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Abstract

Antisense RNA can be categorized into a type of long non-coding RNAs
(IncRNAs), which have been recognized as important transcriptional regulators
for protein-coding genes. However, little is known about their dynamics and
decay process, especially in a context of stress response. Antisense RNAs
transcribed from the fission yeast fbp 1 locus (fbp1-as) are expressed in
glucose-rich condition. Importantly, during glucose starvation, they show
anti-correlated pattern with the sense-strand transcription of metabolic
stress-induced IncRNA (mlonRNA) and mRNA. Although the characters and
decay mechanisms of sense mlonRNAs and mRNA have been demonstrated
extensively, those of antisense RNAs have not yet been uncovered.

In this study, | investigated the localization and decay of fbp7-as and
antisense RNAs from other glucose-stress responsive loci, and propose a model
to explain the rapid switch between antisense and sense mlonRNA/mRNA
transcription triggered by glucose starvation. | first demonstrated that fbp7-as
was 5’-capped and poly(A)-tailed like mMRNAs. Decay of fbp7-as at least partly
required Rrp6, a component of the nuclear exosome complex for 3’ to 5° RNA
degradation. Polysome fractionation and single molecule fluorescence in situ
hybridization (smFISH) revealed that fbp1-as molecules were mostly detected in
the cytoplasm. Interestingly, they were bound to poly-ribosomes in glucose-rich

conditions. Furthermore, fbp7-as as well as antisense RNAs at other glucose



stress-responsive loci were rapidly degraded via the co-translational
nonsense-mediated decay (NMD) pathway. These results suggest that NMD
may accelerate in response to cellular stress the swift turnover from antisense

RNAs to sense ones in some stress-related loci.
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Introduction



1. Discovery of non-coding RNA

There has been an ongoing debate that the numbers of protein-coding genes
cannot explain the complexity of higher organisms. For example, only 1.5 % of
the human genome encodes protein (reviewed in Taft et al. 2007). The haploid
genomic DNA content (referred to as C-value) is not proportional to the
complexity of each organism; hence the above-mentioned paradox has been
called ‘the C-value paradox’ (reviewed in Gall, 1981; see also
http://www.genomesize.com/).

The recent highly improved next generation sequencing technology, however,
has uncovered numerous unannotated transcripts without protein coding
potential in various species. For instance, about 70-90% of the human genome
is transcribed at least on some occasion during differentiation and in developed
bodies (reviewed in Kung et al. 2013). Since the variety of such non-coding
transcripts is higher as the complexity of the organism increases, complexity of

non-coding DNA segments of higher organisms may solve the C-value paradox.

2. Long non-coding RNAs and their function

Unannotated non-coding transcripts had long been thought as transcriptional
noise or junk. However, the discovery of transfer RNAs (tRNAs, Holley et al.

1965) in 1960s and discovery of ribosomal RNAs (rRNAs) in 1970s (reviewed in



Brimacombe & Stiege, 1985) led us to realize that some non-coding RNAs are
functional.

Up to now, several categories of non-coding RNAs have been identified.
Long noncoding RNAs (IncRNAs), arbitrarily defined as RNAs longer than 200
nucleotides, seemingly have different functions from those of tRNAs, small
interference RNAs (siRNAs), Piwi-interacting RNAs (piRNAs), and microRNAs
(miRNAsS).

Some of the IncRNAs have been demonstrated to play roles in gene
regulation at stages of transcription, RNA decay/quality control, translation, and
degradation of proteins. During transcription, INncRNAs play regulatory roles by
interacting with other proteins (e.g. transcription factors, chromatin remodelers,
and histone modifiers) to recruit them to their target genes (Rinn et al. 2007).
Translation of specific target mMRNAs is also affected by IncRNAs. For example,
IncRNA-p21 can inhibit the translation of target mMRNA (Yoon et al. 2012). Some
RNAs and proteins are specifically stabilized by IncRNAs such as TINCR
(terminal differentiation-induced ncRNA) and UPAT (UHRF1 (ubiquitin-like PHD
and RING finger domain-containing protein 1)-associated transcript) (Kretz et al.

