ATP-dependent chromatin remodeling
shapes the long noncoding RNA landscape
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Long noncoding RNAs (IncRNAs) are pervasively transcribed across eukaryotic genomes, but functions of only a
very small subset of them have been demonstrated. This has led to active debate about whether many of them have
any biological functions. In addition, very few regulators of IncRNAs have been identified. We developed a novel
genetic screen using reconstituted RNAi in Saccharomyces cerevisiae and systematically identified a large number
of putative IncRNA repressors. Among them, we found that four highly conserved chromatin remodeling factors are
global IncRNA repressors that play major roles in shaping the eukaryotic IncRNA transcriptome. Importantly, we
identified >250 antisense IncRNAs (CRRATS [chromatin remodeling-repressed antisense transcripts]) whose repression
by these chromatin remodeling factors is required for the maintenance of normal levels of overlapping mRNA
transcripts. Our results strongly suggest that regulation of mRNA through repression of antisense IncRNAs is

far more broadly used than previously appreciated.
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Recent advancement in genome-wide detection of RNA
resulted in the unexpected finding that long noncoding
RNAs (IncRNAs) are pervasively transcribed across the
eukaryotic genomes (Djebali et al. 2012). It has been es-
timated that ~75% of the human genome is transcribed
(Djebali et al. 2012), despite the fact that ~1.2% of the
genome encodes protein-coding exons (Venter et al. 2001).
Similarly, 75%-85% of the genome of the budding yeast
Saccharomyces cerevisiae is estimated to be transcribed
(Nagalakshmi et al. 2008). Although IncRNAs are gener-
ally transcribed at lower levels than mRNAs, these new
findings showed that IncRNAs exceed mRNAs in terms
of the number of transcription units on higher eukaryotic
genomes. Some of these IncRNAs have critical regulatory
roles. For example, Xist RNA is essential for mammalian
X-chromosome inactivation, and its expression is precisely
regulated by other IncRNAs transcribed from neighboring
regions (Lee and Bartolomei 2013). HOTAIR is expressed
from the human HOXC locus and regulates HOXD gene
expression in trans by recruiting histone-modifying en-
zymes PRC2 and CoRest (Rinn et al. 2007; Gupta et al.
2010; Tsai et al. 2010). Indeed, an increasing number of
IncRNAs have been shown to play critical roles in tran-
scriptional regulation, cell type specification, and human
diseases (Batista and Chang 2013; Flynn and Chang 2014).
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In budding yeast, transcription of several IncRNAs affects
the abundance of the overlapping mRNA transcripts
(Hongay et al. 2006; Camblong et al. 2007, 2009; Houseley
et al. 2008; Castelnuovo et al. 2013). Therefore, IncRNA
products or the act of IncRNA transcription itself can
play regulatory roles, both of which are called “functional
IncRNA transcription” here for simplicity. However,
given the large number of IncRNAs transcribed from
eukaryotic genomes, the functions of the vast majority
of IncRNA transcription events remain unknown. This
led to an active debate as to whether most instances of
IncRNA transcription lack any functional roles (Louro
et al. 2009; Doolittle 2013). However, it was recently
shown in budding yeast (Rhee and Pugh 2012) and
humans (Venters and Pugh 2013) that a large fraction of
IncRNA transcription initiates from the sites where pre-
initiation complexes (PICs) are formed only for IncRNAs.
This argues against the possibility that most IncRNAs are
the unintended byproducts of stochastic initiation from
mRNA start sites. Given that multiple basal transcription
factors need to be targeted and assembled in an ordered
fashion to form functional PICs, the fact that many PICs
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are dedicated for IncRNA transcripts is consistent with the
possibility that eukaryotic cells intend to transcribe many
of them. If this is the case, it is important to develop
methods to systematically identify or enrich for IncRNAs
or IncRNA transcription events that play important bi-
ological roles.

If functional IncRNA transcription is prevalent, another
significant challenge is to elucidate regulatory mechanisms
of IncRNA transcription. Although transcription factors
and chromatin regulators that control mRNA transcription
have been extensively studied, much less is known about
regulators of IncRNA transcription. Our laboratory has
previously found that a highly conserved ATP-dependent
chromatin remodeling factor, Isw2, functions at the 3’
end of genes to repress antisense IncRNA (ASIncRNA)
transcription in budding yeast (Whitehouse et al. 2007;
Yadon et al. 2010). Recent genetic screens in yeast using
reporter genes have identified histone deacetylases and
histone chaperones as repressors of IncRNAs (Cheung
et al. 2008; Marquardt et al. 2014). However, these fac-
tors affect only a small fraction of IncRNAs, and addi-
tional efforts are needed to identify regulators of IncRNA
transcription.

In this study, we demonstrate that reconstitution of
functional RNAIi in S. cerevisiae alone does not cause
strong growth defects but results in reduction of the
abundance of mRNAs that have high levels of overlap-
ping ASIncRNAs. We further found that global elevation
of ASIncRNA levels in the presence of reconstituted
RNAI in S. cerevisiae causes growth defects, likely due to
destabilization of a large number of mRNAs and ASIncRNAs
that overlap. Taking advantage of this finding, we sys-
tematically identified putative repressors of ASIncRNAs,
including ATP-dependent chromatin remodeling factors,
histone-modifying enzymes, the mediator complex sub-
units, and transcription factors. We demonstrate that the
four ATP-dependent chromatin remodeling factors func-
tion as global ASIncRNA repressors and provide evidence
that they play major roles in shaping the eukaryotic
IncRNA transcriptome under a physiologically relevant
condition (in the absence of RNAi). We further discovered
that chromatin remodeling factors are targeted to initiation
sites of a large fraction of these ASIncRNA and sub-
sequently alter chromatin structure. Finally, we identi-
fied >250 AslncRNAs whose repression by chromatin
remodeling factors is required for the maintenance of the
normal level of overlapping mRNAs.

