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ABSTRACT

It has been postulated that a myriad of long non-
coding RNAs (IncRNAs) contribute to gene regu-
lation. In fission yeast, glucose starvation triggers
IncRNA transcription across promoter regions of
stress-responsive genes including fbp1 (fructose-
1,6-bisphosphatase1). At the fbp71 promoter, this
transcription promotes chromatin remodeling and
fbop1 mRNA expression. Here, we demonstrate that
such upstream noncoding transcription facilitates
promoter association of the stress-responsive tran-
scriptional activator Atf1 at the sites of transcrip-
tion, leading to activation of the downstream stress
genes. Genome-wide analyses revealed that ~50
Atf1-binding sites show marked decrease in Atf1 oc-
cupancy when cells are treated with a transcription
inhibitor. Most of these transcription-enhanced Atf1-
binding sites are associated with stress-dependent
induction of the adjacent mRNAs or IncRNAs, as ob-
served in fbp1. These Atf1-binding sites exhibit low
Atf1 occupancy and high histone density in glucose-
rich conditions, and undergo dramatic changes in
chromatin status after glucose depletion: enhanced
Atf1 binding, histone eviction, and histone H3 acety-
lation. We also found that upstream transcripts bind
to the Groucho-Tup1 type transcriptional corepres-
sors Tup11 and Tup12, and locally antagonize their
repressive functions on Atf1 binding. These results
reveal a new mechanism in which upstream noncod-
ing transcription locally magnifies the specific acti-

vation of stress-inducible genes via counteraction of
corepressors.

INTRODUCTION

Transcriptome analyses have revealed that eukaryotic
genomes are pervasively transcribed to produce a myriad of
long noncoding RNAs (IncRNAs) (1,2). At the beginning
of their discovery, these transcripts were considered to be
‘byproducts’ or ‘noise’ resulting from stochastic transcrip-
tion. However, it has been increasingly evident that a sub-
stantial number of these IncRNAs have diverse biological
functions including transcriptional or post-transcriptional
gene regulation, establishment of epigenetic marks, and or-
ganization of subnuclear structures (3). In addition, some
IncRNAs also play pivotal roles in development and car-
cinogenesis (4).

IncRNAs have been suggested to regulate gene expres-
sion by recruiting or modulating transcriptional regula-
tors such as Mediator, DNA-binding proteins, histone-
modifying enzymes, and chromatin-remodeling complexes
(3). Functional modulation of these factors by IncRNAs
is often mediated through physical interactions. For exam-
ple, many IncRNAs bind to the histone-modifying enzyme
PRC2 (polycomb repressive complex 2), and recruit the
complex to their target loci (5,6). It should be noted that
PRC2 can promiscuously bind to diverse RNAs, and the
mechanism by which the RNA-PRC?2 interaction leads to
locus-specific targeting of PRC2 is not fully understood (7).
IncRNA transcription per se also plays roles in gene regu-
lation. For instance, noncoding transcription influences ex-
pression of the overlapping genes by interfering with RNA
polymerase II (Pol II) or by Pol II-dependent cotranscrip-
tional modification of chromatin status (8—12).
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IncRNA transcription occurs at various genomic loca-
tions, with a multitude of IncRNAs overlapping promoter
regions of protein-coding genes (we hereafter refer to this
feature as ‘upstream IncRNA’) (13-17). In general, up-
stream IncRNAs are either rapidly processed by RNA-
degradation machinery or transcriptionally downregulated
by a repressive chromatin configuration (18-22). Therefore,
their effects are normally concealed. However, a number
of studies have suggested that upstream IncRNA transcrip-
tion participates in the regulation of adjacent genes (8,23—
27). For example, in the budding yeast Saccharomyces cere-
visiae, transcription of the IncRNA SRGI (SER3 regula-
tory gene 1) through the SER3 promoter results in phas-
ing of nucleosomes in the promoter, leading to transcrip-
tional silencing of the SER3 gene (24,28). In humans, an up-
stream transcript named ecCEBPA (extra-coding CEBPA)
activates the downstream overlapping gene CEBPA by lo-
cally inhibiting the DNA methyltransferase DNMTI1 (27).
Despite these findings, the mechanistic roles of upstream
IncRNAs in gene regulatory processes are largely unknown.

In the fission yeast Schizosaccharomyces pombe, we pre-
viously identified a set of Pol II-dependent IncRNAs that
originate from the promoter region of fbpl (fructose-1,6-
bisphosphatase 1), a gene encoding a key enzyme for
gluconeogenesis (29,30). We named these upstream non-
coding transcripts ‘mlonRNAs’ (metabolic stress-induced
long noncoding RNAs) (31). In glucose-rich medium, the
longest version of mlonRNA (mlonRNA-a) is weakly tran-
scribed upstream of a distal regulatory element named
UASI (upstream activation site 1, Figure 1A) (32), while
the antisense IncRNA fbpl-as is expressed from a 3’ region
of the fbpl gene (14). On the other hand, in response to
glucose starvation, fbpl-as is downregulated and shorter
sense mlonRNAs (mlonRNA-b and -¢) are in turn tran-
scribed from the region between UAST and another regula-
tory element UAS2 (upstream activation site 2) (32). Such
cascade-like transcription of mlonRNAs triggers a 5 to 3’
stepwise chromatin conformation change in the fbpl pro-
moter and subsequent robust induction of fbp/ mRNA.
Our recent RNA-sequencing (RNA-seq) analysis revealed
that similar upstream IncRNAs are expressed near other
stress-responsive genes upon glucose starvation (14).

