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Nucleosome-free regions (NFRs) at the 5� and 3� ends of genes are general sites of transcription initiation
for mRNA and noncoding RNA (ncRNA). The presence of NFRs within transcriptional regulatory regions and
the conserved location of transcription start sites at NFRs strongly suggest that the regulation of NFRs
profoundly affects transcription initiation. To date, multiple factors are known to facilitate transcription
initiation by positively regulating the formation and/or size of NFRs in vivo. However, mechanisms to repress
transcription by negatively regulating the size of NFRs have not been identified. We identified four distinct
classes of NFRs located at the 5� and 3� ends of genes, within open reading frames (ORFs), and far from ORFs.
The ATP-dependent chromatin-remodeling enzyme Isw2 was found enriched at all classes of NFRs. Analysis
of RNA levels also demonstrated Isw2 is required to repress ncRNA transcription from many of these NFRs.
Thus, by the systematic annotation of NFRs across the yeast genome and analysis of ncRNA transcription, we
established, for the first time, a mechanism by which NFR size is negatively regulated to repress ncRNA
transcription from NFRs. Finally, we provide evidence suggesting that one biological consequence of repression
of ncRNA, by Isw2 or by the exosome, is prevention of transcriptional interference of mRNA.

Eukaryotic cells compact their DNA into a nucleoprotein
complex known as chromatin. The most basic repeating unit of
chromatin is the nucleosome, consisting of �147 bp of DNA
wrapped around an octamer of histone proteins (38). Nucleo-
somes are one of the most stable protein-DNA complexes
known (38) and can effectively inhibit all DNA-dependent
processes, including transcription, replication, repair, and re-
combination, by limiting the access of proteins to DNA (17).
As a result, the mechanisms by which chromatin structure and
nucleosome positions are specified and maintained in vivo are
critical for the regulation of all DNA-dependent processes.

Genome-wide maps of nucleosome positions have recently
been generated in a number of organisms, including Saccha-
romyces cerevisiae (1, 7, 19, 30, 33, 36, 37, 41, 50, 56, 63, 68, 69),
Drosophila melanogaster (42), Caenorhabditis elegans (31, 60),
Oryzias latipes (52), and humans (6, 54). Each of these organ-
isms displays a characteristic chromatin structure spanning
gene-coding regions and transcriptional regulatory regions.
Gene-coding regions generally have high nucleosome occu-
pancy with arrays of well-phased nucleosomes extending from
the 5� end of a gene. In contrast, transcriptional regulatory
regions, such as promoters, enhancers, and terminators, have

low nucleosome occupancy and often contain a nucleosome-
free region (NFR). NFRs, also known as nucleosome-depleted
regions (NDRs), typically represent regions with an increased
accessibility to micrococcal nuclease (MNase) digestion. Thus,
the term NFR refers to a deficiency in experimentally deter-
mined canonical nucleosomes and does not necessarily imply a
complete lack of histones.

To date, predominately two major classes of NFRs, 5�-NFRs
and 3�-NFRs, have been characterized. In S. cerevisiae, these
NFRs are typically �80 to 300 bp in length and are flanked by
two well-positioned nucleosomes that often contain the histone
variant Htz1 (1, 50). 5�-NFRs, associated with the promoters of
many genes, are highly enriched for sequence-specific tran-
scription factor binding sites (7, 37, 63, 68) and demarcate the
mRNA transcription start site (TSS) to their downstream edge
(1, 37, 63). 3�-NFRs are located at the 3� ends of genes and are
enriched for transcription termination sites (TTSs) (41).

Recent genome-wide expression analyses have demon-
strated that the majority of eukaryotic genomes are transcribed
(11–13, 16, 26, 43–45, 49, 51, 55, 64, 66), resulting in the
identification of numerous noncoding RNA (ncRNA) tran-
scripts. In S. cerevisiae, many of these ncRNA transcripts were
found to initiate at the upstream edge of 5�-NFRs between
tandemly oriented genes or at 3�-NFRs (45, 66). However,
whether these transcripts are subjected to active regulation is
not known. The conserved locations of ncRNA TSSs around
NFRs strongly suggest that NFRs are general locations of
transcription initiation and that the mechanisms controlling
NFR accessibility are critical to transcriptional regulation of
ncRNA.

Multiple factors, including the physical properties of DNA
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(3, 29, 33, 41, 68, 69), transcription factors (5, 25), and chro-
matin regulators (5, 25), are known to positively regulate the
formation and/or size of NFRs in vivo. The activities of these
factors in establishing larger NFRs are thought to facilitate the
initiation of transcription by allowing transcription factors
greater access to DNA. Whether there are mechanisms to
negatively regulate the size of NFRs in vivo is not known.
However, we have recently shown in S. cerevisiae that the
ATP-dependent chromatin-remodeling enzyme Isw2 functions
at the 5� and 3� ends of genes to increase nucleosome occu-
pancy within intergenic regions by sliding nucleosomes away
from coding regions. Interestingly, Isw2 was also required to
repress noncoding antisense transcripts from the 3� end of
three genes tested (63). Whether Isw2-dependent chromatin
remodeling generally affects chromatin structure and ncRNA
transcription around NFRs has not been established. We hy-
pothesized that Isw2 may generally function to repress ncRNA
transcription by negatively regulating the size of NFRs in vivo.

To test this model, we first analyzed data from multiple
nucleosome mapping studies to systematically annotate a con-
sensus set of NFRs across the S. cerevisiae genome. Our work
identified two additional classes of NFRs apart from 5�- and
3�-NFRs that were located within open reading frames (ORF-
NFRs) and far from ORFs (Other-NFRs). Isw2 targets were
found to be significantly enriched at all classes of NFRs, thus
identifying a previously unknown target of Isw2, ORF-NFRs.
In addition, we employed custom strand-specific tiled microar-
rays to analyze ncRNA transcripts and found that Isw2 is
globally required to repress initiation of cryptic RNA tran-
scripts from NFRs by sliding nucleosomes toward NFRs to
restrict their size. Finally, we provide evidence that a potential
biological function for Isw2-dependent repression of some
cryptic transcripts is to prevent transcriptional interference. To
our knowledge, this is the first example in which the negative
regulation of NFR size by a chromatin-remodeling enzyme is
actively required to repress transcription of ncRNA from
NFRs.