Results

Genetic interactions between RNAI and mutations
that elevate IncRNA levels

It has been shown in both budding yeast (Neil et al. 2009;
Xu et al. 2009) and mammalian cells (Core et al. 2008) that
IncRNAs frequently initiate from bidirectional promoters,
where mRNA and IncRNA initiate in opposite directions.
Because IncRNAs are highly prevalent in both mammals
(Djebali et al. 2012) and budding yeast (Xu et al. 2009), this
means that, at gene-dense regions of mammalian genomes
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(Teif et al. 2012) and at many loci in yeast, IncRNAs often
overlap with protein-coding genes in the antisense direc-
tion (Fig. 1A). This led us to hypothesize that global
elevation of ASIncRNA levels in the presence of RNAi
would cause significant growth defects due to destabili-
zation of a large number of mRNAs and IncRNAs that are
processed by RNAI (Fig. 1A).

To test our hypothesis, we reconstituted RNAi in
S. cerevisiae by expressing Argonaute (AGO1) and Dicer
(DCR1) genes of Saccharomyces castellii (Drinnenberg
et al. 2009, 2011). This caused a dramatic decrease in the
abundance of Tyl retrotransposon mRNA, as reported
(Supplemental Fig. S1A; Drinnenberg et al. 2009), show-
ing that functional RNAi was reconstituted in our hands.
Extensive phenotypic characterization by the Bartel lab-
oratory (Drinnenberg et al. 2011) and our laboratory (data not
shown) revealed that RNAIi reconstitution in S. cerevisiae
does not cause any detectable phenotypes other than a
slight sensitivity to high temperature as well as lithium
sensitivity, demonstrating that RNAi reconstitution
alone does not significantly affect normal cell physiology.
To test whether RNAi reconstitution leads to processing of
endogenous dsRNA, we performed strand-specific RNA
deep sequencing (ssRNA-seq) analysis of the S. cerevisiae
strain with functional RNAi (hereafter RN Ai* strain) (Fig.
1B). Consistent with the modest phenotype, the RNA
profiles of the RNAi* and wild-type strains were, overall,
quite similar (Spearman’s p = 0.986). Exceptions to this
general trend are the genes with the highest levels of
endogenous ASIncRNA (Fig. 1B, top fifth percentile
shown, in violet), which exhibited a significant decrease
in the mRNA abundance. This result demonstrates that
the reconstituted RNAi can indeed process dsRNAs of
the endogenous genes. We then crossed the RNAi* strain
with mutants that are known to globally stabilize
IncRNAs—xrn1 (van Dijk et al. 2011), rrp6 (Davis and
Ares 2006; Neil et al. 2009; Xu et al. 2009), and trf4 (Wyers
et al. 2005)—as well as rpd3, which derepresses IncRNAs
(Carrozza et al. 2005; Eden et al. 2009; Lickwar et al. 2009;
Churchman and Weissman 2011). We also tested a his-
tone variant mutant, htz1, which causes a global increase
in IncRNAs due to failed transcriptional termination in
Schizosaccharomyces pombe (Zofall et al. 2009). We
observed strong synthetic growth defects between all of
these mutations and the RNAi" background (Fig. 1C,D).
These results collectively show that global elevation of
IncRNA levels can cause strong growth defects specifically
in the presence of functional RNAi. Importantly, our re-
sults revealed that this synthetic RNAi system could be
used as a tool to systematically identify genes that either
repress or degrade ASIncRNAs.

RNAIi as a tool for systematic identification
of IncRNA repressors

To systematically identify repressors of ASIncRNAs, we
conducted a genetic screen to identify genes whose muta-
tions cause synthetic growth defects in the RNAi* back-
ground. To this end, we performed synthetic genetic array
(SGA) analysis (Tong et al. 2001) at three different
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Figure 1. Genetic interactions between RNAi and mutations that elevate ASIncRNA levels. (A) The basis for the genetic interactions.
If only the sense strand is transcribed (i) or even if both sense and antisense strands are transcribed in the absence of RNAI (ii), cells are
fine, as the dsRNAs are not processed. In contrast, if the levels of ASIncRNAs are globally elevated in the presence of RNAI (iii), both
mRNAs and ASIncRNAs are destabilized due to processing of dSRNAs by RNAi, causing growth defects. (B) Scatter plot of mRNA
levels in wild-type and RNAi* strains. mRNAs with high endogenous antisense levels (top 5%) are marked by violet dots. (C) An
example of genetic interactions between RNAi and a mutation that stabilizes IncRNAs (rrp6). A fivefold dilution of saturated culture
was spotted on YEPD and incubated at 37°C. The genotypes of the spotted strains are shown at the left. (D) The result of the proof of

concept genetic screen.