The induction of fbpl is triggered specifically upon glu-
cose starvation stress (33), which is regulated by several pro-
teins. The stress-activated protein kinase Styl/Spcl acti-
vates fbpl expression via its effector Atfl, an ATF/CREB
(activating transcription factor/cyclic AMP-responsive el-
ement binding) transcription factor that binds to UASI
(32,34,35). The C,H,-type Zn finger activator Rst2 relo-
cates into the nucleus in response to glucose depletion,
and activates the mRNA transcription by binding to UAS2
(36,37). Other proteins such as the CCAAT-binding fac-
tor Php2-5 and the Groucho/Tupl1-family global corepres-
sors Tupll and Tupl2 are also involved in the regulation
of fbpl expression (38-40). Elucidating how these factors
and mlonRNA transcription collaborate to regulate fbpl
expression would provide insight into the physiological role
of upstream noncoding RNAs.

In this study, we demonstrate that the upstream noncod-
ing transcription in some stress genes facilitates Atfl bind-
ing to target sites, leading to histone acetylation, nucleo-

Nucleic Acids Research, 2016, Vol. 44, No. 11 5175

some eviction, and stress-dependent gene activation. The
results also suggest that those upstream transcripts bind to
Tupl1 and Tupl2 to antagonize their repressive functions
on Atfl binding.

MATERIALS AND METHODS
pombe strains

S. pombe strains used in this study are listed in Supplemen-
tary Table S1. In the fbpI-CREA mutant, the fbpl sequence
ranging from —1183 to —1125 (relative to the first ‘A’ of the
ORF, other regions below are represented in the same way)
was deleted. In the fbpI-Pp.A::spacer mutant, the fbpl re-
gion ranging from —1103 to —598 was replaced with a part
of the S. cerevisiae LEU2 ORF (from +56 to +561). For
ectopic expression of mlonRNAs, the fbp! sequence (from
—1671 to +1695) was cloned into the pREP2 plasmid. This
vector was cut with PmacCl, and integrated into the nmtl-
gut2 locus by homologous recombination.

Cell culture

Yeast cells were precultured at 30°C in YES medium (5 g/1
yeast extract, 200 mg/1 each of adenine, leucine, and histi-
dine, 100 mg/1 uracil, 30 g/1 glucose) and cultured overnight
in glucose-rich medium YER (5 g/1 yeast extract, 100 mg/1
adenine, 60 g/1 glucose) until the concentration reached ~2
x 107 cells/ml. The sample of ‘0 min” was collected at this
point. To induce glucose starvation, the rest of cell culture
was transferred into low-glucose medium YED (5 g/1 yeast
extract, 100 mg/1 adenine, 1 g/1 glucose, 3% glycerol) and
harvested at each time point as described previously (31).
To inhibit transcription, 1,10-phenanthroline monohy-
drate (Sigma-Aldrich) was dissolved in ethanol at a con-
centration of 100 mg/ml, and added to cell cultures imme-
diately after the shift to YED medium at a final concen-
tration of 100 pg/ml. Thiolutin (Wako) was dissolved in
dimethyl sulfoxide (DMSO) at a concentration of 5 mg/ml,
and added to cell cultures immediately after the shift to
YED medium at a final concentration of 20 wg/ml. The
same volume of ethanol or DMSO was added for mock
treatment. Cells were harvested 15 min after the treatments.

Northern blotting

Northern blotting was performed essentially as described
previously (31). DNA probes were labeled with [a-**P]-
dCTP using Random Primer DNA Labeling Kit Ver.2.0
(Takara). The primers used for DNA probe synthesis are
listed in Supplementary Table S2.

Western blotting

Cells were collected by centrifugation and washed with
distilled water. Cell pellets were resuspended in protein
extraction buffer (50 mM Tris—=HCI, 5 mM EDTA, 150
mM KCl, 10 mM MgCl,, 10% glycerol, 0.2% NP-40, 1
mM dithiothreitol, 20 mM B-glycerophosphate, 0.1 mM
Na3;VO4, 1 mM phenylmethylsulfonyl fluoride) containing
I1x Complete Protease Inhibitor (Roche), and disrupted
with zirconia beads and Multibead Shocker (Yasui kikai,
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Figure 1. Binding of Atfl promotes chromatin remodeling, histone acetylation, and RNA expression at fbpl. (A) Schematic representation of the fbp/
locus and the fbpl-CREA mutation. Each number represents a location relative to the first ‘A’ of the fbpl ORF. Positions of the TATA element and the TSS
of fbpl transcripts are according to previous publications (30,77). Red boxes represent the DNA regions amplified in ChIP-qPCR analyses. (B) Northern
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analyses of histone H3 and H3K9ac. For H3 ChIP, signal of immunoprecipitated DNA (IP) was divided by that of whole cell extract (WCE). For H3K9ac,
the IP/WCE value was divided by that of H3. Relative values are shown (the values of wz, 0 min at UASI were set to 1). Error bars represent standard
deviations from three biological replicates. Note that some error bars are invisibly small. (E) ChIP-qPCR with an anti-HA antibody was carried out using
cells expressing HA-tagged Gen5. The IP/WCE value for the housekeeping gene prp3 was used to define the background signal for normalization. Error
bars represent standard deviations from three biological replicates. (F and G) ChIP-qPCR was performed as in Figure 1C and D. Error bars represent
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Japan). Cell extracts were separated by SDS-PAGE. An
antibody against Atfl (33) or tubulin (Sigma, T5168) was
used as a primary antibody. Detection was performed with
horseradish peroxidase-conjugated anti-mouse IgG or anti-
rabbit IgG (GE Healthcare).

ChIP-qPCR

ChIP-qPCR was conducted essentially as described previ-
ously (14). Cell lysates were subjected to immunoprecipi-
tation using antibodies for H3 (Abcam ab1791), H3K9ac
(Millipore 07-352), the HA epitope (COVANCE 16B12),
Atfl (33), and the C-terminal region of Pol IT (Millipore 05—
623). Quantification was performed with Fast Real-Time
PCR System 7300 or StepOnePlus (Applied Biosystems).
Primer sets are listed in Supplementary Table S2. In the
ChIP-qPCR experiments involving RNase treatment, im-
munoprecipitated material on antibody-conjugated beads
was washed with Buffer 1 (50 mM HEPES-KOH, 140 mM
NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% sodium de-
oxycholate, pH 7.5), and resuspended in RNase-containing
buffer (TE with 15 pl of RNase Cocktail™ Enzyme Mix
[Life Technologies], or RNase H buffer [40 mM Tris—HCI,
4 mM MgCl,] with 2 pl of RNase H [Takara]). Control
samples were resuspended in buffers without RNase. After
15 min incubation at 37°C, beads washing and DNA ex-
traction were conducted as in the conventional ChIP-qPCR
protocol.

