz LE, Hanlon SE, Lieb JD, Copenhaver GP (2009) A positive but

complex association between meiotic double-strand break hotspots and open
chromatin in Saccharomyces cerevisiae. Genome Res 19: 2245-2257.

. Audit B, Zaghloul L, Vaillant C, Chevereau G, d’Aubenton-Carafa Y, et al.

(2009) Open chromatin encoded in DNA sequence is the signature of ‘master’
replication origins in human cells. Nucl Acids Res 37: 6064-6075.

. Jenuwein T, Allison CD (2001) Translating the histone code. Science 293: 1074

1080.

. Kouzarides T (2007) Chromatin modifications and their function. Cell 128:

693-705.

. Barski A, Cuddapah S, Cui K, Roh T-Y, Schones DE, et al. (2007) High-

resolution profiling of histone methylations in the human genome. Cell 129:
823-837.

. Wang Z, Zang C, Rosenfeld JA, Schones DE, Barski A, et al. (2008)

Combinatorial patterns of histone acetylations and methylations in the human
genome. Nat Genet 40: 897-903.

. Bernstein BE, Mikkelsen TS, Xie X, Kamal M, Huebert DJ, et al. (2006) A

bivalent chromatin structure marks key developmental genes in embryonic stem

cells. Cell 125: 315-326.

. Heintzman ND, Hon GC, Hawkins RD, Kheradpour P, Stark A, et al. (2009)

Histone modifications at human enhancers reflect global cell-type-specific gene
expression. Nature 459: 108-112.

. Creyghtona MP, Cheng AW, Welstead GG, Kooistra T, Carey BW, et al. (2010)

Histone H3K27ac separates active from poised enhancers and predicts
developmental state. Proc Natl Acad Sci 107: 21931-21936.

. Zentner GE, Tesar PJ, Scacheril PC (2011) Epigenetic signatures distinguish

multiple classes of enhancers with distinct cellular functions. Genome Res 21:
1273-1283.

. Zhu'Y, Essen Dv, Saccan S (2012) Cell-type-specific control of enhancer activity

by H3K9 trimethylation. Mol Cell 46: 408-423.

Ernst J, Kheradpour P, Mikkelsen TS, Shoresh N, Ward LD, et al. (2011)
Mapping and analysis of chromatin state dynamics in nine human cell types.
Nature 473: 43-49.

. Crawford GE, Holt IE, Whittle J, Webb BD, Tai D, et al. (2006) Genome-wide

mapping of DNase hypersensitive sites using massively parallel signature
sequencing (MPSS). Genome Res 16: 123-131.

Sabo PJ, Kuehn MS, Thurman R, Johnson BE, Johnson EM, et al. (2006)
Genome-scale mapping of DNase I sensitivity in vivo using tiling DNA
microarrays. Nat Methods 3: 511-518.

. Giresi PG, Kim J, McDaniell RM, Iyer VR, Lieb JD (2007) FAIRE

(Formaldehyde-Assisted Isolation of Regulatory Elements) isolates active
regulatory elements from human chromatin. Genome Res 17: 877-885.

Brem RB, Yvert G, Clinton R, Kruglyak L (2002) Genetic dissection of
transcriptional regulation in budding yeast. Science 296: 752-755.

Brem RB, Kruglyak L (2005) The landscape of genetic complexity across 5,700
gene expression traits in yeast. Proc Natl Acad Sci 102: 1572-1577.

Brem RB, Storey JD, Whittle J, Kruglyak L (2005) Genetic interactions between
polymorphisms that affect gene expression in yeast. Nature 436: 701-703.

PLOS Genetics | www.plosgenetics.org

10

23.

24.

29.

30.

31

32.

33.

34.

36.

37.

38.

39.

40.

41.

43.

44,

Regulation of Open Chromatin Boundaries

Kaplan N, Moore IK, Fondufe-Mittendorf Y, Gossett AJ, Tillo D, et al. (2009)
The DNA-encoded nucleosome organization of a eukaryotic genome. Nature
458: 362-366.
Valouev A, Johnson SM, Boyd SD, Smith CL, Fire AZ, et al. (2011)
Determinants of nucleosome organization in primary human cells. Nature
474: 516-520.