conditions—at 25°C, at 37°C, and in the presence of 100 mM
LiCl—because growth defects in the latter two conditions
were common in the phenotype tests shown in Figure 1, C
and D. Elevated lithium inhibits the activity of Xrnl and
stabilizes IncRNAs (van Dijk et al. 2011). Enriched (P <
0.001) gene ontology (GO) terms among the putative gene
hits include “RNA processing and binding,” “ncRNA met-
abolic process,” and “ncRNA processing” (Fig. 2A; data not
shown). These genes are likely involved in destabilization
of ASIncRNAs. We also found a large number of genes
involved in regulation of mRNA transcription, including
many transcription repressors as well as subunits of the
mediator complex. Several genes involved in histone
modification were also among the hits, including SDS3, a
subunit of the histone deacetylase complex Rpd3L, which
has been shown to repress IncRNAs (Lickwar et al. 2009).
Given the role of transcription termination factor Nrdl
complex in the attenuation of ASIncRNAs genome-wide
(Schulz et al. 2013), it was initially surprising to not identify
any genes involved in termination. However, all subunits
of the Nrdl complex are essential for cell viability and are
not represented in the yeast deletion mutant library.
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Furthermore, we found eight gene-encoding subunits
of four different ATP-dependent chromatin remodeling
complexes—Isw2. (ITC1), Swrl (SWR1, ARP6, and YAF9),
Ino80 (IES2), and Rsc (RSC1, RSC2, and HTLI)—that are
important for normal growth in the RNAi* background
(Fig. 2A). We confirmed genetic interactions between RNAi
and mutants for these remodeling factors by creating
mutations and performing genetic crosses in an indepen-
dent genetic background (examples shown in Fig. 2B,C).
Deletion of ITC1 and SWR1 genes is expected to com-
pletely abolish functions of the Isw2 and Swrl complexes,
respectively. The null mutations of the ATPase subunits for
the Rsc and Ino80 complexes, sth1 and ino80, respectively,
cause cell death and extreme growth defects and thus are
not represented in the deletion mutant library. For the Rsc
and Ino80 complexes, we created tetracycline-repressive
alleles of the ATPase subunits STH1 and INOS&O (tet-STH1
and tet-INOG80), respectively, and confirmed strong genetic
interactions of these alleles with RNAi (Fig. 2D,E; Supple-
mental Fig. S2). These alleles were used for the following
analyses. It should be noted that, although RNAi is a highly
useful tool to identify putative IncRNA repressors, it is not
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Figure 2. The results of the SGA screen using RNAi. (A) Cytoscape network plot of the genes that interact with RNAi. Nodes
represent genes, and black edges represent a synthetic growth defect with RNAi. Nodes are grouped by statistically enriched GO terms.
Gray dashed edges connecting genes to nodes at the right depict gene subunits of that chromatin remodeling complex. (B,C) Genetic
interactions between RNAi and Aswri-null (swrl complex) (B) and AitcI-null (Isw2 complex) (C) mutants. (D,E) Genetic interactions
between RNAI and tet-STHI (Rsc complex) (D) and tet-INO8O (Ino80 complex) (E).

normally present in S. cerevisiae. Therefore, all subsequent
analyses were done in the absence of RNAI.

Four highly conserved ATP-dependent chromatin
remodeling complexes repress ASIncRNAs

Of the ATP-dependent chromatin remodeling complexes
that we identified, only Isw2 had been shown to repress
ASIncRNA transcript levels in S. cerevisiae at select loci
(Whitehouse et al. 2007; Yadon et al. 2010). Despite this,
genome-wide transcriptomic analysis of IncRNA has not
been performed for an Isw2 complex mutant. We therefore
investigated whether these four chromatin remodeling
factors repress ASIncRNAs by ssRNA-seq (Parkhomchuk
et al. 2009; Sultan et al. 2012). Because it is not well
established how IncRNAs repressed by chromatin remod-
eling factors are processed, we did not perform any selec-
tion of RNA except for rRNA depletion (see the Materials
and Methods). Our analyses of the IncRNA transcriptome
in chromatin remodeling factor mutants identified a total
of 1799 ASIncRNAs that are repressed, revealing that ATP-
dependent chromatin remodeling factors play major roles
in shaping the budding yeast ASIncRNA transcriptome
(Fig. 3). ncRNAs longer than 200 base pairs (bp) are gen-
erally considered as IncRNAs (Rinn et al. 2007). However,
we found that ASIncRNAs repressed by chromatin re-
modeling factors tend to be much longer than 200 bp (Fig.
3E-H; Supplemental Fig. S3). Among the four chromatin
remodeling factors, Rsc (n = 545) (Fig. 3C,G) and Ino80
(n = 1155) (Fig. 3D,H) repress the largest number of
ASIncRNAs, uncovering a novel function for these
complexes. Swrl has the most modest effects on the
ASIncRNA transcriptome (n = 10) (Fig. 3A,E), but its
mutation does derepress ASIncRNAs. Isw2 complex has
intermediate effects (n = 89) (Fig. 3B,F). Importantly, 620
out of the 1799 ASIncRNAs repressed by chromatin remod-
eling factors have dedicated PICs around their transcription

start sites (TSSs) (Rhee and Pugh 2012), suggesting that
they are discrete transcription units rather than cryptic
transcripts. Of the 620 PICs assigned to ASIncRNAs, 237
had been previously assigned to CUTs (cryptic unstable
transcripts), and 168 had been assigned to SUTs (stable
unannotated transcripts), while 152 were designated as
“orphans,” and thus the IncRNAs controlled by these PICs
have not been previously identified. Together, these results
demonstrated that our genetic screen indeed identified
ASIncRNS repressors as intended and that four highly con-
served ATP-chromatin remodeling factors function as global
repressors of ASIncRNAs under physiologically relevant
conditions (in the absence of RNAi). Given that all four
chromatin remodeling factors tested are ASIncRNA re-
pressors, our results also suggest that many of the other
genes that we identified in the screen likely function as
ASIncRNAS repressors.

ATP-dependent chromatin remodeling factors
repress unique sets of ASIncRNAs

The fact that Rsc, Isw2, Ino80, and Swr1 were identified as
ASIncRNA repressors is intriguing, as they exhibit distinct
biochemical activities. Rsc was previously reported to
increase the size of NDRs (nucleosome-depleted regions)
at gene promoters (Hartley and Madhani 2009), whereas
Isw2 decreases NDR size (Whitehouse et al. 2007; Yadon
et al. 2010). On the other hand, Swrl is required for
replacement of canonical histone H2A with the histone
variant Htz1 (Kobor et al. 2004), whereas Ino80 is impli-
cated in replacing Htz1 with H2A (Papamichos-Chronakis
et al. 2011). We therefore investigated whether these
remodeling factors have distinct or overlapping sets of
ASIncRNA targets. Systematic comparison of ASIncRNAs
repressed by these remodeling factors revealed that there
is little overlap among the ASIncRNAs that are repressed
(Fig. 4A; Supplemental Fig. S4). This result suggests that
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Figure 3. Chromatin remodeling factors repress ASIncRNAs. (A-D) Representative strand-specific RNA-seq data in Aswrl (A), Aitcl
(B), tet-STH1 (C), and tet-INOS80 (D) mutants. Blue and purple signals denote Watson and Crick strand transcripts, respectively. The
direction of the coding gene transcription is shown at the bottom of each panel. (E~-H) ASIncRNA meta analyses. The ratio of
ASIncRNA levels in in Aswr1 (E), Aitcl (F), tet-STH1 (G), and tet-INOS80 (H) mutants relative to wild-type cell levels is shown in log,
scale. The black lines represent the average signals, and the colored lines represent the RNA signals of the top 25% and bottom 25%

changes in the mutants.

there are multiple distinct ways by which chromatin
regulation can repress ASIncRNAs and that distinct sets
of ASIncRNAs require different types of chromatin regula-
tion for transcriptional repression.