ChIP-seq

Library preparation, sequencing and read mapping for
H3K9ac ChIP-seq were performed according to Oda et al.
(14). For Atfl ChIP-seq, library preparation and sequenc-
ing were performed according to Ito ez al. (41). ChIP-seq
data for H3 was obtained from our previous study (14).
We used parse2wig2 and DROMPA (42) to generate
genome-wide profiles of protein distribution. First, the S.
pombe genome was divided into 10-bp bins, and the mapped
reads in each bin were counted using parse2wig2 (options:
-binsize 10 -nofilter). Because Atf1 is reported to be present
at repetitive DNA regions (43), PCR bias filtering was omit-
ted. Then, DROMPA was used for calculation of the enrich-
ment ratio of immunoprecipitated DNA to input DNA for
each bin, and for peak calling (options: -sw 300 —ethre 2.5
-ithre 2.5 -ratiol). Enrichment ratios were smoothed with
a 300-bp size window, and normalized so that the genome
average of enrichment ratio was equal to 1. This value was
called ‘occupancy’. Peak regions determined by DROMPA
were further divided into subpeak regions using PeakSplit-
ter (options: -¢ 3 -v 0.8 -f false) (44). For H3K9ac ChIP-
seq, the H3 ChIP-seq data was used as input to estimate the
modification levels per nucleosome. The ChIP-seq data are
available at DDBJ (http://www.ddbj.nig.ac.jp) under acces-
sion numbers DRA004142 (Atfl replicate 1), DRA004446
(Atf1 replicate 2), and DRA003541 (H3 and H3K9ac).

ChIP-seq data analysis

We obtained Atfl ChIP-seq datasets from two biologi-
cal replicates (replicate 1 and 2). Since the two replicates
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showed high reproducibility (Supplementary Figures S5
and S10), the dataset of replicate 1 was used for analyses as
a representative dataset. ChIP-seq profiles of H3 were from
our previous study (14), and those of H3K9ac were derived
from a single experiment. Unless otherwise stated, data
analyses were performed using R software (http://www.r-
project.org/). Analysis scripts are included in Supplemen-
tary Data. To compare Atf1 binding in glucose-starved cells
(wild type, not treated with 1,10-phenanthroline) and in
cells under a different condition, we first merged the lists
of Atfl peak regions obtained from the two conditions. For
peaks detected in both conditions, we adopted the peak
range defined in the former condition. Overlapping peaks
were determined using ChIPpeakAnno version 3.2.2 (op-
tion: maxgap = 0) (45). Then, the bin average of Atfl occu-
pancy was calculated for each region (this value was defined
as ‘Atfl occupancy’ at each binding site), and this value was
compared between the two conditions. H3 and H3K9ac lev-
els at each Atf1-binding site were defined as the bin averages
of the 1-kb region surrounding the Atfl peak. The aver-
ages of protein distribution profiles around Atf1 peaks were
shown as plots smoothed with a 150-bp size window.

RNA-seq data analysis

For each Atfl-binding site, we estimated expression levels
of RNA transcribed from the Atfl peak within 1 kb. An
Atfl peak can be transcribed in two directions (sense and
antisense), and they were analyzed individually. First, by
utilizing our published RNA-seq datasets (14), the number
of mapped RNA reads was counted for each base through-
out the genome. These values were summed within the 1-kb
regions using bedtools (46), and the sums were compared
before and after 15 min of culture in low-glucose medium.
A similar procedure was followed when estimating nocod-
ing RNA expression around transcription-enhanced Atf1-
binding sites, but RNA signals derived from protein-coding
gene regions were subtracted. Transcription-enhanced sites
that upregulated noncoding RNA expression (> 3-fold)
from either of the two strands are listed in Supplementary
Table S3. The RNA-seq data are available at DDBJ under
accession number DRA002273.

RINA immunoprecipitation

RNA immunoprecipitation was conducted as described
previously (47) with some modifications. Cultures were
fixed with 1% formaldehyde for 5 min, and the reaction
was quenched with glycine. Cell pellets were resuspended in
Buffer 1 containing 1xComplete Protease Inhibitor (Roche)
and 40 U/ml RNasin (Promega), and disrupted with zirco-
nia beads using Multi-Beads Shocker (Yasuikikai, Japan).
Cell extracts were sonicated three times for 30 s at power 8
using Handy Sonic UR-20P (Tomy Seiko, Japan), and cen-
trifuged (20,400 x g, 5 min, 4°C). Supernatants were in-
cubated at 4°C for 3 h with anti-DYKDDDDK antibody
(Wako) precoupled to Dynabeads Protein A (Life Tech-
nologies). Following two washes with Buffer 1 and one
with DNase buffer (40 mM Tris—-HCI, 8 mM MgCl,), the
beads were suspended in 100 wl of DNase buffer contain-
ing 25 U of DNase I (Takara), and incubated for 30 min
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at 37°C. The beads were further washed once with Buffer
1’ (50 mM HEPES-KOH, 500 mM NaCl, ] mM EDTA,
1% Triton X-100, 0.1% sodium deoxycholate, pH 7.5), three
times with Buffer 2 (10 mM Tris—=HCI, | mM EDTA, 250
mM LiCl, 0.5% NP-40, 0.5% sodium deoxycholate), and
once with TE. The immunoprecipitates were eluted in 100
wL of Elution Buffer (20 mM Tris—HCI, 100 mM NaCl,
20 mM EDTA, 1% SDS) for 10 min at 65°C. Eluted sam-
ples were incubated with 1 wl of proteinase K (20 mg/ml,
Life Technologies) for 1 h at 65°C. RNA was extracted
by phenol/chloroform, precipitated with ethanol, and dis-
solved in RNase-free water. cDNAs were synthesized using
PrimeScript RT Reagent Kit Perfect Real Time (Takara) ac-
cording to the manufacturer’s protocol. A mixture of oligo-
dT primer and random hexamers was used. Real-time PCR
was performed as for the ChIP experiment. Primer sets are
listed in Supplementary Table S2.