2013; Taniue et al. 2016).
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3. Antisense RNA

Antisense RNAs, which are transcribed from the opposite strand of the sense
protein-coding RNA, are also classified as non-coding RNA. Antisense
transcripts are observed in a wide range of taxa including mammals, plants,
insects, bacteria, archeae, and fungi (Zhang et al. 2006), though the frequency
of annotated loci expressing overlapping antisense RNAs is variable among
organisms. It should be noted that some, if not all, antisense RNAs are
suggested to function in gene regulation.

The antisense-mediated gene regulation was first discovered in bacterial
plasmids and bacteriophages (Tomizawa et al. 1981; Krinke & Wulff 1987). As
early as 1990s, it was revealed that XIST (X-inactive specific transcript), a
IncRNA important for X chromosome inactivation, was antagonistically regulated
by the antisense transcript Tsix (Lee et al. 1999). Subsequently, many antisense
IncRNAs began to be reported as regulators of the expression of overlapping
sense RNA in various organisms, and through several mechanisms. For
example, LUCT7L silences its corresponding sense RNA expression through
DNA methylation in human (Tufarelli et al. 2003), RMEZ2 through transcriptional
interference (Hongay et al. 2006), WDR83 through RNA stability (Su et al. 2012),
respectively. For chromatin modification-mediated sense RNA regulation,
Coolair (Arabidopsis, Swiezewski et al. 2009), PHO84 (S.cervisiae, Camblong et

al. 2007), ANRIL (Human, Yap et al. 2010), and others are reported. Uchl1,
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carrying short interspersed elements (SINEs), enhances the translation of
mMRNAs by their complementary sequences (Carrieri et al. 2012).

Another type of antisense RNA-mediated mechanism is direct base
complementarity to regulate translation level (Yoon et al. 2012). Furthermore,
genome-wide studies in yeast suggest that many antisense RNAs are
associated with stress-responsive loci (Ni et al. 2010; Bitton et al. 2011; Leong et
al. 2014). However, the precise mechanism underlying quick sense/antisense

RNA transcript switching during stress response is still unknown.

4. Fission yeast Schizosaccharomyces pombe (S. pombe) and stress

response

The fission yeast Schizosaccharomyces pombe (S. pombe) is a good model
eukaryotic organism, in which a lot of genetic tools are available. Importantly,
basic signal molecular mechanisms in human cells are also conserved in S.
pombe. Therefore, molecular mechanisms of gene regulation, cell cycles, and
stress response have been intensively investigated in S. pombe. In this study, |
focus on glucose starvation, under which yeast cells are running short of glucose,
the most important energy and carbon sources for many organisms. Under
glucose rich condition, cells utilize glucose as a major energy source through the
glycolysis pathway. On the other hand, when cells encounter glucose starvation,

the gene expression pattern in the cell changes drastically. In the
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glucose-starved condition, the gluconeogenesis pathway is activated to
synthesize glucose from other non-carbohydrate carbon sources such as
glucogenic amino acids and lipids. The gluconeogenesis pathway requires
induction of an enzyme called fructose-1,6-bisphosphatase 1 (Fbp1), the
expression of which is strictly repressed under glucose rich conditions (Fig. 1).
Transcription of fbp7 mRNA is regulated by transcription factors, Atf1-Pcr1
and Rst2 (Fig. 2). Upon glucose starvation, the stress-activated
mitogen-activated protein kinase (MAPK) pathway is activated. This MAPK
pathway involves a MAP kinase cascade of Wis4 or Win1 (MAPKKK), Wis1
(MAPKK), and Spc1/Sty1 (MAPK) (Takeda et al. 1995; Millar et al. 1995;
Shiozaki and Russell 1995,1996; Warbrick and Fantes 1991; Samejima et al.
1997,1998). Activated Sty1 then phosphorylates a CREB/ATF-type transcription
factor Atf1 which forms a heterodimer with Pcr1 (Watanabe and Yamamoto,
1996). The Atf1-Pcr1 heterodimer binds to a cis-acting DNA sequence called the
cAMP response element (CRE) (Hai et al. 1988; Roesler et al. 1988). The
upstream region of fbp7 locus has a CRE-like element called UAS1 (upstream
activating sequence 1), to which the binding of the Atf1-Pcr1 complex is
enhanced in response to glucose starvation (Neely and Hoffman, 2000). Another
important signaling pathway is the PKA/cAMP (cycric AMP) pathway. Under
glucose rich condition, high glucose concentration is sensed by a G
protein-coupled receptor (Git3) and associated G proteins (Gpa2, Git5, and