A significant fraction of ncRNAs is degraded by RNA
surveillance mechanisms in vivo (Neil et al. 2009; Xu
et al. 2009; van Dijk et al. 2011; Schulz et al. 2013), and

B
IncRNA overlap among Rrp6

Chromatin-Remodeling Factors

Xrn1 RscLQ ——"

previous studies identified ncRNAs based on their sensi-
tivity (exosome-sensitive CUTs and Xrnl-sensitive un-
annotated transcripts [XUTs]) or insensitivity (SUTs) to
RNA surveillance mutation. As a result, ncRNAs have
been mainly characterized in RNA surveillance mutant
backgrounds. To determine whether chromatin remodel-
ing factor-repressed ASIncRNAs have been identified in

C Figure 4. Chromatin remodeling factors
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X1 demonstrating a comparison of ASIncRNAs
elevated in Isw2 (B), Rsc (C), and Ino80 (D)
complexes versus in the exosome (rrp6) and
xrnl mutants. The dotted lines represent
the threshold where the remodeling mutant
is responsible for at least 50% of the total
normalized fold change.



these studies, we next tested how much overlap there is
among ASIncRNAs repressed by chromatin remodeling
factors and those that are degraded by the RNA surveil-
lance mechanisms as well as SUTs. Because of the large
number of ASIncRNAs derepressed in the mutants, we fo-
cused on Isw2, Rsc, and Ino80 complexes in the following
studies. There are two predominant nucleases responsible
for the degradation of IncRNAs, the exosome and Xrnl.
The exosome is a nuclease with 3’5’ exonuclease activity
and is associated with the degradation of ~1000 IncRNAs
throughout the genome (Neil et al. 2009; Xu et al. 2009),
and rrp6 mutation stabilizes these transcripts. Likewise,
Xrnl is a 5’'-3' cytoplasmic exonuclease associated with
destabilizing a large number of IncRNAs (van Dijk et al.
2011). To visualize the extent to which the level of
a particular IncRNA is dictated by chromatin remodeling,
the exosome, and Xrnl, we constructed density ternary
plots of IncRNAs regulated by each chromatin remodeler
using the fold change of each ASIncRNA (see the Material
and Methods). For Isw2-repressed IncRNAs, a vast ma-
jority of the transcripts is more strongly derepressed by
mutation of Isw2 (itc1), suggesting that the levels of these
IncRNAs are determined more by Isw2 than by the
exosome (rrp6) and/or Xrnl (xrnl). In contrast, for both
Rsc- and Ino80-regulated IncRNAs, large fractions of each
population of ASIncRNAs are strongly affected by the
exosome (rrp6) and Xrnl (xrnl), suggesting that these
ASIncRNAs are also degraded by the exosome and/or
Xrnl. Despite this finding, we also found a significant
portion of ASIncRNAs regulated by both Rsc and Ino80,
whose abundance is dictated more by chromatin remod-
eling factors than by the exosome and/or Xrn1 (Fig. 4B-D;
Supplemental Fig. S4). In addition, a large fraction of
ASIncRNAs that are derepressed in chromatin remodel-
ing factor mutants exhibit a strong decrease in their
abundance in rrp6 and/or xrn1 mutants (Fig. 4; Supplemen-
tal Fig. S4). We also found that, of the 1799 ASIncRNAs
repressed by remodeling factors, 400 overlap with pre-
viously identified SUTs (Xu et al. 2009). Finally, we found
that a large fraction of the 1799 ASIncRNAs repressed by
chromatin remodeling factors are not significantly af-
fected by Nrdl (Supplemental Fig. S4). These results
revealed that we identified a large number of previously
unidentified IncRNAs.

Identification of ASIncRNAs directly repressed
by chromatin remodeling factors

We next sought to identify ASIncRNAs that are likely
directly repressed by chromatin remodeling factors. Our
criteria for these RNAs are that the ASIncRNA level sig-
nificantly increases in a chromatin remodeling factor mu-
tant and that the chromatin remodeling factor is targeted
to the TSS of the ASIncRNA. To this end, we analyzed
genome-wide chromatin immunoprecipitation (ChIP) data
of chromatin remodeling factors (Whitehouse et al. 2007;
Yen et al. 2012) and identified ASIncRNAs repressed by
remodeling factors whose TSSs are also proximally located
to remodeling factor-bound sites (see the Materials and
Methods). For Isw2, out of 89 repressed ASIncRNAs, 58

Chromatin remodeling factors repress IncRNAs

have Isw2 targeting around the ASIncRNS TSSs (Fig. 5A,
D). For Rsc, we found that 216 ASIncRNAs out of 545
exhibit Rsc targeting around TSSs (Fig. 5B,E). Finally, for
Ino80, we found 540 ASIncRNAs out of 1155 with prox-
imal Ino80 targeting (Fig. 5C,F). Therefore, we found that
~45% of ASIncRNAs repressed by chromatin remodeling
factors have the corresponding remodeling factor specif-
ically targeting TSSs. Given that these transcripts repre-
sent unique sets of IncRNAs, we named the ASIncRNAs
directly repressed by chromatin remodeling factors tran-
scripts CRRATS (chromatin remodeling-repressed antisense
transcripts). Our cis-element search did not identify binding
sites of any transcription factors whose binding sites are
overrepresented around the TSSs of CRRATs (data not
shown). Therefore, the mechanisms by which chromatin
remodeling factors are targeted to these sites are currently
unknown.