RESULTS

Roles of Atfl in chromatin regulation during glucose starva-
tion

Deletion of the ATF/CREB family transcription factor
Atf1 causes severe defects in chromatin remodeling at some
stress genes including fbpl (30,48), suggesting critical roles
of Atfl in chromatin regulation. However, loss of Atf1 is as-
sumed to cause secondary effects, since it can activate other
stress genes as a transcriptional activator. We therefore ex-
amined effects of the deletion of the sole Atfl-binding cis-
acting sequence, CAMP responsive element (CRE)-like se-
quence TGACGT (32) in UASI of the fbpl promoter (Fig-
ure 1A, referred to as ‘fbpl-CREA mutation’). Northern
blot analysis on cells shifted from 6% glucose to 0.1% glu-
cose revealed that induction of fhp/ mRNA and mlonR-
NAs upon glucose starvation was severely impaired in fbp1-
CREA cells (Figure 1B).

We then examined nucleosome density along the fbp! up-
stream sites (UAS1 and UAS2) and a 5’ site of the fbp! open
reading frame (ORF) in fbpl-CREA cells by chromatin
immunoprecipitation-quantitative PCR (ChIP-qPCR) us-
ing an antibody against histone H3 (Figure 1A and C). Af-
ter glucose depletion, H3 density in wild type was decreased
more than two-fold at UAS1 and UAS2, but to a smaller
extent in the ORF (Figure 1C). On the other hand, in fbp1-
CREA cells, the reduction of H3 density was not observed
(H3 density at UAS1 was even increased at 120 minutes).

We further analyzed acetylation of Lys9 on histone H3
(H3K9ac) in this region by ChIP-qPCR assays, since Atfl
can recruit the histone acetyltransferase Gen5 (49,50). As
shown in Figure 1D, the ratio of H3K9ac to H3 density
transiently increased at UAS1 and UAS?2 after glucose de-
pletion in wild type, whereas this response was almost ab-
sent in fbpl-CREA. We also confirmed that human in-
fluenza hemagglutinin (HA)-tagged GcenS recruitment to
UASI1 was dependent on the CRE-like sequence in UASI1
(Figure 1E). gen5 A cells exhibited defects in histone evic-
tion, H3K9 acetylation and mRNA expression at the fbpl
locus (Figure 1F-H). In contrast to fbpl-CREA, the gcn5A
mutation impaired histone eviction at UAS2 but not at
UASI. This difference may explain why mlonRNA expres-
sion was decreased in fbpl-CREA cells but apparently not

in gen5 A cells. Altogether, these data point towards a role of
Atfl as a primary regulator of chromatin disassembly and
histone modification at the fbp! locus.

Upstream noncoding transcription comprises a self-
enhancing circuit of Atfl binding

Upstream noncoding transcription in response to glucose
starvation is associated with chromatin disassembly along
promoters of stress genes such as fbpl (14,30). Atfl has
been shown to be involved in chromatin remodeling and
gene activation in response to stresses (49-51). We therefore
investigated whether mlonRNA transcription affects Atfl
binding. We blocked mlonRNA induction by treating cells
with a transcription inhibitor 1,10-phenanthroline (52) im-
mediately after glucose depletion (Figure 2A). Our previous
study showed that this treatment completely abolishes the
cascade expression of mlonRNAs (30), and consistent with
this report, the 1,10-phenanthroline treatment attenuated
Pol IT accumulation at the fbp! locus (Supplementary Fig-
ure S1A). We then studied Atf1 occupancy at UASI in fbpl
by ChIP-qPCR assays, and found that Atfl was slightly en-
riched at UASI1 in glucose-rich conditions and markedly
accumulated (~8-fold over background) upon glucose de-
pletion (left panel of Figure 2B). Notably, such accumula-
tion was dramatically reduced by the 1,10-phenanthroline
treatment. We obtained similar results when cells were
treated with another transcription inhibitor thiolutin (Sup-
plementary Figure S1B-D) (53). The effect of transcrip-
tion inhibition appeared to be locus-specific, because 1,10-
phenanthroline and thiolutin had almost no effect on Atfl
binding at the SPBC660.05 locus (Figure 2B and Supple-
mentary Figure S1D) (54). We also confirmed by Western
blotting that both inhibitors did not markedly reduce the
amount of Atfl (Supplementary Figure S1E).

To further rule out a possibility of secondary ef-
fects by transcription inhibitors, we constructed and ana-
lyzed a strain that cannot undergo the cascade transcrip-
tion of mlonRNAs at the fbpl locus. This allele (fbpl-
Py A::spacer) has a replacement of the region between
UASI and UAS2, which includes transcription start sites
(TSSs) for the two shorter mlonRNA species (mlonRNA-
b and -c), by a sequence of equivalent length lacking any
potential promoters (Figure 2C). The fbpl-Py.A::spacer
strain produced only longer versions of IncRNAs that
were similar to mlonRNA-a and -b (Figure 2D, black
and white arrowhead respectively). The positional shift
of TSSs for the shortest mlonRNA-c was not successful
in this fbpl-Pp. A::spacer allele, and fbpl mRNA induc-
tion was markedly delayed (Figure 2D and E). Using this
fbpl1-Pp A :spacer strain, we examined Atfl binding to the
fbpl promoter. As expected, fbpl-Py.A::spacer exhibited
reduced Atfl binding (Figure 2F), accompanied by delayed
histone H3 eviction at UAS1 and UAS2 (Figure 2G).