Git11) (Welton and Hoffman, 2000). GpaZ2 is activated when high extracellular

13



glucose is detected, leading to an activation of adenylate cyclace (AC, Cyr1)
which up-regulates PKA kinase activity. Upon glucose starvation, the activity
level of PKA in the cell is down-regulated, which leads to activation of a C,H>
Zn-finger transcription factor Rst2. There is a STRE (stress response
element)-like element in the upstream of fbp7 locus (UAS2, upstream activating
sequence 2), and Rst2 binds to this site upon glucose starvation (Higuchi et al.
2002). In summary, fbp1 expression is under the stringent control of a pair of

complementary signal transduction pathways and transcription factors.

5. Long non-coding RNAs transcribed during glucose starvation in S.

pombe

The S. pombe genome has long intergenic regions without apparent
protein-coding genes. However, non-coding transcripts are often expressed
from these regions. The 5’ upstream segment of fbp7 gene also produces
non-coding transcripts. Before the full induction of fbp7 mMRNA, a cascade of
long non-coding RNA transcription occurs from the 5’ upstream of fbp7 coding
sequence (Fig. 3, left, cited from Oda et al. 2015). Such non-coding transcripts
are referred to as mlonRNA (metabolic stress-induced IncRNA) (Hirota et al.
2008). In glucose-rich conditions, chromatin accessibility is reduced by the
action of Groucho/Tup-family global transcriptional corepressors Tup11 and

Tup12 (Hirota et al. 2003). However, upon glucose starvation, transcription of
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mlonRNA locally promotes chromatin remodeling at least partly by antagonizing
Tup11 and Tup12 repressors (Takemata et al. 2016). Interestingly, under
glucose rich condition, antisense INncCRNA is expressed from the entire region
covering both fbp1 locus and its upstream region (Rhind et al. 2011). This
antisense RNA quickly fades out upon glucose starvation (Fig. 3A, right, cited
from Oda et al. 2015). Though the regulation mechanisms of sense RNAs
(mlonRNA and mRNA) are intensively investigated, the characteristics and the

regulatory mechanisms of antisense RNA expression remain unclear.

6. RNA quality control system in the cells

Steady-state levels of RNA are determined by the balance between
transcription and degradation, and therefore, RNA degradation is one of the
important steps to regulate RNA expression.

The endpoint of RNA degradation has been shown to be RNA decay from
either 5’-ends or 3’-ends by highly conserved directional exonucleases. In fission
yeasts, 5’-exonucleases Exo2 (Xrn1 in S.cervisiae) and Dhp1 (Rat1 in
S.cervisiae) localize in the cytoplasm and nucleus (reviewed in Houseley et al.
2006), respectively. On the other hand, degradation from the 3’-end is catalyzed
by the exosome complex, composed of a ring of 9 essential subunits including
Dis3, associated with compartment-specific cofactors, either Rrp6 in the nucleus