MATERIALS AND METHODS

Nucleosome positions. Nucleosome positions used for the NFR annotation
were derived from the following sources: (i) Whitehouse et al. (63), based on a
Pearson correlation coefficient (r value) of �0.5; (ii) Lee et al. (37), using
positions empirically determined as previously described (63) from the normal-
ized log2 microarray signal and only nucleosomes with a Pearson correlation
coefficient (r value) of �0.5; (iii) Mavrich et al. (41), with a read count of �3
from the combined Watson and Crick data; and (iv) Field et al. (19), using all
uniquely mapped reads.

NFR annotations. For the Whitehouse et al. (63), Lee et al. (37), and Mavrich
et al. (41) data sets, a Gaussian distribution of linker lengths was fit to the
frequency of linker lengths from each data set. Linkers with lengths less than or
equal to the average plus 2 standard deviations were discarded. NFRs were then
defined as those remaining linkers meeting at least one of the following criteria:
(i) the average Pearson correlation coefficient (r value) (Whitehouse et al. [63]
and Lee et al. [37]) or standard deviation (Mavrich et al. [41]) of the six sur-
rounding nucleosomes (three immediately flanking nucleosomes on either side
of the linker) is greater than or equal to the genome-wide average of all linkers
from each data set; (ii) both of the immediately adjacent linkers (one on either
side) have a length that is less than or equal to the average plus 2 standard
deviations; or (iii) the midpoint of a Htz1-containing nucleosome (rank order of
�3 from Albert et al. [1]) is present anywhere within one nucleosome distance
(150 bp) upstream or downstream of the boundaries of the NFR. For the Field
et al. (19) data set, a Gaussian distribution of linker lengths was fit to the
frequency of region lengths sequenced fewer than two times. All linkers with
lengths less than or equal to the average plus 2 standard deviations were dis-

carded. All remaining linkers with at least one nucleosome distance (150 bp)
flanking one side that was sequenced at least twice were annotated as NFRs. The
regions identified as NFRs in at least three of the four data sets were annotated
as core NFRs. NFRs separated by less than one nucleosome distance (150 bp)
were combined into a single NFR. Annotated NFR locations are available for
download at http://labs.fhcrc.org/tsukiyama.

Classification of NFRs. Core NFRs were classified as 5�-NFRs, 3�-NFRs,
ORF-NFRs, or Other-NFRs based on their location with respect to all nondu-
bious ORFs. 5�- and 3�-NFRs were required to be within a single nucleosome
distance (150 bp) of a nondubious ORF TSS or TTS, respectively, as experimen-
tally determined by Nagalakshmi et al. (44). If no experimentally defined TSS or
TTS was available for any particular ORF, the average length of all experimen-
tally determined 5� and 3� untranslated regions (82 and 135 bp, respectively) was
added to the translation start or termination site, respectively. NFRs contained
completely within the coding region of a nondubious ORF were classified as
ORF-NFRs. A single NFR could have met more than one criterion listed above
and would thus have multiple classifications (5�-, 3�-, or ORF-NFR). NFRs not
classified as 5�-, 3�-, or ORF-NFRs were classified as Other-NFRs. Tandem,
divergent, and convergent NFRs were defined as individual NFRs classified as
both a 5�- and 3�-NFR of tandemly oriented gene pairs, a 5�-NFR of two
divergently oriented gene pairs, or a 3�-NFR of two convergently oriented gene
pairs, respectively. Locations of annotated shared NFRs are available for down-
load at http://labs.fhcrc.org/tsukiyama.

Genomic DNA isolation, fragmentation, and labeling. Genomic DNA was
isolated from wild-type (WT) cells by using Qiagen genomic DNA columns
according to the manufacturer’s protocols. Purified DNA was fragmented with
DNase I to an average size of �25 to 75 bp. Fragmented DNA (30 ng) was
heated at 70°C for 5 min. Then, 5 �l of buffer 4 (New England Biolabs [NEB]),
5 �l of 2.5 mM CoCl2 (NEB), 5 �l of 1 mM Cy3-dUTP (GE Healthcare), and 5
�l of 20,000 U ml�1 terminal deoxytransferase (NEB) were added to a total
volume of 50 �l. The reaction mixture was incubated at 37°C for 3 h. Fifty
microliters of H2O was added, and labeled DNA was purified with a gel filtration
spin column and ethanol precipitated. The pellet was suspended in a final volume
of 50 �l H2O.

RNA isolation, fragmentation, and cDNA labeling. Yeast cells were grown to
an optical density at 660 nm of 0.70 (�0.05), and standard hot acid-phenol
extraction was used to isolate total RNA. Twenty-five micrograms of RNA and
12 �g of random hexamers were placed in 40 �l of H2O. The reaction mixture
was incubated at 70°C for 5 min, 25°C for 5 min, and 4°C for 5 min. A 0.5-�l
aliquot of 1-mg ml�1 actinomycin D, 20 �l of 5� SuperScript III buffer (Invitro-
gen), 8 �l of 0.1 M dithiothreitol, 1 �l of 40-U �l�1 RNase inhibitors (Roche),
4 �l of deoxynucleoside triphosphate mix (10 mM dATP, 10 mM dGTP, 10 mM
dCTP, 8.5 mM dTTP, and 1.5 mM dUTP), 4 �l of 200-U �l�1 SuperScript III
(Invitrogen), and 20 �l H2O were added, and the reaction mixture was incubated
at 25°C for 10 min, 48°C for 90 min, and 70°C for 10 min. Two microliters of
0.1-mg ml�1 RNase A and 2 �l of 5,000-U �l�1 RNase H (NEB) were added and
incubated at 37°C for 30 min. The reaction was stopped by phenol-chloroform
extraction, and unincorporated random hexamers were removed with a gel fil-
tration spin column. cDNA was ethanol precipitated, and the pellet was sus-
pended in 80 �l H2O.

cDNA was fragmented with 5 �l of 10-U �l�1 APE1 (NEB), 5 �l of 2-U �l�1

uracil deglycosylase (NEB), and 10 �l buffer 4 (NEB) at 37°C for 60 min. The
reaction was stopped by phenol-chloroform extraction and was purified with a gel
filtration spin column. The fragmented cDNA was ethanol precipitated, and the
pellet was suspended in 20 �l H2O.