These results demonstrate that the cascade transcription
of mlonRNAs indeed promotes Atfl binding at the fbpl
promoter before mRNA induction. As the Atf1-UASI in-
teraction is important for mlonRNA transcription (see Fig-
ure 1B), it is likely that the Atfl binding and mlonRNA
transcription mutually facilitate each other, building a pos-
itive feedback loop for fbp! transcriptional activation. The
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b-like transcript respectively. (E) Quantification of the Northern blotting data in Figure 2D. Relative RNA levels normalized with that of caml mRNA are
shown (the value of wt at 120 min was set to 1). Error bars represent standard deviations from three biological replicates. (F) ChIP-qPCR was performed
as in Figure 2B. Error bars represent standard deviations from three biological replicates. (G) ChIP-qPCR of H3 was conducted as in Figure 1C. Error
bars represent standard deviations from three biological replicates. Note that some error bars are invisibly small.
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recruitment of GenS is apparently not required for this loop,
because loss of Gen5 did not markedly affect mlonRNA ex-
pression or Atfl occupancy at UASI (Figure 1H and Sup-
plementary Figure S2).

IncRNA transcription promotes Atf1 binding in cis

It has been reported that IncRNAs can function either in
cis or in trans (3). We thus investigated whether ectopic syn-
thesis of mlonRNAs can promote Atf1-UASI interaction in
trans. In a haploid strain harboring the fbpl-Py.A::spacer
allele (on chromosome 2), a DNA fragment containing the
entire fbpl sequence was introduced into the nmtl-gut2 re-
gion (on chromosome 3) (Figure 3A). Northern blot anal-
ysis indicated that this strain expressed mlonRNA-b and -c
from the inserted copy at comparable levels to those in wild
type (Figure 3B). Using this strain, we conducted ChIP-
gPCR assays to test whether the ectopic production of
mlonRNAs restores Atfl binding at the fbpl-Py.A::spacer
allele. By utilizing PCR primers illustrated in Figure 3A,
we measured the specific signal from the fbpI-Py.A::spacer
allele. As shown in Figure 3C, the ectopic expression of
mlonRNA-b and -¢ did not restore Atfl binding to UAS1
at the fbpl-Py.A::spacer allele. Therefore, mlonRNA tran-
scription is unlikely to promote the Atfl binding in trans,
and most of its activity is carried out in cis.

The human IncRNA ANRIL (antisense noncoding RNA
in the INK4 locus) represses gene expression by serving
as a ‘cis-acting tether’ that connects Polycomb repress-
ing complex 1 (PRCI) and PRC2 to its target locus, and
this physical linkage can be disrupted by RNase treatment
(55). In addition, S. pombe Atfl can also form a com-
plex with RNA (56). We therefore explored whether mlon-
RNAs also directly tether Atfl to the fbpl chromatin re-
gion in cis. Crosslinked Atfl-chromatin complexes were
first immunoprecipitated with the anti-Atfl antibody as
in the above ChIP experiment. The precipitates bound to
antibody-conjugated beads were treated with RNase H or
a cocktail of RNase A and T}, followed by extensive washes.
The remaining DNA on the beads was used for gPCR anal-
ysis. We found that both types of RNase treatment did not
significantly decreased Atfl binding at UAS1 (Supplemen-
tary Figure S3). Therefore, mlonRNAs themselves are un-
likely to serve as cis-acting tethers.

Roles of transcription in genome-wide Atfl binding

To further explore the general importance of noncoding
RNA transcription in Atf1 recruitment, we next performed
Atfl chromatin immunoprecipitation-sequencing (ChIP-
seq) analysis. Consistent with previous genome-wide stud-
ies using microarrays (43,54), Atfl was enriched at ~300
genomic loci even in the absence of stress (Supplementary
Figure S4A). After glucose depletion, 137 Atfl peaks were
abolished but 270 peaks newly appeared, resulting in the de-
tection of ~450 peaks in total (Supplementary Figure S4A).
About 200 loci showed more than a two-fold increase in
Atfl occupancy in response to glucose depletion (Supple-
mentary Figure S4B). The number of these enhanced Atf1-
binding sites was apparently much larger than that observed
under oxidative stress (54).

To identify transcription-dependent Atfl-binding sites,
we perfomed Atfl ChIP-seq analysis on cells treated
with 1,10-phenanthroline immediately after glucose de-
pletion. The effect of 1,10-phenanthroline on the bind-
ing profile of Atfl was reproduced in two biological
replicates (Supplementary Figure S5A). We detected 50
‘transcription-enhanced Atfl-binding sites’ (loci exhibiting
more than a two-fold reduction in Atfl occupancy in 1,10-
phenanthroline-treated cells, Figure 4A and B). Of them,
11 loci (red dots in Figure 4B) showed an even greater
fold decrease in Atfl occupancy than fbpl. 52 sites con-
versely exhibited more than a two-fold increase in Atfl
binding in 1,10-phenanthroline-treated cells (Figure 4A
and B). Atfl-binding sites that were less affected by 1,10-
phenanthroline (—1 < log, fold change < 1) were referred
to as ‘transcription-independent Atf1-binding sites’ (Figure
4B).

We compared the extent of Atfl enrichment between
transcription-enhanced and -independent sites. Atfl occu-
pancy at transcription-enhanced sites was low in glucose-
rich conditions but dramatically elevated after glucose de-
pletion (Figure 4C and D), whereas that at transcription-
independent sites was relatively high in glucose-rich con-
ditions and less increased after glucose depletion. In ad-
dition, at a large proportion of the transcription-enhanced
sites (41/50 sites), Atfl was detectable only in low-glucose
conditions (Supplementary Figure S6). These data suggest
that transcription-enhanced sites exhibit greater induction
of Atfl binding than independent sites upon glucose star-
vation.