or Ski2 in the cytoplasm (reviewed in Parker 2012, Fig. 4).
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In general, RNA transcripts are classified according to which exonuclease is
thought to degrade them. Budding yeast CUTs (Cryptic Unstable Transcripts)
and human PROMPTS (promoter-associated pervasive transcripts) are
detectable only when the nuclear exosome is deficient (Wyers et al. 2005;
Preker et al. 2008). In budding yeast, NUTs (Nrd1-Unterminated Transcripts) are
visible upon depletion of Nrd1, a nuclear RNA-binding factor (Schulz et al. 2013),
and XUTs (Xrn1-sensitive unstable transcripts) are also observed in mutants of
the cytosolic exonuclease XRN17 (van Dijk et al. 2011). On the other hand, SUTs
(Stable Unannotated Transcripts) can be detected even in wild type cells (Xu et
al. 2009). Rrp6 targets many kinds of RNAs through interaction with Nrd1—
Nab3-Sen1 (NNS) complex (Vasiljeva & Buratowski 2006). NNS complex has
binding motif and involved in termination of RNAs, thus enables cells to degrade
both CUTs and NUTs which possess improperly processed 3’ ends (Fox et al.
2015).

However, it should be pointed out that many of these studies only focused on
steady-state level and did not directly estimate the half-lives of transcripts.
Therefore, it is plausible that the reported results can be partly due to secondary
effects of the absence of those nucleases. Recently, Wery et al. demonstrated
that antisense-sense RNA pairs may protect each other from ribosome
accessibility and that NMD degradation was triggered depending on the extent
of their overlap. This interesting mechanism remains to be investigated in the

context of a stress response.
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Despite the lack of apparent protein-coding potential, some non-coding
RNAs can evade from nuclear RNA decay systems, and are exported to the
cytoplasm. They then heavily associate with ribosomes (Galipon et al. 2013;
Guttman et al. 2013), which ultimately cause translation-coupled RNA
degradation by RNA quality control pathways such as nonsense-mediated
decay (NMD) (Smith et al. 2014; Wery et al. 2016). In NMD, premature
translation termination occurring at aberrant stop codons triggers the assembly
of the Upf1/2/3 complex, followed by endonucleolytic RNA cleavage, decapping
or deadenylation (reviewed in Schoenberg & Maquat 2012). However, the role of
canonical RNA degradation pathways such as NMD in the regulation of

stress-responsive INCRNA remains elusive.

7. Protein coding ability of RNAs

Which parts of RNAs are targeted to ribosomes and to what extent the RNAs
are translated into proteins have long been important questions to be answered.
Two types of new technologies to investigate ribosomal association on RNAs
and their translating landscape recently became available. The first one is
“TRAP (translating ribosome affinity purification technique)/Ribo-tag”. In this
method, epitope-tagged ribosomes are purified and their associating mRNAs are
isolated for deep-sequencing (Heiman et al. 2008). The other is “ribosome

profiling” (ribo-seq, Ingolia et al. 2009). This technology, cycloheximide (CHX) or
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another translation inhibitor is added to the cell lysate to halt the progression of
ribosomes, and RNase | is then added to degrade the RNA regions that are not
associated with ribosomes. RNA fragments bound to ribosomes are protected
from RNase I-dependent, and can therefore be extracted, tagged, and reverse
transcribed to generate libraries for next generation sequencing (NGS) analysis
(Fig. 5). The latter method enables to determine the exact ribosome binding
sites genome-widely at nucleotide resolution.

Although ribo-seq studies have confirmed the presence of ribosomes on
IncRNAs, whether they are translated into proteins or short peptides is still
unclear. Computational analysis revealed that most of them are not translated
into proteins (Guttman et al. 2013), though it is noted that there are several
non-coding RNAs associated with ribosomes to produce small peptides (Kondo
et al. 2010; Aspden et al. 2014; Nelson et al. 2016). However, the fate and decay

processes of such ribosome-bound INcCRNA are largely unknown.

8. Transcription and histone modification

Another important aspect of IncRNAs is their role in controlling epigenetic
modifications. For example, in S. pombe, heterochromatic regions are silenced
by siRNA-based mechanisms. The RITS complex (RNA-induced initiation of
transcriptional gene silencing complex) is recruited by small RNAs originating

from centromeric repeat regions (Verdel et al. 2004), and in turn locally recruits
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Chp1 and the CIr4-Rik1-Cul4 (CLRC) methyltransferase/ubiquitin ligase
complex, which is important for assembly and maintenance of heterochromatin
(Zhang et al. 2008). Another famous example of RNA-mediated chromatin
modification is XIST in placental mammals, which recruits the polycomb
repressive complex 2 (PRC2) to the X chromosome, thus enables X
chromosome inactivation. Furthermore, the yeast PHO84 region is a
well-characterized region where the transcription of short antisense RNA
transcripts (CUTSs) is terminated by the NNS complex, which in turn recruits the
Set1 methyltransferase complex (Ng et al. 2003), thus repressing transcription of

sense RNA from the 5’ promoter region (Castelnuovo et al. 2013).