Ten micrograms of fragmented cDNA was heated at 70°C for 5 min. Three
microliters of buffer 4 (NEB), 3 �l of 2.5 mM CoCl2 (NEB), 5 �l of 1 mM
Cy5-dUTP (GE Healthcare), and 3 �l of 20,000-U �l�1 terminal deoxytrans-
ferase (NEB) were added to the cDNA to a total volume of 30 �l. The reaction
mixture was incubated at 37°C for 3 h. Fifty microliters H2O was added, and the
reaction was purified with a gel filtration spin column and ethanol precipitated.
The pellet was suspended in a final volume of 20 �l H2O.

Microarray hybridizations. Five micrograms of labeled cDNA and 2.5 �g of
labeled genomic DNA were competitively hybridized to custom strand-specific
microarrays from NimbleGen. Microarrays tiled both strands of chromosomes
III, VI, and XII with 50-mer probes overlapping, on average, by �42 bp with an
�4-bp offset between strands. Biweight mean-adjusted log2 ratios were deter-
mined (Cy5/Cy3 ratios were generated using NimbleScan software). Raw and
analyzed microarray hybridization files are available for download at http://labs
.fhcrc.org/tsukiyama. The sequences of probes on microarrays are available upon
request.

Identification of cryptic transcription units. To identify probes with signifi-
cantly different signals between strains, we used LIMMA (57), utilizing an object
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containing the log2 ratio data from all hybridizations as input, to generate P
values (adjusted for multiple testing by using the method of Benjamini and
Hochberg [6a] for each probe between strains. A 10-probe sliding window (�80
bp) was used to identify regions that had at least 5 probes with a P value of �0.05.
All probes within that window had to be less than or equal to 12 bp apart to
account for missing or nontiled regions of the genome. Each region’s start and
end points were further trimmed so as to begin and end with a statistically
significant probe. A Gaussian distribution was fit to a frequency plot of all the
distances between adjacent regions. Regions that were closer to or equal in
distance than the mean (�60 bp) plus 2 standard deviations (�30 bp) were
combined into a single region. Finally, for each pair-wise comparison, a Gaussian
distribution curve was fit to a frequency plot of the lengths of the regions, and
means and standard deviations were calculated. Only regions that were greater
than or equal to the mean plus 2 standard deviations were used, thus eliminating
transcriptional units that were very small. Annotated cryptic transcriptional units
are available for download at http://labs.fhcrc.org/tsukiyama.

Annotation of transcriptional interference loci. Genes containing both a de-
creased sense coding transcript (mRNA) and an increased cryptic sense or
antisense transcript directly overlapping the ORF (defined from the annotated
TSS or TTS as described above for NFR annotation) were annotated as sense-
sense or antisense-sense transcriptional interference loci. Annotated transcrip-
tional interference loci are available for download at http://labs.fhcrc.org
/tsukiyama.

Heat maps, graphs, and screen shots. For all heat maps and average profiles,
data were aligned as described below in the figure legends, and the signals were
averaged into 20-bp nonoverlapping bins. The log2 signal, taken before averaging
and binning, was required for profiles of Swr1 (61), Rpb3 (61), Rpo21 (61), Sua7
(61), TBP (61), Rsc9 (61), and Reb1 (61). The log2 signal, taken before averaging
and binning, and an 11-bin moving average were required for profiles of H3K9Ac
(47), H3K14Ac (47), H4Ac (47), H3K4Me1 (47), H3K4Me2 (47), H3K4Me3
(47), H3K36Me3 (47), H3K79Me3 (47), Esa1 (47), Gcn5 (47), and Rsc8 (5)
(3-bin moving average). Additionally, chromosome X was omitted from the
analysis due to a misalignment of data from Venters and Pugh (61). Each
transcription factor binding site represents a binding P value of �0.05 and is
conserved in at least one other yeast according to data reported by Harbison et
al. (24).

All screen shots were taken using the Integrated Genome Browser program
(46).

Microarray data accession number. All raw and processed microarray data are
available for download at the Gene Expression Omnibus database (http://www
.ncbi.nlm.nih.gov/projects/geo/) under accession number GSE23108.

RESULTS

Genome-wide annotation of NFRs. It is generally accepted
that mRNA transcription initiates at the edges of NFRs and
can be facilitated by multiple factors that positively regulate
the formation and/or size of NFRs. Recent studies have shown
that ncRNA also initiates at the edges of NFRs (45, 66). How-
ever, the mechanisms for regulation of these transcripts are not
well understood. Given the widespread prevalence of ncRNA
detected throughout the S. cerevisiae genome (12, 13, 43–45,
66), it is critical to understand the mechanisms for regulation
of ncRNAs. Isw2 is known to target the 3� end of �250 genes
and to repress noncoding transcription at three of the loci
tested (63). These results suggest a possibility that Isw2 may be
preferentially targeted to NFRs, where it functions as a unique
chromatin regulator to repress ncRNA transcription by nega-
tively restricting the size of NFRs. To test our model, we first
systematically annotated NFRs genome-wide by using data
from multiple independent nucleosome mapping data sets.