We next examined how Isw2, Rsc, and Ino80 alter chro-
matin around TSSs of CRRATS. Isw2-dependent repres-
sion of mRNA transcription is generally associated with
reduction in the size of the NDRs upstream of the mRNA
initiation sites, which makes the TSSs covered by the up-
stream edges of the +1 nucleosomes (Whitehouse et al.
2007). Aligning all 58 Isw2-repressed IncRNAs at their
putative TSSs in a wild-type background (Yen et al. 2012 re-
vealed that, like mRNA targets, Isw2-repressed ASIncRNAs
are associated with an upstream NDR (Fig. 5G). In contrast
to mRNA targets, however, nucleosomes more deeply oc-
clude the TSSs of Isw2-repressed ASIncRNAs in wild-type
cells (Fig. 5G, top panel). In the absence of Isw2, nucle-
osomes shift away from NDRs, no longer occluding
IncRNA TSSs. These results suggest that Isw2-repressed
ASIncRNAs have a strong intrinsic tendency to exclude
nucleosomes at their TSSs and that Isw2 represses them
by sliding nucleosomes over their TSSs more deeply than
at the mRNA TSSs. The IncRNAs that are derepressed in
the itcl mutant but do not have Isw2 targeting around
their TSSs, likely indirect targets of Isw2, are generally
associated with much smaller Isw2-dependent changes in
nucleosome positioning (Fig. 5G, bottom panel), supporting
our conclusion that they are indirectly affected by Isw2.

Rsc also functions around NDRs, but there have been re-
ports on distinct chromatin regulation around NDRs for
transcriptional regulation. Rsc was first reported to gen-
erally increase the size of NDRs to facilitate transcription
(Hartley and Madhani 2009; Floer et al. 2010). However,
it was recently reported that Rsc is also required for
silencing of genes in subtelomeric regions and that its
activity leads to higher signals of +1 and —1 nucleosomes
(Van de Vosse et al. 2013). These reports suggest that Rsc
may exhibit different chromatin remodeling activities
depending on the context. Analysis of chromatin structure
revealed that NDRs just upstream of ASIncRNA TSSs are
wider and that the +1 nucleosome signals are much more
discrete at direct Rsc targets as compared with indirect
targets (Fig. 5H), suggesting that Rsc is targeted to the sites
that have distinct chromatin structure. At direct targets,
Rsc depletion generally causes the loss of the —1 nucle-
osome signals adjacent to IncRNA TSSs (Fig. 5H). This
suggests that Rsc reduces the accessibility at the wide
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Figure 5. Targeting and chromatin changes at ASIncRNAs regulated by chromatin remodeling factors. (A) Isw2 targeting and Isw2-
dependent chromatin changes at an Isw2-repressed ASIncRNA. RNA-seq reads and nucleosome signals (MNase signals) (Yen et al.
2012) in wild-type and itc1 strains are shown. The orientation of sense and antisense transcripts are shown at the right. Isw2 ChIP
signals (Whitehouse et al. 2007) are shown at the bottom. (B) Rsc targeting and Rsc-dependent chromatin changes at a Rsc-repressed
ASIncRNA. RNA-seq reads and nucleosome signals (MNase signals) in wild-type and MET-STH1 strains (Van de Vosse et al. 2013) are
shown. The orientation of sense and antisense transcripts are shown at the right. Rsc8 ChIP signals (Yen et al. 2012) are shown at the
bottom. (C) Ino80 targeting and Ino80-dependent chromatin changes at an Ino80-repressed ASIncRNA. RNA-seq reads and Htz1 signals
in wild-type and arp5 strains are shown (Yen et al. 2013). The orientation of sense and antisense transcripts are shown at the right.
Ino80 ChIP signals (Yen et al. 2012) are shown at the bottom. (D) Meta analysis of Isw2 ChIP signals around the TSSs (position 0)
of direct (n = 58; blue) and indirect (n = 31; orange) Isw2 targets. (E) Meta analysis of Rsc8 ChIP signals around the TSSs (position 0) of
direct (n = 216; red) and indirect (n = 329; orange) Rsc targets. (F) Meta analysis of INO80 ChIP signals around the TSSs (position 0) of
direct (n = 540; green) and indirect (n = 615; orange) Ino80 targets. (G, top) Ribbon plots of nucleosome signals around the TSSs (position
0) of direct Isw2 targets in the wild type (black) and isw2 mutant (blue). The lines represent the mean nucleosome signal, while the
outer borders of the ribbon represent one standard error of the mean away from the mean. (Bottom) Ribbon plots (as above) of
nucleosome signals around the TSSs (position 0) of indirect Isw2 targets in wild-type (black) and isw2 (orange) cells. (H, top) Ribbon
plots (as in G) of nucleosome signals around the TSSs (position 0) of direct Rsc targets in wild-type (black) and MET-SHT1 (red) cells.
(Bottom) Ribbon plots of nucleosome signals around the TSSs (position 0) of indirect Rsc targets in wild-type (black) and MET-SHT1
(orange) cells. (I, top) Htz1 signals around the TSSs (position 0) of direct (green) and indirect (orange) Ino80 targets in wild-type cells.
(Bottom) Htz1 signals around the TSSs (position 0) of direct (green) and indirect (orange) Ino80 targets in arp5 cells.

2354 GENES & DEVELOPMENT



NDRs of its direct ASIncRNA targets by increasing the
—1 nucleosome occupancy for IncRNA repression. In ad-
dition, Rsc depletion results in shifting of the +2 and +3
nucleosomes toward the TSSs. In contrast, the —1 nucle-
osome signals still remain, although at lower levels, upon
Rsc depletion at indirect Rsc targets (Fig. 5H). In addition,
at indirect targets, the +2 and +3 nucleosomes exhibit
little shift in their positions, and instead the +1 nucleo-
some signals are reduced, and the +2 nucleosome signals
are increased (Fig. 5H).