9. Aim and summary of this study

Though antisense RNAs are prevailing among stress-responsive loci, their
characteristics and regulation mechanisms remain elusive. In S. pombe glucose
bidirectional stress-responsive fbp1 region, the induction and decay
mechanisms of fbp7 sense non-coding RNAs (mlonRNA) and fbp7 mRNA were
thoroughly investigated, however, very little is known about their overlapping
antisense counterpart.

In this study, | extensively characterized the antisense RNA transcribed from
the fbp1 locus (fbp71-as) in S. pombe, especially its localization, decay (RNA

half-life and degradation pathways), ribosomal association, and dynamics in
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response to glucose starvation. In addition, the generality of decay dynamics of
antisense RNAs from stress-responsive loci was tested genome-wide using
RNA-seq and Ribo-seq data. | also investigate the mechanism of transcriptional
switching in fbp1 locus from antisense to sense directions particularly from the
point of view of histone modifications.

It was revealed that fbp7-as is polyadenylated and 5’-capped. Most of
fbp1-as were degraded by the nuclear exosome, but some of them were
exported to the cytoplasm and bound to ribosomes. The ribosomal association
of fbp1-as led to constitutive rapid decay by the NMD machinery in the
cytoplasm. In addition, similar decay dynamics were observed for antisense
RNAs from other glucose stress-responsive loci. It is likely that the constitutive
rapid decay of those antisense RNAs accelerate the turnover from antisense
RNAs to sense ones at some bidirectional loci in response to stress. These
results suggest that NMD-dependent decay facilitate the transcriptional
inversion from antisense to sense transcription in response to glucose

starvation.
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Fig. 1 Gluconeogenesis and glucolysis pathway

Under glucose rich condition, glucolysis pathway indicated in blue is used. However, when glucose

starvation is induced, gluconeogenesis pathway is activated to produce glucose from other carbon

sources.
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Fig. 2 Signal pathways involved in fbp7 induction
Cellular stresses activate MAPK pathway and transcription factors Pcr1 and Atf1, and activated
Pcr1-Atf1 bind to UAS1. Glucose and nitrogen starvation activate Rst2, which binds to UAS2.

22



A Sense Antisense

Glucose Rich Poor Rich Poor
(minutes) 0 153060120 0 153060 120

onRNABB|
—
MRNA » *

Glucose rich condition TUP

~

- <« fbpT-as (~3.3 kb)

(Oda et al. 2015)

B
fbp1

N
@—ﬁﬁ—@—ﬁﬂ RNAPII

fbp1-as

<
<7

Glucose | starvation
Atf1

F%BNAPILF%_U@{@—@—éQ

J] Chromatin alteration Rst2

UAS1 Shorter transcript

Efficient induction of fbop7 mRNA from TATA

AN g RNARPIL_UASZEN
J, Massive induction

=

A = RNAH
Atf1 r\StQ-T ATA

UAS1 UAS2 (Hirota et al. 2008, modified)

Fig. 3 Sense and antisense RNAs from fbp1 locus

A. Wild type cells were shifted from glucose rich (6%) to poor (0.1%) medium to induce glucose
starvation, and then cells were collected as indicated time points. Top panels: Northern blot
analyses using a strand-specific probe against sense (Left) and antisense (Right) RNAs.

Bottom panels: 18S rRNA as a loading control.