. Lee K, Kim SC, Jung I, Kim K, Seo J, et al. (2013) Genetic landscape of open

chromatin in yeast. PLoS Genet 9: €1003229.

. Tillo D, Kaplan N, Moore IK, Fondufe-Mittendorf Y, Gossett AJ, et al. (2010)

High nucleosome occupancy is encoded at human regulatory sequences. PLoS
ONE 5: €9129.

Schones DE, Cui K, Cuddapah S, Roh TY, Barski A, et al. (2008) Dynamic
regulation of nucleosome positioning in the human genome. Cell 132: 887-898.

. Jin C, Zang C, Wei G, Cui K, Peng W, et al. (2009) H3.3/H2A.Z double

variant-containing nucleosomes mark ‘nucleosome-free regions’ of active
promoters and other regulatory regions. Nat Genet 41: 941-945.

Li Z, Nie F, Wang S, Li L. (2010) Histone H4 Lys 20 monomethylation by
histone methylase SET8 mediates Wnt target gene activation. Proc Natl Acad
Sci 108: 3116-3123.

Hon G, Wang W, Ren B (2009) Discovery and annotation of functional
chromatin signatures in the human genome. PLoS Comput Biol 5: ¢1000566.
Schiibeler D, MacAlpine DM, Scalzo D, Wirbelauer C, Kooperberg C, et al.
(2004) The histone modification pattern of active genes revealed through
genome-wide chromatin analysis of a higher eukaryote. Genes Dev 18: 1263~
1271.

Okada Y, Feng Q, Lin Y, Jiang Q, Li Y, et al. (2005) hDOTIL links histone
methylation to leukemogenesis. Cell 121: 167-178.

Kolasinska-Zwierz P, Down T, Latorre I, Liu T, Liu XS, et al. (2009)
Differential chromatin marking of introns and expressed exons by H3K36me3.
Nat Genet 41: 376-381.

Young MD, Willson TA, Wakefield MJ, Trounson E, Hilton DJ, et al. (2011)
ChIP-seq analysis reveals distinct H3K27me3 profiles that correlate with
transcriptional activity. Nucleic Acids Res 39: 7415-7427.

Shen X, Mizuguchi G, Hamiche A, Wu C (2000) A chromatin remodelling
complex involved in transcription and DNA processing. Nature 406: 541-544.
Boyle AP, Guinney J, Crawford GE, Furey TS (2008) F-Seq: a feature density
estimator for high-throughput sequence tags. Bioinformatics 24: 2537-2538.
Rashid NU, Giresi PG, Ibrahim JG, Sun W, Lieb JD (2011) ZINBA integrates
local covariates with DNA-seq data to identify broad and narrow regions of
enrichment, even within amplified genomic regions. Genome Biol 12: R67.
Zhang Y, Shin H, Song JS, Lei Y, Liu XS (2008) Identifying positioned
nucleosomes with epigenetic marks in human from ChIP-seq. BMC Genomics
9: 537.

Albert I, Wachi S, Jiang C, Pugh BF (2008) GeneTrack-a genomic data
processing and visualization framework. Bioinformatics 24: 1305-1306.
Mavrich TN, Ioshikhes IP, Venters BJ, Jiang C, Tomsho LP, et al. (2008) A
barrier nucleosome model for statistical positioning of nucleosomes throughout
the yeast genome. Genome Res 18: 1073-1083.

Heinz S, Benner C, Spann N, Bertolino E, Lin YC, et al. (2010) Simple
combinations of lincage-determining transcription factors prime cis-regulatory
elements required for macrophage and B cell identities. Mol Cell 38: 576-589.

. Lee S-I, Pe’er D, Dudley AM, Church GM, Koller D (2006) Identifying

regulatory mechanisms using individual variation reveals key role for chromatin
modification. Proc Natl Acad Sci 103: 14062-14067.

Benjamini Y, Hochberg Y (1995) Controlling the false discovery rate: a practical
and powerful approach to multiple testing. J Roy Statist Soc Ser B 57: 289-300.
Dai Z, Dai X, Xiang Q, Feng J, Wang J, et al. (2009) Two distinct modes of
nucleosome modulation associated with different degrees of dependence of
nucleosome positioning on the underlying DNA sequence. BMC Genomics 10:
15.

September 2013 | Volume 9 | Issue 9 | 1003778