Ino80 acts at NDRs to remove the histone variant Htz1 at
+1 nucleosomes of mMRNA transcription units (Papamichos-
Chronakis et al. 2011; Yen et al. 2013). To determine how
Ino80 affects Htzl levels for ASIncRNA repression, we
examined the Htzl level around the TSSs of 540 Ino80-
repressed ASIncRNAs. In a wild-type background, levels
of Htz1 around ASIncRNA TSSs, as determined by ChIP
combined with deep sequencing (ChIP-seq), are similar at
indirect and direct ASIncRNA targets of Ino80, although
they are higher at the +1 and lower at —1 nucleosomes at
direct targets (Fig. 5I; Albert et al. 2007). ARP5, encoding a
subunit of the Ino80 complex, is required for Ino80 bio-
chemical activity as well as DNA-binding activity of the
complex. ChIP-exo analysis of Htzl in an arp5 back-
ground demonstrated that there is a substantial accumu-
lation of Htz1 at the 5’ ends of mRNA-coding genes (Yen
et al. 2013). Analysis of Htz1 levels in an arp5 background
at direct ASIncRNA targets of Ino80 revealed a substantial
level of Htzl enrichment at both —1 and +1 nucleosomes
around TSSs that is much higher than neighboring re-
gions (Fig. 5I). This result suggests that Ino80 represses
ASIncRNA transcription by preventing the accumulation of
abnormally high levels of Htzl at the 3’ ends of a very large
number of genes. Compared with direct targets, the level of
Htz1 was lower at both —1 and +1 nucleosomes of indirect
Ino80 target ASIncRNAs (Fig. 5I), again supporting the
notion that their transcription is indirectly affected by Ino80.

These results collectively identified 814 CRRATS that
are likely directly regulated by chromatin remodeling fac-
tors through chromatin regulation around their TSSs. The
fact that much weaker or different chromatin changes
were found at TSSs of the indirect targets of the remodel-
ing factors despite the comparable level of ASIncRNA
levels in the mutants (Supplemental Fig. 5) argues against
the possibility that these chromatin changes are the re-
sults of elevated ASIncRNA transcription. Therefore, these
results provide further support for the direct regulation of
CRRATS by chromatin remodeling factors. Moreover, our
results suggest that ASIncRNA can be repressed through
diverse chromatin remodeling mechanisms.

Identification of ASIncRNAs with regulatory roles

Because IncRNAs are highly prevalent across eukaryotes,
one important question is how many of them have
functional roles in vivo (Louro et al. 2009). This is a highly
significant issue, as only a handful of IncRNAs transcrip-
tion units with regulatory roles have been identified in
S. cerevisiae despite the fact that several thousand IncRNAs
are transcribed across the genome (Hongay et al. 2006;

Chromatin remodeling factors repress IncRNAs

Camblong et al. 2007, 2009; Houseley et al. 2008;
Castelnuovo et al. 2013). Similarly, although ~75% of
the human genome is estimated to be transcribed by
ncRNAs (Djebali et al. 2012), the functions of a very small
fraction of them have been identified. Because known
functional IncRNA transcription in S. cerevisiae is pre-
cisely regulated by environmental cues and cell type
specificities (Hongay et al. 2006; Camblong et al. 2007,
2009; Houseley et al. 2008; Castelnuovo et al. 2013), we
hypothesized that ASIncRNA transcription regulated by
highly conserved chromatin remodeling factors (CRRATS)
may be enriched for those with regulatory functions.
Most known regulatory IncRNA transcription events in
S. cerevisiae repress overlapping mRNAs. Consistent
with this, visual inspection of individual CRRATS revealed
many cases in which derepression of ASIncRNAs in chro-
matin remodeling factor mutants coincides with decreased
levels of overlapping mRNAs (Fig. 5A-C). We therefore
systematically identified CRRATs whose derepression in
the mutant is associated with down-regulation of the over-
lapping mRNA levels (see the Materials and Methods for the
details of RNA analyses). We identified a total of 259 such
CRRATS (out of 814) that fit the criteria (Fig. 6A-C). Because
these CRRATS are likely directly repressed by chromatin
remodeling factors, our results suggest that repression of
these ASIncRNAs by chromatin remodeling factors is re-
quired for the maintenance of the normal levels of over-
lapping mRNAs. In addition, mRNAs that do not overlap
with CRRATS exhibit much smaller changes in their abun-
dance in chromatin remodeling factor mutants, arguing
against the possibility that the reduction in the mRNA levels
of the 259 genes is due to random fluctuation (Supplemental
Fig. 6). Together, these results support the possibility that
chromatin remodeling factors regulate 259 genes through
repression of ASIncRNA transcription. We found that most of
the CRRATS in this class transcribe through the entire ORF of
the overlapping genes and the promoter regions (Fig. 6A-C),
which is unusually long for IncRNAs. This result is consis-
tent with the earlier conclusion that CRRATS represent
a unique set of IncRNA transcripts and suggests that pro-
duction of long IncRNAs may be a common feature of
IncRNA transcription events that play regulatory roles.

Discussion

Although IncRNAs are pervasively transcribed across eu-
karyotes, functions of the vast majority of them remain
unknown. In addition, unlike mRNA transcription, very
few regulators of IncRNAs have been identified. To address
these crucial issues, we developed a novel genetic screen to
systematically identify repressors of ASIncRNAs. This
allowed us to identify a large number of ASIncRNA repres-
sors as well as ASIncRNAs whose transcription likely have
regulatory roles.

A novel genetic screen for ASIncRNA repressors

Previously, Cheung et al. (2008) identified genes that re-
press expression of cryptic transcripts from intragenic ini-
tiation sites using the HIS3 gene as a reporter. More recently,
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Marquardt et al. (2014) developed a genetic screen to
isolate genes involved in repression of IncRNA transcrip-
tion from divergent promoters using YFP and mCherry
reporters. Curiously, both of these screens identified
genes involved in chromatin assembly as well as histone
genes among the strongest hits. These results revealed
that chromatin assembly defects lead to elevated tran-
scription of both intragenic cryptic RNAs and IncRNAs
from some bidirectional promoters. Whether these tran-
scripts have biological roles remains unknown. One inter-
esting possibility is that these cryptic transcripts may
signal to chromatin surveillance systems the location of
chromatin defects, resulting in their timely repair. Inter-
estingly, our screen identified a large number of genes
known for regulation of mRNA transcription, which had
only a few overlaps with those identified in these two pre-
vious screens. The difference in the results between our
genetic screen and the other two is likely at least partly
due to the fact that our screen did not use reporter genes
and instead relied directly on genome-wide elevation of
ASIncRNAs. What makes reporter assays particularly
sensitive to chromatin assembly defects is an interesting
question that needs to be addressed in the future. These
results collectively demonstrate that different classes of
IncRNAs regulated by diverse mechanisms exist and that
they likely have distinct biological functions.