B. Scheme of transcription around fbp1 locus. Under glucose rich condition, fbp7-as is transcribed
and fbp1 sense RNAs are repressed by TUP11/12 corepressors. After glucose starvation, Atf1 and
Rst2 binds to UAS1 and UAS2 region respectively to induce sense mlonRNAs, which lead to

chromatin remodeling and induction of fbp7 mMRNA.
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Fig. 4 RNA degradation pathway in the cell

Some of the RNAs transcribed in the nucleus are degraded by the nuclear exosome. RNAs exported
to cytoplasm are translated and degraded either from 5’ or 3’ end. Decapping followed by 5’ to 3’
exonuclease Exo2 is responsible for 5’ to 3’ degradation. On the other hand, polyA shortening followed
by 3’ to 5’ exonuclease Ski complex (Ski2/3/7) is responsible for 3’ to 5’ degradation. When translation
defect was caused by ribosome stalling, translation-coupled decay pathway detect it and this lead to

degradation of aberrant transcripts.
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Whole cell extracts treated with cycloheximide (CHX) were treated with RNase | to degrade RNAs that

were not protected by ribosomes. RNAs evade from RNase | treatment was then extracted, and

reverse-transcribed to generate library for NGS analysis.
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Materials and methods
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Yeast strains

Yeast strains used in this study are listed below. Deletion strains are obtained by
knocking out the target region by homologous recombination with a construct
containing a hygromycin B or Kanamycin resistance cassette. For the TATA
mutant strain, the upstream region of fbp1 was first deleted by ura4 and then the

region was swapped to the sequence containing TATA mutation.

Name Genotype Source

wild type
h90 ade6-M216 leu1-32
(JY450) M. Yamamoto

M. Yamamoto,
cid14A (JT654) h90 adeb6-M216 leu1-32 cid14::nat

D. Moazed

Galipon et al.
upfi1A h90 ade6-M216 leu1-32 upfi1::kan

2013

Galipon et al.
rrp6A h90 adeb6-M216 leu1-32 rrp6::hph

2013
ski2A h90 ade6-M216 leu1-32 ski2::hph this study
exo02A h90 adeb6-M216 leu1-32 exo2::hph this study

h- ade6-M26 leu1-32 ura4-D19 fbp1 A (-1338 to

fop14
+1582) A. Oda
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Media and cell culture
Compositions of media used in this study were described in the table below.
Cells were pre-cultured in YES, followed by overnight culture in YER up to the

cell density of ~2x107 cells/mL. To induce glucose starvation, cells were shifted

from YER to YED medium.

YES YER YED
Bacto yeast extract 5g/L 5g/L 5g/L
Glucose 30 g/L 60 g/L 14g/L
Glycerol - - 3%
adenine 200 mg/L 200 mg/L 200 mg/L
leucine 200 mg/L 200 mg/L 200 mg/L
histidine 200 mg/L 200 mg/L 200 mg/L
uracil 100 mg/L 100 mg/L 100 mg/L

RNA purification

Total RNA was extracted using the hot acid phenol procedure as described in
(Galipon et al. 2013). Briefly, frozen samples were re-suspended in 250 L of
65°C beads buffer (75 mM NH4OAc; 10 mM EDTA, pH 8.0), and transferred to
pre-heated tubes with 200 pL of acid washed beads, 25 uL of 10% SDS, and
300 pL of Acid Phenol:Chloroform pH 4.5 (Thermo Fisher Scientific), and
incubated for 5 min with three times of 1 min vortex, followed by 10 min
incubation at 65°C. Then tubes were mixed vigorously for 1 min, and centrifuged
at 16,000g at room temperature. Supernatant was then transferred to new tube

and 200 pL of beads buffer and 400 uL of Chloroform:lsoamyl Alcohol
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(Sigma-Aldrich) and mixed briefly. The tubes were centrifuged for 15 min at 4°C,
then supernatant was transferred to new tube containing 7.5 M NH4OAc (final
0.51 M) and 1.5 volumes of 2-propanol, and centrifuged at 20,400 g for 30 min at
4°C. The pellet was once washed with 70 % ethanol and dried up in a vacuum
hood (TOMY). The pellet was then re-suspended to RNase-free water. RNA

concentrations were measured using Nanodrop™ RNA-40.