Global identification of NFRs was first done at the 5� ends of
genes by Yuan et al. (68). Subsequently, numerous studies
recapitulated this group’s findings and further showed that
NFRs are also commonly present at the 3� ends of genes (1, 30,
41, 45, 59, 66). Generally, these studies based their analyses on
a single nucleosome mapping data set and identified NFRs as

regions with a wider-than-average linker length or by fitting an
idealized model to smoothed nucleosome signals. However, all
nucleosome mapping data sets contain a large number of loci
where nucleosomes are poorly defined, and while the overall
agreement in nucleosome positions between studies is good,
significant differences between all studies exist (30). Further-
more, some NFRs were identified only by their proximity to
the ends of genes, thus precluding the annotation of NFRs
located elsewhere in the genome. These reasons thus necessi-
tated an unbiased and systematic annotation of NFRs.

Therefore, we developed an algorithm by using multiple
criteria to systematically identify NFRs commonly found in
multiple nucleosome mapping data sets (see Materials and
Methods for details). These criteria were designed to eliminate
NFRs from regions with poorly defined nucleosomes and to
identify NFRs present in several nucleosome mapping data
sets, thus mitigating the identification of spurious NFRs and
enriching for NFRs with high confidence levels. This algorithm
was applied to four independent nucleosome mapping data
sets, two by using high-resolution microarrays and two by using
high-throughput sequencing (19, 37, 41, 63). This algorithm
identified a reference set of 6,589 core NFRs (Fig. 1A). Be-
cause the annotated NFRs represent the overlapping regions
identified from each data set and not necessarily the definitive
edges of each NFR, the mean length and total genomic cov-
erage (99 bp and �5.4%, respectively) are likely underesti-
mates.

It should be noted that during the course of this study, Jiang
and Pugh (30) independently annotated NFRs genome-wide.
In their study, NFRs were annotated based on the length of the
linker regions from a compiled reference set of nucleosome
positions, resulting in the identification of 14,467 NFRs. A
direct comparison of both sets of NFRs revealed a statistically
significant overlap (4,548 overlapping NFR regions; P �
10�300). However, many of the NFRs identified by Jiang and
Pugh that were not present in our data set corresponded to
regions of poorly defined nucleosomes or regions deficient of
nucleosomes in only a single data set. Thus, for the purpose of
this study, NFRs defined by our algorithm were more suitable.

Classification of NFRs. NFRs were first identified around
the TSSs at the 5� ends of genes and, more recently, around
TTSs at the 3� ends of genes. Of the annotated NFRs, a total
of 3,127 (averaging �111 bp in size and associated with �64%
of nondubious ORFs) and 2,440 (averaging �109 bp in size
and associated with �50% of nondubious ORFs) were classi-
fied as 5�-NFRs and 3�-NFRs, respectively (Fig. 1B). Because
of the compact nature of the yeast genome, some 5�- and
3�-NFRs are shared between two neighboring genes in tandem,
divergent, or convergent orientations. Therefore, we further
classified 5�- and 3�-NFRs and identified 1,312, 555, and 484
shared tandem, divergent, and convergent NFRs, respectively
(Fig. 1C). Thus, 2,438 (�42%) nondubious genes contain a
shared NFR at their 5� end and 2,291 (�40%) contain a shared
NFR at their 3� end.

Our unbiased genome-wide annotation of NFRs allowed us
to further identify two additional classes of NFRs, ORF-NFRs
and Other-NFRs (Fig. 1B). The ORF-NFR class comprises
2,114 long linkers (averaging �91 bp in size) that are located
completely within the open reading frames of 1,639 genes. The
remaining 758 NFRs that are not associated with any nondu-
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bious ORF were classified as Other-NFRs (averaging �88 bp
in size) and represent NFRs located within long intergenic
regions or upstream of tRNA genes and retrotransposons.

General properties of NFRs. Previously, others have shown
that nucleosomes immediately adjacent to 5�- and 3�-NFRs are
well-positioned and that the phasing of nucleosomes progres-
sively decreases with distance from NFRs (41). More recently,
NFRs were also shown to have a sequence-intrinsic tendency
to exclude nucleosomes (33, 69). Whether these properties are
shared by ORF-NFRs or Other-NFRs is not known. We there-
fore compared the phasing and sequence-dependent exclusion
of nucleosomes around each class of NFRs.

To this end, the nucleosome signals from two in vivo WT
mapping data sets and one in vitro-reconstituted nucleosome
mapping data set were analyzed around all NFRs (Fig. 2A). As
expected, the in vivo nucleosome maps displayed a prominent
NFR that was flanked on both sides by an array of well-
positioned nucleosomes whose phasing progressively de-
creased with distance from the NFR midpoint. The in vitro-
reconstituted nucleosomes also exhibited a general depletion
of nucleosomes at NFRs (Fig. 2A).

Next, we individually compared the average in vivo and in
vitro nucleosome profiles around each class of NFRs (Fig. 2B).
This analysis revealed that all classes of NFRs are flanked by
an array of highly positioned nucleosomes with phasing that
progressively decreases with distance from the NFR in vivo. In
vitro, all classes of NFRs exhibit a sequence-intrinsic property
to exclude nucleosomes. However, the level of phasing or se-
quence-intrinsic exclusion of nucleosomes varies between
classes. For example, 5�- and 3�-NFRs are generally bordered
by the most highly phased nucleosomes and display the most
prominent in vitro nucleosome exclusion, while ORF-NFRs
and Other-NFRs have significantly reduced levels of phasing
and sequence-intrinsic nucleosome exclusion.