A large number of putative IncRNA repressors

So far, only a very small number of regulators for IncRNA
transcription have been identified. However, the fact that
all four chromatin remodeling factors identified in our
screen are indeed ASIncRNA repressors suggest that many,
if not all, other genes identified in our screen likely func-
tion as repressors of ASIncRNAs as well. This means that a
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large amount of resources is used to control ASIncRNA
transcription. Among the identified putative repressors, the
mediator, Pafl, and Rpd3 complex subunits were also
identified by the genetic screen for suppressors of intragenic
cryptic transcripts by Cheung et al. (2008) suggesting that
they are likely involved in repression of multiple classes of
IncRNAs. Most putative repressors identified in our screen
also repress mRNA transcription, indicating that the dual
roles of transcription repression on mRNA and IncRNAs are
unexpectedly widespread. This means that the phenotypes
of the mutants for these repressors need to be revisited, as
they can be at least partly due to derepression of IncRNAs.

The current estimation for the number of IncRNAs
transcribed in S. cerevisiae is based on the number of RNAs
detected in wild-type cells as well as in mutants that
stabilize or prevent premature termination of IncRNA
transcripts, such as trf4 (Wyers et al. 2005) and rrp6 (Davis
and Ares 2006) mutants. The estimated number of IncRNAs
is already very large (~900 CUTs [Xu et al. 2009], 800 SUTs
[Xu et al. 2009], 1600 XUTs [van Dijk et al. 2011], and 1500
NUTs [Schulz et al. 2013]; note that there are overlaps
between the classes), so it was unexpected that a significant
fraction of ASIncRNAs repressed by chromatin remodeling
factors is not strongly elevated in these mutants and thus is
a novel class of IncRNAs. The fact that many uncharacter-
ized putative ASIncRINA repressors exist suggests a possibility
that the number of IncRNAs is currently underestimated,
and a large number of currently unidentified IncRNAs will be
found once the transcriptomes of the mutants of these
repressors are analyzed.

Identification of IncRNAs with regulatory functions

Compared with the enormous number of IncRNAs tran-
scribed in eukaryotic cells, the number of known functional



IncRNA transcriptions is extremely small. This led to pro-
posals that most IncRNAs transcribed in eukaryotes are
nonfunctional (“noise” or “junk”) (Doolittle 2013). On the
other hand, it has recently become clear that the small
number of IncRNAs with regulatory functions play crucial
roles in transcriptional control, cell type specification,
and human diseases (Batista and Chang 2013; Lee and
Bartolomei 2013; Flynn and Chang 2014), raising the pos-
sibility that many IncRNAs with important functional
roles are yet to be identified. These opposing views have
resulted in active discussions in the field as to how many
IncRNAs have any biological functions (Kellis et al.
2014). One possible way to address this debate is to
systematically identify IncRNAs with regulatory func-
tions. However, a systematic screen for functional
IncRNAs has been difficult, and discovery of functional
IncRNAs has relied mostly on fortuitous events and
locus-specific analyses. Based on the fact that transcrip-
tion of IncRNAs with known regulatory functions is
precisely regulated by environmental cues and/or cell
type, we hypothesized that we would be able to enrich
for ASIncRNAs with regulatory roles by focusing on those
that are regulated by highly conserved ATP-dependent
chromatin remodeling factors.

We indeed found that, in chromatin remodeling factor
mutants, derepression of ~32% (259 out of 814) of CRRATSs
is associated with a significant decrease in the level of
mRNAs that they overlap. This strongly suggests that
chromatin remodeling factors maintain the levels of these
259 mRNAs through repression of overlapping ASIncRNAs.
This is most likely an underestimation of functional
ASIncRNA transcription events, as only one growth condi-
tion (logarithmic growth in rich medium) was used for RNA
analyses. Unexpectedly, ~37% of mRNAs that overlap with
ASIncRNAs that are likely indirect targets of chromatin
remodeling factors (up-regulated in chromatin remodeling
factor mutants but not targeted by them) are also associated
with reduction of their mRNA levels. This result suggests
that, irrespective of the underlying mechanisms, an increase
in ASIncRNA levels can lead to a decrease in the level of
overlapping mRNAs. Nonetheless, our results indicate that
the mechanism to regulate mRNA levels through
ASIncRNA control is far more widely used than currently
appreciated. Moreover, given the many putative ASIncRNA
repressors that we identified, it is highly likely that a very
large number of cases in which ASIncRNA control is used to
regulate mRNA levels in a similar fashion are yet to be
discovered.

Materials and methods

Yeast strains

A list of all strains used in this study can be found in Supplemen-
tal Table S1. We carried out single-step gene deletions by stan-
dard lithium acetate transformation using KanMX, HygMX, and
NatMX drug resistance markers as described for S. cerevisiae
(Goldstein and McCusker 1999). Strains were also created using
standard genetic crosses. For S. cerevisiae, genome sequences and
annotations were downloaded from Ensembl or the Saccharomyces
Genome Database.
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Yeast growth conditions

Unless otherwise noted, strains were cultured at 30°C in either
YPD or YC until OD600 = 0.4-0.7. For strains harboring Tet-
repressible alleles, cells were cultured at 37°C until OD = 0.3,
and then doxycycline was added to YC(-His) medium at a final
concentration of 20 ng/mL. Cells were grown for 3 h before being
harvested for RNA using standard hot acid phenol extraction.

Plasmid construction

PRS406-(AGO1-DCR1) was created by inserting restriction di-
gest fragments containing the coding sequences and associated
promoters of AGO1 and DCR1 from pRS404-PTEF-AGOI and
pRS405-PTEF-DCR1 (Drinnenberg et al. 2009) into pRS406. This
plasmid was then used to integrate RNAi machinery into our
laboratory strains.