In comparison with the previous RNA-seq data (14), we
found that transcription-enhanced Atf1-binding sites were
associated with nearby transcription (Figure 4E). It should
be noted that 36% of the transcription-enhanced Atfl-
binding sites (18/50 sites) were located near known Atf1-
target genes (Supplementary Table S3). Furthermore, ex-
pression of potential noncoding RNAs was induced from 24
transcription-enhanced sites in response to glucose deple-
tion (Figure 4F, Supplementary Figure S7, and Supplemen-
tary Table S3). These data support that, at transcription-
enhanced sites, Atf1 binding is induced by nearby transcrip-
tion of Atfl-target genes or noncoding RNAs as is observed
at fbpl.

Transcription-enhanced Atfl-binding sites exhibit distinct
chromatin features

We then studied local chromatin features surrounding
transcription-enhanced and -independent sites. Histone H3
density in the previous ChIP-seq datasets (14) was plot-
ted versus the distance from the Atfl peaks. When glucose
was abundant, transcription-enhanced Atfl-binding sites
showed higher H3 density than transcription-independent
ones (Figure 5A and B). After glucose depletion, H3 oc-
cupancy was decreased at transcription-enhanced sites, be-
coming comparable to that of transcription-independent
peaks. We also performed ChIP-seq analysis for H3K9ac,
and the data indicated that the marked histone reduction at
transcription-enhanced Atfl peaks was accompanied with
a substantial increase in H3K9ac levels (Figure 5C and
D). These chromatin features observed at transcription-
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enhanced sites were very similar to those observed in the
fbpl upstream segment.

IncRNA transcription antagonizes the Tup11-Tupl2 core-
pressors to promote Atfl binding

To identify factors defining transcription-enhanced bind-
ing of Atfl, we focused on the Groucho/Tupl-like global
corepressors Tupll and Tupl2, which redundantly re-
press a number of Atfl-dependent genes including fbpl
(39,40,57,58). Tupll and Tupl2 are homologs of S. cere-
visiae Tupl, which blocks promoter binding of the tran-
scription factor Rap1 to control glucose starvation-induced
genes (59). These findings suggest potential roles of Tupll
and Tup12 in the control of Atfl binding.

We first examined the role of Tupll and Tupl2 in Atfl
binding to UASI in fbpl. ChIP-qPCR analysis revealed
that, when glucose was abundant, a tup/1 A tupl2 A double
deletion had only a slight effect on Atfl binding at UAS1
(Figure 6A). However, in response to glucose depletion,
tupll A tup12 A cells greatly increased Atf1 occupancy com-
pared to wild type. This extremely high occupancy of Atfl is
consistent with hyper-induction of fbp/ mRNA observed in
tupll A tup12 A cells (Supplementary Figure S8) (30). Thus,
in glucose-poor conditions, Tupl1 and Tupl2 are likely to
weaken Atfl binding at UASI to prevent fbpl overexpres-
sion.

The fbpl-Pp.A.::spacer mutation, which impaired the cas-
cade transcriptional amplification of mlonRNAs, dramat-
ically decreased Atfl binding at UASI in cells harboring
wild type Tupl1 and Tupl2 (Figure 2D and F), indicating
that the cascade transcription of mlonRNAs plays an im-
portant role in the Atfl recruitment. We therefore hypothe-
sized that transcription of mlonRNAs may facilitate Atf1—
DNA interaction by attenuating the repressive function of
Tup proteins. We tested this idea by using a tupl1 A tupl2 A
strain carrying the fbpl-Pp. A::spacer allele. We first con-
firmed that this strain showed a defect in the cascade ex-
pression of mlonRNAs, although residual transcription of
mlonRNA-a/b was observed as in fbpl-Pp.A.:spacer cells
harboring wild type Tup11 and Tup12 (Supplementary Fig-
ure S8). We also found that, in the tupllA tupl2 A back-
ground, the fbp1-Py.A::spacer allele displayed only a negli-
gible decrease in Atf1 occupancy (right panel of Figure 6B).
Thus, the reduction of Atf1-UASI interaction at the fbpI-
PbceD::spacer allele is mediated by functions of Tupl1 and
Tupl2. This supports the notion that the transcriptional
cascade of mlonRNAs can facilitate Atfl recruitment by
antagonizing Tupl1 and Tupl2.

We next examined the effect of 1,10-phenanthroline
in tupllA tupl2A cells (Figure 6C). In contrast to
the fbpl-Py.A::spacer mutation, 1,10-phenanthroline treat-
ment leads to a complete transcriptional inhibition of mlon-
RNAs including mlonRNA-a/b (30). We found that the
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complete absence of mlonRNA transcription severely re-
pressed Atf1 binding to UASI1 even in the absence of Tup11
and Tupl2.

Taken together, these results suggest the presence of Tup-
dependent and -independent transcription-coupled mech-
anisms for the recruitment of Atfl to UASI. We postu-
late that 1,10-phenanthroline (completely abolishing the
transcriptional cascade of mlonRNAs) inhibits both mech-
anisms, but the fbpl-Pp.A mutation (allowing residual
transcription of mlonRNA-a/b) mainly affects the Tup-
dependent one.

Genome-wide analysis of antagonistic regulation by IncRNAs
and Tup11-Tup12

To explore the antagonistic action between upstream
IncRNA transcription and Tupll-Tupl2 on a genome-
wide scale, we performed Atfl ChIP-seq analysis using
tupl 1 A tup12 A cells during glucose starvation. The tupl1A
tupl2 A double deletion increased Atfl occupancy more
than two-fold at 234 sites (Supplementary Table S4), and 76
loci (red dots in Figure 6D) showed a greater fold increase in
Atf1 occupancy than fbpl. In addition, these changes were
highly reproducible (Supplementary Figure S5B).