Because the in vivo and in vitro nucleosome profiles for each
class of NFRs are different, we speculated that additional fac-
tors, beyond the sequence-dependent exclusion of nucleo-

somes, are required to establish the in vivo nucleosome archi-
tecture surrounding NFRs. As such, we analyzed the
distribution of various histone modifications, transcriptional
machineries, and chromatin-remodeling enzymes surrounding
all NFRs. k-means clustering of this profile revealed distinct
classes of NFRs that are enriched within different chromatin
environments (Fig. 3). This result was consistent with our
model that the chromatin architecture surrounding distinct
classes of NFRs is differentially influenced by chromatin and
transcription regulators in vivo. The observation that the an-
notated NFRs define boundaries for some histone modifica-
tions, such as H3K4me3, H4ac, and H3K14ac within clusters 1
and 8, as well as a histone variant, Htz1 within clusters 1, 4, 5,
6, and 8, provides additional support of the quality of the NFR
annotation.

Isw2 association with NFRs. We next examined whether
Isw2 is preferentially targeted to and functions around NFRs.
To address these possibilities, we determined the total number
of Isw2 targets, defined as regions where both enrichment of
Isw2 chromatin immunoprecipitation (ChIP) signals and Isw2-
dependent chromatin remodeling (63) take place, that are in
close proximity to one of the annotated NFRs. Because we
utilized a strict definition for Isw2 targets and restricted our
analysis to the edges of the annotated core NFRs, our calcu-
lation for the association of Isw2 targets with NFRs is likely a
significant underestimation. Nonetheless, our analysis revealed
a striking association of Isw2 targets with NFRs. A total of 406
Isw2 targets (P � 9.5e�279), representing �48% of all Isw2
targets, were found within a single nucleosome distance (150
bp) of an annotated NFR. Classification of these NFRs tar-
geted by Isw2 showed a statistical enrichment in all classes of
NFRs: 5�-NFRs (217 Isw2 targets; P � 1.3e�148), 3�-NFRs
(164 Isw2 targets; P � 2.1e�108), ORF-NFRs (50 Isw2 targets;
P � 9.0e�14), and Other-NFRs (124 Isw2 targets; P �
4.1e�129). This analysis identified ORF-NFRs as a previously
unknown class of Isw2 targets located within genes.

To further understand a role for Isw2 targeting NFRs, we

FIG. 1. Systematic annotation of NFRs. (A) Representative screen shot (chromosome 12, 34,000 to 42,000 bp) displaying the annotated NFRs
with respect to nucleosome positions. NFRs are shown as black boxes and nucleosomes are depicted as colored boxes, with lighter boxes
representing delocalized nucleosomes (nucleosomes with a lower r value or higher standard deviation). Genes are shown as gray rectangles with
arrows indicating the direction of coding transcription and black horizontal lines representing the boundaries of each core NFR. (B) A Venn
diagram displaying the classification of the four NFRs, 5�-, 3�-, ORF-, and Other-NFRs (as described in Materials and Methods) of all 6,589
annotated NFRs. (C) Venn diagram of all 5,773 nondubious ORFs associated with at least one annotated NFR at the 5� end, 3� end, or within
the middle of the ORF. Overlapping regions indicate ORFs associated with multiple NFRs. No NFR refers to nondubious ORFs not associated
with any NFR.
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first used self-organizing maps (SOMs) of Isw2 ChIP signals
and Isw2-dependent chromatin remodeling around each class
of Isw2 target NFRs (Fig. 4A to D, top panels). This analysis
revealed that with each class of NFRs, Isw2 tends to be en-
riched and remodels nucleosomes immediately adjacent to

NFRs, consistent with the fact Isw2 preferentially targets
NFRs. Second, plotting the distribution of the change in NFR
size between WT and 	isw2 strains (63) revealed an increase in
the size of many, but not all, NFRs in 	isw2 strains compared
to WT (Fig. 4A to D, bottom panels). These results suggest

FIG. 2. All classes of NFRs are surrounded by phased nucleosomes and have a sequence-intrinsic tendency to exclude nucleosomes. (A, Top)
Nucleosome signals from two in vivo (19, 63) and one in vitro (19) nucleosome mapping data sets are shown around the annotated NFRs. NFRs
for each data set were aligned based on their midpoint and then sorted by size, with the smallest shown at the top and the largest at the bottom.
“Outline” marks the edges of each NFR in black. The nucleosome signals from 500 bp on either side of an NFR midpoint are shown. Yellow
denotes high nucleosome occupancy, and cyan denotes lack of nucleosomes. (Bottom) Graph displaying the average nucleosome signals across
each NFR from the data sets presented above. (B) NFRs were broken down into 5�-NFRs, 3�-NFRs, ORF-NFRs, and Other-NFRs, and the
nucleosome signals were averaged for all NFRs within the class. 5�- and 3�-NFRs were realigned to the downstream or upstream edge of each NFR,
respectively, such that transcription of the associated coding gene proceeds from left to right. ORF-NFRs are aligned by their midpoint such that
transcription of the associated coding gene proceeds from left to right. Other-NFRs are aligned as for panel A.
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that Isw2-dependent chromatin remodeling around target
NFRs functions to restrict the size of many, but not all, target
NFRs.

Isw2-dependent repression of cryptic transcripts. We next
sought to determine a functional consequence for Isw2-depen-
dent chromatin remodeling around target NFRs. We previ-
ously showed that Isw2 represses cryptic antisense transcripts
from the 3� ends of three genes (63). However, whether Isw2
generally functions to repress cryptic RNA transcription is
currently unknown. Given that Isw2 is targeted and remodels
chromatin around NFRs and that the TSSs of ncRNA are
enriched around the edges of NFRs, we speculated that Isw2-
dependent chromatin remodeling may result in repression of
ncRNA transcription at NFRs.