Northern analysis

Ten micrograms to 20 pg of total RNA was added to 1.5X sample
buffer (75% formamide, 13.4% formaline, 1 X MOPS) and loaded
onto a 1% agarose gel prepared with running buffer (1% agarose, 1x
MOPS, 5% formalin). The RNA was transferred onto a GeneScreen
membrane (Perkin Elmer) in 10X SSC overnight. The blot was then
UV cross-linked and incubated with hybridization buffer (6x SSC,
0.1 mg/mL salmon sperm DNA, 0.5% SDS) for 1 h at 65°C.
Radiolabeled probe to Tyl or ACT1 was then added, and hybrid-
ization occurred overnight at 65°C. The membrane was then
washed with 0.5X SSC for 30 min at 65°C. This wash was repeated
once before exposure to film or phosphor screen.

Strand-specific library preparation and high-throughput
RNA-seq

RNA-seq was done in the presence and absence of reconstituted
RNAI in Figure 1. For transcriptome analyses of chromatin re-
modeling factor mutants, all experiments were done using mu-
tants that do not have RNAi. Three micrograms of total RNA
was depleted of ribosomal RNA species using Ribo-Zero mag-
netic rRNA removal kit (human/mouse/rat) (Epicentre). Strand-
specific libraries were then prepared using the dUTP method
combined with TruSeq (Illumina) as previously described
(Parkhomchuk et al. 2009; Sultan et al. 2012). Fifty cycles of
paired-end sequencing were performed on an lllumina HiSeq 2500
on either high-output mode or rapid run mode (Fred Hutchinson
Cancer Research Center shared resources). All sequencing exper-
iments were performed in biological duplicate.

RNA-seq analysis

Alignment Reads were aligned to the S. cerevisiae genome
(Saccharomyces_cerevisiae.EF4.69.dna.toplevel fa) (Flicek et al.
2014) using TopHat2 (Kim et al. 2013) with the following
settings: tophat2 -p 4 -G <gene_annotation_file> -I 2000-library-
type=fr-firststrand -o <output_directory> <bowtie_index> <Readl.
fastq> <Read2.fastq>. Reads were then trimmed of adapter se-
quences with a custom Python script using the Python module
HTSeq (Anders et al. 2014).

Heuristic segmentation of RNA-seq data to identify putative
transcript units After reads were aligned, they were filtered
such that only properly aligned, uniquely mapped reads were
kept using a custom Python script and pysam (Li et al. 2009).
Because replicates were highly reproducible (data not shown),
reads for each replicate were combined to make per-base, strand-
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specific pileup files using pysam. Using this pileup file, putative
transcript units were segmented by defining a minimum expres-
sion threshold, defined below. tRNAs, and rRNAs were excluded
for every step in analysis.

Defining a threshold level using empirically determined tag
density For a known ORF, expression was calculated by the
following equation:

yend  count;
i=start 1

(end — start)

tag density =
& Y Coumtgenome

where i is the genomic position, count is the number of reads
overlapping i, end is the last genomic position of the ORF, and
start is the beginning position of the ORF. This was repeated for
every ORF in the genome. The threshold was defined by the bot-
tom fifth percentile expression value for transcripts longer than
250 bp (inclusive). For transcripts between 100 bp and 249 bp
(inclusive), the threshold was the bottom 25th percentile expres-
sion value.

Heuristic segmentation of pileup files Using the threshold
defined above, putative transcripts were identified by computing
the tag density within a 100-bp sliding window using a 1-bp step
size. “Starts” and “ends” of transcript units were defined by
whether the tag density exceeded the defined threshold and were
at least 100 bp in length. Segments closer than 50 bp and less
than twofold different in tag density were joined, which is com-
monly performed. See above for threshold differences based on
length.

Identification of differentially expressed IncRNAs and
mRNAs Using the compiled putative transcript list, differen-
tially expressed transcript units were defined by first enumerat-
ing the number of reads in each replicate that overlapped with
each transcript and then using a negative binomial distribution
(R-package DESeq) (Anders and Huber 2010) to determine dif-
ferential expression. For remodeling mutants, putative transcripts
that were up-regulated (=1.25-fold) and had a P-value <0.05 were
determined to be differentially expressed. Differentially expressed
transcripts were then identified as ncRNAs by whether they
overlapped with annotated features of the genome in a strand-
specific manner. This was performed using custom scripts written
in Python and BEDtools (Quinlan and Hall 2010). Fold change as
well as absolute expression (in RPKM [reads per kilobase per
million mapped reads| values) were determined using DESeq.
Chromosome coordinates for all ASIncRNAs repressed by chro-
matin remodeling factors are listed in Supplemental Table S2.

Construction of heat maps and plots and statistical analysis

Heat maps, plots, and metagene plots were constructed in R
using the packages “ggplot” or “ggtern.” To create ternary plots,
for each IncRNA, the fold change was determined in the remod-
eling mutant, the exosome mutant, and the Xrnl mutant. The
fold changes were then normalized so that they summed to 1. These
normalized fold changes were then determined for each IncRNA,
and the resulting matrix was used in ggtern to make the plots.

Identification of CRRATS

All ASIncRNA TSSs were extended 100 bp in both the forward
and reverse directions. The resulting 200-bp interval was then
used to determine whether an ASIncRNA TSS was in proximity
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to a remodeler-bound nucleosome (Yen et al. 2012) using
BEDtools (Quinlan and Hall 2010).

Differential expression analysis of mRNAs

mRNA annotations were downloaded from Ensembl (Saccharo-
myces_cerevisiae.EF4.65.gtf). After counting reads mapping to
each mRNA using HTSeq, differential expression was determined
using DESeq.

GO analysis
All GO analysis was performed using GOrilla (Eden et al. 2009).

Accession numbers

All RNA-seq data have been deposited at NCBI Sequence Read
Archive under accession number SRP041297.
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