By analyzing the effects of transcription inhibition and
of tupl1 A tupl2 A on Atfl occupancy, we next determined
potential target sites for the antagonistic control by RNA
transcription and Tup proteins. We selected Atfl peaks
with more than two-fold increase in Atfl occupancy in
tupll A tupl2 A cells (Figure 6D, ‘Tup-repressed binding
sites’). Among the 461 Atfl peaks detected in glucose-
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starved wild type cells, 71 sites including fbpl were placed
into this group (Figure 6E). Of these, 14 sites were classi-
fied as transcription-enhanced Atfl-binding sites, and this
overlap was statistically significant. These potential com-
mon target sites shared four other features in glucose-poor
conditions: strong induction of Atfl binding, presence of
nearby transcription, nucleosome eviction, and high H3K9
acetylation (Supplementary Figure S9).

Notably, among the 14 Atf1-binding sites that underwent
the antagonistic regulation by transcription and Tupll-
Tup12, six sites were located upstream of genes that are in-
volved in adaptation to low glucose conditions. These genes
include fbpl, the hexose transporters ghtl, ght4, ght5 and
ght8 (60,61), and the transcription factor rsv/ (essential for
cellular survival during stationary phase (62)) (Figure 6F,
Supplementary Figures S10 and S11). Asis observed at fbpl
(14,30), potential noncoding RNAs were transcribed from
the upstream segments of ghtl, ght5, and rsvl near Atfl
peaks (Figure 6F, Supplementary Figure SI1A and B, in-
dicated with dashed rectangles). The Atfl-binding sites at
the ght4 and ght8 loci were seemingly not associated with
noncoding RNA transcription (Figure 6F and Supplemen-
tary Figure S11C). However, we previously showed that the
ght4 gene produces a couple of upstream transcripts differ-
ent from the mRNA in length (14), which are reminiscent of
mlonRNAs. In addition, judging from our previous RNA-
seq dataset (14), the ght8 locus apparently has at least two
TSSs (Supplementary Figure S11C), implying that the gene
also produces multiple kinds of transcripts.

Physical interaction between upstream transcripts and
Tupl1-Tupl2

Some IncRNAs bind to their target proteins to inhibit their
functions (3). We therefore examined physical interactions
between upstream transcripts and Tup proteins. RNA im-
munoprecipitation assays were performed using strains ex-
pressing Flag-tagged Tupl1 or Tup12 from its endogenous
locus. RNA co-purified with these proteins was reverse tran-
scribed and quantified by real-time PCR. Since mlonRNA-
a, -b, and -c overlap each other and are difficult to discrim-
inate, we quantified the sum of these mlonRNA species us-
ing the primer pair illustrated in Figure 7A. mlonRNAs
were highly enriched in the Tupll-Flag and Tupl2-Flag
precipitates compared to that from an untagged control
strain (Figure 7B), indicating that mlonRNAs indeed bind
to Tupll and Tupl2 in vivo. We also performed RNA im-
munoprecipitation assays using primers for other loci illus-
trated in Figure 6F, and found that Tup proteins physically
interacted with potential upstream transcripts of ght/ and
ght4 loci (Figure 7C). These RNAs likely antagonize Tup11
and Tupl12 by physical interactions and thus promote Atfl
binding at the sites of transcription.

DISCUSSION

Our study demonstrates that upstream IncRNA transcrip-
tion plays key roles in regulating transcription factor bind-
ing. Three major findings can be summarized as follows: (i)
in response to glucose starvation, transcription of upstream
IncRNAs promotes binding of the transcription factor Atf1
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Figure 6. Transcription and Tupl1-Tupl2 antagonistically modulate Atfl binding at a subset of genes. (A) ChIP-qPCR was conducted as in Figure 2B.
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to the fbpl promoter, and similar regulation is observed at
other ~50 genomic region, (i) some upstream IncRNAs
bind to the transcriptional corepressors Tupll and Tupl?2,
and (iii) transcription of these IncRNAs can antagonize the
repressive effect of Tupl1-Tupl2 on Atfl binding. We pro-
pose that chromatin recruitment of Atfl for activation of
some stress genes is enhanced by nearby transcription (Fig-
ure 8), which in many cases is of upstream IncRNA (Fig-

ures 4 and 6).

Roles of transcription in enhanced binding of transcriptional
activators

Blocking the cascade transcription of fbpl/ IncRNAs
markedly impairs Atf1 binding to UASI (a sequence that in-
cludes an Atf1-binding site) (Figure 2F). In addition, treat-
ment with the transcription inhibitor 1,10-phenanthroline
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strongly inhibits Atfl binding at a number of target sites
(Figure 4). At these sites, induction of Atfl binding is asso-
ciated with nearby transcription. These results suggest that
nearby transcription can locally facilitate DNA binding of
Atf1 at least in some chromosomal locations. In addition,
Atf1 binding is also required for fbpl IncRNA expression
(Figure 1B), and transcription-induced binding of Atf1 of-
ten occurs near known Atfl-target genes (Figure 4F and
Supplementary Table S3). Altogether, it is likely that Atfl
binding to target sites and the nearby transcription mu-
tually promote each other, comprising a positive feedback
gene regulation circuit.

What are the advantages of the transcription-dependent
regulation of Atfl binding? Positive feedback mechanisms
enable ‘switch-like’ sharp and continuous activation of tar-
get genes in response to stimuli (63). Thus, self-reinforcing
binding of Atfl via nearby transcription likely contributes
to kinetic control of gene induction as is observed at fbpl/
(Figure 2E), to ensure appropriate gene expression re-
sponses to lethal stresses. In addition, the transcription-
based mechanism, which do not require protein synthesis, is
supposed to be beneficial during the very beginning phase
of stress adaptation, in which cells globally repress transla-
tion (31,64,65).