To test our model, we hybridized total RNA from Isw2
deletion strains to high-resolution, strand-specific microarrays

tiling chromosomes III, VI, and XII, covering �14% of the
genome. Because the exosome complex efficiently degrades
cryptic transcripts, deletion of components in the exosome
pathway, either TRF4 or RRP6, in combination with ISW2
(	isw2 trf4 and 	isw2 rrp6, respectively) is required to stabilize
some cryptic transcripts (63). These mutations are not ex-
pected to alter the frequency of ncRNA transcription (28, 53)
but are required for detection of cryptic RNA transcripts.
Furthermore, because it is unclear how cryptic RNA tran-
scripts are processed in vivo, especially in the absence of Trf4
or Rrp6, we avoided any selection or amplification of RNA
(see Materials and Methods for details).

While the 	isw2 single mutant showed relatively few changes
compared to WT (	isw2 versus WT; 35 total Isw2-dependent
cryptic transcripts), a total of 80 (mean length of 604 bases)
and 141 (mean length of 411 bases) Isw2-dependent cryptic

FIG. 3. k-means clustering revealed distinct classes of NFRs that are enriched within different chromatin environments. (Left) The k-means
clustering result (k � 10) for nucleosomes, the ChIP signals for histone modifications, the transcription factors, and the chromatin remodeling
factors around the annotated NFRs. For each factor, NFRs were aligned by their midpoints, and the signals from 500 bp on either side of an NFR
midpoint are shown. “Outline” marks the edges of each NFR in black. The in vivo (41) and H2A.Z (1) results display the locations of sequenced
nucleosomes in black. Each transcription factor binding site, representing significant binding (P � 0.05) and conserved in at least one other yeast,
(24) is displayed in black. Identified clusters are delineated by brackets. (Right) The total number of NFRs and the respective enrichment (P values,
hypergeometric distribution) of NFR classes and subclasses, within each of the 10 identified clusters. Yellow indicates a positive enrichment, and
cyan indicates negative enrichment.
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transcripts were identified in the 	trf4 (	isw2 trf4 versus 	trf4)
and 	rrp6 (	isw2 rrp6-versus 	rrp6) backgrounds, respectively.
Interestingly, while a larger number of Isw2-dependent cryptic
transcripts were identified in 	isw2 rrp6 than in 	isw2 trf4, a
more robust increase in cryptic RNA levels was observed in
	isw2 trf4 (data not shown). However, a comparison of cryptic
transcripts identified in both double mutants revealed that 47
cryptic transcripts in 	isw2 trf4 cells directly overlapped with 46
cryptic transcripts in 	isw2 rrp6 cells (Fig. 5A). These data
suggest that Trf4 and Rrp6 have overlapping but distinct func-
tions in cryptic RNA regulation.

We next classified each identified cryptic transcript as either
cryptic sense, antisense, or other (Fig. 5B) with respect to the
transcriptional direction of an overlapping ORF (mean over-
lap with OFRs, 491 bp). The major class of Isw2-repressed

cryptic transcripts in both 	trf4 and 	rrp6 backgrounds was
cryptic antisense, representing 54% (43 transcripts) and 34%
(48 transcripts) of identified cryptic transcripts, respectively
(Fig. 5B). A comparison of the cryptic RNA levels between
each class of transcripts further revealed, as expected, that the
exosome components have little contribution to Isw2-re-
pressed cryptic sense transcripts, as shown by the same RNA
levels in 	isw2 and 	isw2 trf4 or 	isw2 rrp6 strains (data not
shown). In contrast, Isw2-repressed cryptic antisense tran-
scripts generally require loss of both Isw2 and an exosome
component for maximum derepression (data not shown), con-
sistent with the known role of Trf4 and Rrp6 in the selective
degradation of cryptic antisense transcripts.

We next examined the relationships between Isw2-depen-
dent chromatin remodeling and cryptic RNA transcription. We

FIG. 4. Isw2-dependent chromatin remodeling functions to restrict the size of NFRs. (A to D, top) NFRs targeted by Isw2 were grouped into
5�-NFRs, 3�-NFRs, ORF-NFRs, and Other-NFRs and aligned by their midpoint. Segments of 500 bp on either side of NFRs are shown. For
Isw2-ChIP results, SOMs of Isw2-ChIP signals (63) were used to rearrange NFRs (top to bottom) with similar patterns adjacent to each other.
Isw2-Remod, Isw2 remodeling signals (63) for NFRs aligned by SOMs of Isw2-ChIP signals as described above. (Bottom) Distribution of the
change in NFR size between WT and 	isw2 strains (63). Red bars indicate an increase, black bars indicate no change, and cyan bars indicate a
decrease in NFR size in 	isw2 strains compared to WT. (A) 5�-NFRs (203) that are Isw2 targets; (B) 3�-NFRs (153) that are Isw2 targets;
(C) ORF-NFRs (51) that are Isw2 targets; (D) Other-NFRs (114) that are Isw2 targets.
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found that 22 (28%) and 41 (29%) Isw2-repressed cryptic
RNA TSSs in 	isw2 trf4 and 	isw2 rrp6, respectively, are lo-
cated within 300 bp of an Isw2 target. It should be noted that
this is likely an underestimation, as many cryptic transcripts
have multiple TSSs, resulting in blurring of microarray signals
around the TSSs (see below). Strikingly, at these loci nucleo-
somes are preferentially shifted downstream of the cryptic
TSSs in the absence of Isw2, compared to WT (Fig. 6 and data
not shown). These results show that Isw2-dependent chroma-
tin remodeling is often, but not always, associated with the
repression of cryptic transcripts. For unknown reasons, we also
found nucleosomes are more highly phased around cryptic
TSSs in 	isw2 trf4 than in 	isw2 rrp6 (Fig. 6 and data not
shown). Finally, an increased level of cryptic transcripts in

	isw2 trf4 was also observed in non-Isw2 targets (Fig. 6). How-
ever, the change in transcription, from the baseline to the peak
of the cryptic transcript, was lower in nontargets than in tar-
gets. These data suggest that indirect effects of Isw2 on ncRNA
transcription at nontargets do exist but that these effects tend
to be smaller than the direct effects at Isw2 targets.