Northern Blotting and Hybridization

For sense strand RNA detection, 10 ug of total RNA were used for Northern blot.
For antisense RNA detection (fbp7-as and per1-as), 20 ug of total RNA per lane
was used, as their signals were weak compared to their sense RNAs.
Hybridization and strand-specific probe preparation were conducted as
described in (Oda et al. 2015). For detection of per7 mlonRNA and per1-as,
PCR-amplified DNA templates (primers are listed below) were in vitro
transcribed with [a*P-CTP] by the Riboprobe system (Promega) (for fop1
3’region, per1 mlonRNA and per7-as) to prepare riboprobes, or were randomly
primed by the Random Primer DNA Labeling Kit Ver.2.0 (TaKaRa) to detect per1

MRNA.
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TAATACGACTCACTATAGGTTGGAAGTAAACATGAAGTCGAG
CTTGTCTACAGTCAGGATTTGGA

fbp1 3'region

CAACAGCAAGAAGGGGAGAG
TAATACGACTCACTATAGGAATCGAGCATTTCACCAAGG

SPNCRNA934.1

ATATCGGTTTTTCCGTGCAG
TAATACGACTCACTATAGGGAAGGGTAAGCCGAGACACA

per1 mlonRNA

CGCATCTTGCATTATTTCACC
ACGGGTTTGAAGTCGCTAAAAAAC

pert

CAP-immunoprecipitation (CAP-IP)
Anti-CAP IP experiment was performed as described elsewhere (Galipon et al.

2013), using 150 ug of total RNA and an anti-methylguanosine antibody.

Poly(A) purification
200 pg of total RNA was incubated with oligo-dT beads (Dynabeads® mRNA

direct™

kit, Invitrogen) at room temperature for 15 min. After removing the
supernatants, 10 pL of elution buffer (10 mM Tris-HCI, pH 7.5) was added. The
mixture was incubated at 85°C for 10 min to elute poly(A)-tailed RNAs, and the
remaining beads were further eluted with lysis buffer and then combined

altogether, followed by another round of the above-described incubation and

elution cycles.
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Strand-specific reverse transcription and real-time quantitative PCR
(RT-qPCR)

Total RNA extracted from cells as described above was used according to the
manufacturer’s protocol. Briefly, 1 ug of total RNA was digested with gDNA
Eraser enzyme for 2 min at 42 °C, using PrimeScript® 1st strand cDNA
Synthesis Kit (TaKaRa). Primers used for RT-qPCR of fbp7-as, and mRNAs of
srp7 and tub1 are listed below. The gPCR experiments were done as decribed

previously (Takemata et al. 2016).

fbp1-as | AGCAGAGTTGGTAAATCTCATTGG

RT tub1 TCGTTTGGAATTCTGCCAAAT

srp7 AGGTGAATCCCATCGCTATCG

fbp1-as | AGCAGAGTTGGTAAATCTCATTGG | GTTCATCGCCAGTGGAATTGAC

gPCR | tub1 TCGTTTGGAATTCTGCCAAAT TCTTCCATCACCGCCTCTCT

srp7 AGGTGAATCCCATCGCTATCG CTTCGTGGCAACTGGCAGTTA

3’-RACE experiments

To identify the 3’ termini of fbp7-as, 50 ng of poly(A) purified RNAs were
processed by FirstChoice® RLM-RACE kit (Ambion). The supplied 3'-RACE
adapter was used for the first strand cDNA synthesis. To avoid non-specific
products, nested PCR was conducted. The prepared cDNA was further analyzed
by PCR using the supplied 3’-RACE outer primer and fbp 1-specific outer primer
(am51). The PCR product was then used as a template in a second PCR using

the 3'-RACE inner primer and fbp 7-specific inner primer (jg101 or jg110). PCR

31



products were then cloned into pPCR®2.1-TOPO® vector (Invitrogen) for

sequencing.
outer primer (am51) CTTGTCTACAGTCAGGATTTGGA
inner primer (jg101) CGTTCGACTTCATCGCAGTA
inner primer (jg110) TGTATCCTAAAACATTACTTGAAAACA

Half-life measurements

To stop RNA synthesis, transcription inhibitor 1,10-phenanthroline monohydrate
(Sigma-Aldrich) was added to the culture at a final concentration of 250 mg/L
(Galipon et al. 2013). Samples were analyzed at indicated several time points

after the addition of inhibitor.