Mechanisms of the transcription-enhanced binding of Atf1

The molecular mechanisms underlying fbp1 transcriptional
activation provide important clues to understanding how
IncRNA transcription regulates Atfl binding. Here we sug-
gest two types of IncRNA transcription-coupled mecha-
nisms: Tup-dependent and -independent pathways (Figure
8).

In the Tup-dependent pathway, upstream transcripts
modulate functions of the global corepressors Tupll and
Tup12, homologs of Drosophila Groucho and S. cere-
visiae Tupl (66). Tupll and Tupl2 inhibit Atfl binding
at a number of target sites, and this effect can be antago-
nized by upstream IncRNA transcription (Figure 6). More-
over, RNA immunoprecipitation assays revealed that Tup11
and Tupl2 are co-purified with upstream transcripts (Fig-
ure 7). These results lead us to propose that, through phys-
ical interactions, upstream transcripts can locally attenuate
inhibitory functions of Tupl1 and Tupl2 on Atfl binding
(Figure 8A). Given the cis effect of fbpl upstream IncRNA
(Figure 3), nascent transcripts appear to antagonize Tupl1
and Tupl2 at the sites of upstream transcription. Such a
IncRNA-based local modulation mechanism may be impor-
tant for gene-specific activation of transcription, because
Tup proteins repress a large number of stress genes (70) but
their effects need to be alleviated only at a subset of genes
in response to a particular stimulus (33,57).

S. cerevisiae Tupl regulates nucleosome positioning at
target promoters (67-69), and impedes DNA binding of the
transcription factor Rapl through the chromatin remod-
eler Isw2 and the histone deacetylase Hdal (59). We previ-
ously reported that chromatin alteration at fbp! is tightly
repressed by Tupll and Tupl2 (33,37,58). Thus, in the
Tup-dependent model, we postulate that Atfl binding is
repressed by Tup-mediated chromatin repression, and loci
with upstream transcription evade this repression under
stress conditions.

The data in this study also suggest that a Tup-
independent mechanism is involved in IncRNA
transcription-coupled binding of Atfl. When we treated
tupl 1 A tupl2 A cells with 1,10-phenanthroline, Atf1-UASI
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Figure 8. Models for transcription-mediated regulation of Atfl binding. (A) In glucose-rich conditions, nucleosomes occupy Atfl-binding sites and thus
Atfl cannot associate with them efficiently. Tupl1 and Tup12 may also repress Atfl binding in glucose-rich conditions. Glucose starvation induces tran-
scription at nearby regions (coding and noncoding regions are both possible). This transcription locally antagonizes the inhibitory effect of Tupl1-Tupl2
on Atfl binding, possibly through physical interactions between Tup proteins and nascent transcripts. Atfl binding further activates neighboring transcrip-
tion to form positive feedback loops, and Atf1 recruits GenS to induce histone acetylation and chromatin disassembly. (B) Transcription can also promote
Atf1 binding independently of Tup proteins, possibly by enhancing DNA accessibility at Atf1-binding sites (e.g. Pol II-dependent chromatin remodeling).
(C) The overall flow of fbpI regulation. Upon glucose starvation, mlonRNA transcription promotes Atf1-UASI association through Tup-dependent and
-independent pathways. In the Tup-dependent pathway, mlonRNA transcription locally antagonizes Tupl1 and Tupl12 as described in Figure 8A, thereby
allowing gene-specific activation. The Tup-independent mechanism is more directly mediated by mlonRNA transcription, possibly regulating local chro-
matin structure (see above). The combination of positive (the two transcription-coupled mechanisms) and negative (Tupl1-Tupl2) regulators of Atfl
binding enables strong but precisely regulated induction of fbpI expression.

interaction was severely impaired as compared to that in
the mock control (Figure 6C). This clearly demonstrates
that transcription can promote Atfl binding even in the
absence of Tupll and Tupl2 (Figure 8B and C).

Then, how does IncRNA transcription facilitate Atfl
binding independently of Tup proteins? In the promoter re-
gion of fbpl, upstream IncRNA transcription directly or
indirectly promotes histone removal upon glucose deple-
tion (Figure 2G). Similarly, transcription-enhanced Atfl-
binding sites are associated with stress-induced histone evic-
tion (Figure 5A). It is therefore plausible that the increase
in DNA accessibility after local histone eviction promotes
the Atfl binding in regions for the upstream noncoding
RNA transcription (Figure 8B). Pol II may play roles in en-

hancing DNA accessibility, as is reported in previous stud-
ies (71,72). Once the DNA regions become accessible, Atf1
binding itself or the subsequent recruitment of Gen5 likely
contributes to further chromatin opening (Figures 1 and
8B) (50,73,74), enabling the dramatic histone eviction ob-
served at transcription-enhanced sites (Figure 5A).

About the regulatory mechanism of fbpl expression, we
propose a model described in Figure 8C. In this model,
Atf1 binding is promoted by the two transcription-coupled
mechanisms discussed above. Tupl1 and Tup12 antagonize
the positive feedback circuit for Atf1-UAS] interaction en-
hanced by IncRNA transcription. These mechanisms likely
comprise a gene-specific regulatory module that enables
strong but precisely controlled expression of fbp!.



Role of RNAs transcribed from gene regulatory elements

The data in this study suggest potential roles for up-
stream noncoding transcription in choreographing actions
of transcriptional regulator proteins in eukaryotes. Notably,
genome-wide studies have shown that metazoan enhancers
are also associated with noncoding RNAs (75). In addition,
arecent study on murine embryonic stem cells has suggested
that RNAs that originate from gene regulatory elements
(promoters and enhancers) facilitate trapping of the tran-
scription factor YY1 at the sites of their transcription (76).
Thus, the molecular mechanism proposed here may be con-
served in diverse eukaryotes. Further investigations on the
roles of RNA transcription at regulatory DNA regions will
provide important clues to understand the molecular basis
of enhancer functions.
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