5� rapid amplification of cDNA ends (5�-RACE) was then
performed at select loci to verify the cryptic transcripts iden-
tified by microarray analysis and to map TSS locations (Fig. 7).
All three loci tested from a 	isw2 trf4 strain revealed capped
transcripts with multiple TSSs that initiated from the edges of
an NFR (within 150 bp) specifically targeted by Isw2. These
data are consistent with previous studies that mapped the TSSs
of cryptic transcripts (45, 66) and further confirm the role of
Isw2-dependent chromatin remodeling in the repression of
cryptic ncRNA transcription around NFRs.

Transcriptional interference. There are several potential bi-
ological reasons for the degradation or repression of cryptic
transcripts by the exosome or Isw2. These include, but are not
limited to, conservation of resources for transcription and
translation, prevention of abnormal protein synthesis, and al-
leviation of transcriptional interference. In particular, recent
reports in S. cerevisiae have demonstrated examples of tran-
scriptional interference in the regulation of coding transcrip-
tion (27, 39, 40). It is currently unknown how frequently tran-
scriptional interference occurs on a global scale. Thus, to
identify a potential biological role for the repression of ncRNA
by Isw2 or the exosome, we identified genes whose mRNA
levels were decreased when the levels of directly overlapping
cryptic sense (sense-sense transcriptional interference) or an-
tisense (antisense-sense transcriptional interference) tran-
scripts were increased in each mutant strain analyzed.

Potential antisense-sense transcriptional interference loci
were identified in all strains analyzed, totaling 1 locus in the
	isw2 versus WT comparison, 36 loci in 	trf4 versus WT, 19
loci in 	rrp6 versus WT, 5 loci in 	isw2 trf4 versus 	trf4, and 3
loci in 	isw2 rrp6 versus 	rrp6 (one example locus is displayed
in Fig. 8A). In contrast, potential sense-sense transcriptional
interference loci were less frequent, totaling nine loci in the
	trf4 versus WT comparison and one locus in the 	isw2	rrp6
versus 	rrp6 comparison (one example locus is displayed in
Fig. 8B). Closer inspection revealed that many of the increased
cryptic transcripts directly overlap the TSS of the repressed
mRNA, totaling 1 locus in 	isw2 versus WT, 12 loci in 	trf4
versusWT, 5 loci in 	rrp6 versus WT, 3 loci in 	isw2 trf4 versus
	trf4, and 1 locus in 	isw2 rrp6 versus 	rrp6 for antisense-sense
transcriptional interference and 9 loci in 	trf4 versus WT and
1 locus in 	isw2 rrp6 versus 	rrp6 for sense-sense transcrip-
tional interference. These data suggest the possibility that tran-
scriptional interference may be caused by cryptic RNA tran-
scription through the promoter of a gene, underscoring the
importance of Isw2 and the exosome in the repression of
ncRNA. Considering that our microarrays represent �14% of
the genome, both sense-sense and antisense-sense transcrip-
tional interference likely occurs at a high frequency throughout
the genome. For example, assuming that chromosomes III, VI,
and XII accurately represent the global picture, we estimate
that �60 sense-sense and �250 antisense-sense transcriptional
interference loci are present genome-wide in a 	trf4 mutant
alone.

FIG. 5. Classification of cryptic transcripts. (A) Displayed are the
total numbers of cryptic transcripts identified from a comparison of
each strain pair that directly overlaps with a cryptic transcript identi-
fied from a different strain pair. The average percentage of overlapping
base pairs of cryptic transcript is shown in parentheses. (B) Cryptic
transcripts identified were classified as cryptic sense (sense), antisense,
other, and sense plus antisense (representing cryptic transcripts that
overlap two ORFs in both the sense and antisense direction) as de-
scribed in Materials and Methods. The numbers within the columns
denote the number of transcripts from each strain identified in a
particular class. N denotes the total number of cryptic transcripts
identified from the comparison of the pair of strains.
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DISCUSSION

Genome-wide annotation of NFRs. In this report we have
annotated a consensus set of core NFRs across the yeast ge-
nome. This led to the identification of four distinct classes of
NFRs, 5�-NFRs, 3�-NFRs, ORF-NFRs, and Other-NFRs. This
annotation allowed the direct comparison of each class of
NFRs. Examination of nucleosome positions surrounding
NFRs showed that all classes of NFRs have a sequence-intrin-
sic tendency to exclude nucleosomes in vitro and are generally
flanked by an array of highly positioned nucleosomes whose
phasing progressively decreases with distance from the NFR in
vivo. Additionally, k-means clustering of the distribution of
chromatin and transcriptional regulators around all NFRs re-
vealed that distinct classes of NFRs are surrounded by differ-
ent chromatin environments in vivo (Fig. 3). Enrichment of
TSSs around the edges of 5�-NFRs and TTSs toward the mid-
dle of 3�-NFRs has led to speculation that these NFRs play
crucial roles in transcriptional regulation. In contrast, the func-
tions of ORF-NFRs and Other-NFRs are not known. We spec-
ulate that, similar to 5�- and 3�-NFRs, ORF- and Other-NFRs
may become sites of transcription initiation and/or termination
under certain conditions. In fact, several recent studies have
shown that deletion of a number of chromatin and transcrip-
tion regulators, including Rpd3, Set2, Spt6, and Spt16, or a
nutritional shift of WT cells, leads to initiation of cryptic RNA
transcription within ORFs (8, 9, 32). While the TSSs of these
transcripts have not been mapped on a global scale, it is pos-
sible that some of these cryptic transcripts initiate at the edges
of ORF-NFRs. Thus, our annotation of NFRs lays the foun-
dation for a better understanding of the relationship between
chromatin architecture and any DNA-dependent processes
that are affected by NFRs.

The yeast genome is very compact, with intergenic regions
averaging �500 bp. As a result, promoters and terminators
are generally within close proximity. Consistently, we found
that a significant fraction of tandem, divergent, and conver-
gent gene pairs contain a shared NFR within their transcrip-
tional regulatory regions at the 5� or 3� end of the gene. How
cells prevent RNA polymerases from colliding or interfering
with each other at shared NFRs is unknown. We speculate
that if the genes associated with shared NFRs were tran-
scribed at different times, this would mitigate the likelihood
of colliding or interfering RNA polymerases. Alternatively,
it is possible that the collision of RNA polymerases is not a
frequent event and does not pose significant problems for
cells.

In vivo functions of Isw2. In this study, we showed that Isw2
targets are significantly enriched in all classes of NFRs, and we
identified a novel class of Isw2 targets within ORFs (ORF-
NFRs). Strikingly, for all classes of NFRs targeted by Isw2,
Isw2-dependent chromatin remodeling was found to restrict
the size of many, but not all, NFRs by sliding nucleosomes
toward the middle of NFRs. To our knowledge, this is the first
example in which a functional role for a chromatin-remodeling
enzyme has been shown to decrease the size of NFRs in vivo.
For example, previous reports demonstrated that the RSC
complex is required at a subset of gene promoters, or 5�-NFRs,
to exclude nucleosomes and increase the size of NFRs (5, 25).
These results demonstrate that the accessibility of NFRs is
under dynamic control by multiple chromatin regulators, which
is consistent with the idea that NFRs play highly important
roles in vivo.

It was recently found that ncRNA is transcribed throughout
the S. cerevisiae genome (12, 13, 43–45, 66). However, how

FIG. 6. Isw2-dependent chromatin remodeling is associated with suppression of cryptic transcription. Cryptic transcripts identified in the 	isw2
trf4 versus 	trf4 comparison were broken down into those detected as targets (defined as cryptic transcripts with TSSs within 300 bp of regions with
both enriched Isw2-ChIP signals and Isw2-dependent chromatin remodeling [63]) and nontargets (defined as cryptic transcripts with TSSs farther
than 300 bp from either enriched Isw2-ChIP signals or Isw2-dependent chromatin remodeling [63]). All cryptic transcripts were then aligned by
their 5� ends (0 bp denotes the 5� end of each transcript) and oriented such that cryptic transcription occurs to the right. The average signals of
RNA (top two panels) and nucleosomes (bottom panels, WT and 	isw2 [63]) around cryptic RNA TSSs are displayed.
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these transcripts are regulated is not well understood. Several
studies have shown that a number of other chromatin regula-
tors and transcription factors appear to function cotranscrip-
tionally with the elongating RNA polymerase to repress cryptic
transcripts from initiating within ORFs (8, 9, 32). In contrast,
we found a large fraction of cryptic transcripts repressed by
Isw2 initiate around NFRs and are antisense to known ORFs.
These results revealed a mechanism by which transcription of
cryptic ncRNA can be repressed by restricting the size of
NFRs. In addition, our results and those of others (8, 9, 32)
collectively establish that a large number of chromatin regula-
tors are used to control cryptic RNA transcription in vivo. This
suggests the possibility that there may be a significant number
of unidentified mechanisms used to control ncRNA transcrip-
tion in vivo.

Considering the widespread cryptic RNA transcription that
occurs in all eukaryotes (11–13, 16, 26, 43–45, 49, 51, 55, 64,
66), it is likely that many of the mechanisms for repressing
cryptic RNA transcription are conserved in eukaryotes. ISWI
homologues are necessary for normal development in D. mela-

nogaster (14), C. elegans (2), Xenopus laevis (15, 65), and mice
(58). In fact, the ISWI family is known to play key roles in a
variety of essential biological processes, including transcription
(2, 4, 14, 18, 22, 34, 35, 63, 67), global chromatin structure (14),
DNA replication (10, 48, 62), cell cycle progression (21), ribo-
somal DNA silencing (70, 71), and cohesin loading (23). How-
ever, the underlying mechanisms by which these ISWI homo-
logues are required for these processes are not fully
understood. Because the subunits of the ISWI complex are
highly conserved (20), we speculate that ISWI may be required
to repress cryptic RNA transcription in other eukaryotes, sim-
ilar to Isw2 in S. cerevisiae. If this is the case, misregulation of
cryptic RNA transcripts caused by loss of ISWI could trigger
widespread RNA interference (RNAi), which might lead to
the observed developmental defects. While S. cerevisiae has no
functional RNAi pathway, our work revealed a large number
of loci potentially exhibiting transcriptional interference upon
loss of Isw2. These results underscore the importance for fu-
ture investigations into Isw2 function and establish this remod-
eling enzyme as a model for elucidating the functions and

FIG. 7. 5�-RACE confirmed Isw2 represses cryptic transcription from NFRs. (A to D) Results of 5�-RACE using 	trf4 and 	isw2 trf4 strains.
Capped, total (“All”), and noncapped transcripts were detected according to the manufacturer’s (Ambion) protocol. Colored dots correspond to
the quantified transcripts (graph, middle panel), which were normalized to the loading control ACT1. The bottom panel displays the mapped
5�-RACE TSS locations (denoted as the TSSs track) of each quantified transcript in relation to ORFs (designated by gray boxes in ORFs tracks,
with arrows denoting the direction of transcription) and NFRs. The RNA signals (average of each replicate) from microarray data at corresponding
loci are displayed as heat maps, with yellow denoting higher RNA signals and with cyan denoting lower RNA signals. The cryptic transcripts (	isw2
trf4 versus trf4) identified on microarrays are shown by red boxes with the arrows designating the direction of the transcripts. (A) ACT1 - YFL039C
(loading control); (B) YLL015W; (C) YCL030C; (D) YCR072C.
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regulatory mechanisms of cryptic RNA transcription and the
modulation of chromatin structure.
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