Single molecular FISH (smFISH)

smFISH was performed as described in (Heinrich et al. 2013). Briefly, 5 mL of
cultured cells (~2x107 cells/mL) were fixed with final 4% of paraformaldehyde for
30 min at room temperature. After fixation, cells were digested with spheroplast
buffer (1.2 M sorbitol, 100 mM KHPO,4 at pH 7.5, 20 mM vanadyl ribonuclease
complex and 20 yM mercaptoethanol) with 1% 100T Zymolyase (Nacalai
tesque) at 30°C until 40-60 % of the cells were digested (checked under
microscope). Digested cells were centrifuged and washed three times with buffer
B (1.2 M sorbitol, 100 mM KHPO, at pH 7.5, at 4°C). Thereafter, the pellet was
suspended with PBS containing 0.01 % Triton X-100 for 20 min by rotating at 30

°C, washed three times with buffer B, and resuspend the pellet with buffer B and
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kept on ice while preparing FISH probes. Probes coupled to the Quarsar 570®
Dye were designed using Sterallis® Probe Designer version 4.0 (Primers used
for smFISH were listed below). For one reaction, 0.15 pL of 25 uyM of FISH
probes were mixed with 4 pL of 1:1 mixture of yeast tRNA and salmon sperm
DNA. Probe mix was dried in a warmed vacuum chamber. Then 50 uL per
reaction of buffer F (20 % formamide,10 mM NaHPO, at pH 7.0) was added to
the dried probes and denatured at 95°C for 3 min. 50 uL per reaction of Buffer H
(4x SSC, 4 mg/ml BSA (acetylated) and 20 mM vanadyl ribonuclease complex)
was added to the probe mixtures. Then probes were mixed with cells at 37°C
overnight with rotating. Cells were washed with pre-warmed 2x SSC (saline
sodium citrate, 0.3 M NaCl, 30 mM trisodium citrate) containing 10 % formamide
at 37°C, followed by twice wash with 2x SSC containing 0.1 % Triton and 1x
PBS, respectively. Cells were incubated in PBS containing 0.1 mg/ml DAPI (4',
6-diamidino-2-phenylindole) then washed with PBS and mounted on slide
glasses. Fluorescence microscopic images were obtained with an EM-CCD
camera (Cascade Il, Photometrics, Tucson, AZ)-equipped inverted microscope
(IX-83, Olympus) with a 100X oil-immersion objective lens (UPLAN SApo NA 1.4,
Olympus), with insertion of an intermediate 1.6X magnification module into the
optical path. Image acquisition and 2D deconvolution were performed using the
Metamorph software (Molecular Devices, Silicon Valley, CA). Each acquisition
consists of 15 gray-scale 16-bit images in steps of 200 nm along the Z-axis. For

noise reduction, a two-dimensional Laplacian of Gaussian filter was applied to
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each slice. FISH-quant (Mueller et al. 2013) version 2d was used for counting
fbp1-as positive cells. The outline of cells was manually defined and
batch-processing was performed. The threshold was set by amplification and the
pixel size of the detected signals as described in the manual of FISH-quant.

Detected signals were double-checked manually.
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sequence (5°-3’)

ccgtaaagtccaaatcctga
acctatttttcagaggacgt
acttatggttgacagttgca
acatggatctccaattaggt
ttcctagttctttgaagtcc
agcagtatttggcttggaag
ggaggtattgcggtaaacga
ggccttccttgttgaacaag
gcttatccatgctcaaaagg
cattctttatggtgggttgt
gttctatggtcgccgatatg
aaccatactctgctcgatac
ctcgttttattgctcatctc
gagggttacactgcattttg
catcttgacccatcgaaaca
cttggacactgatattggcg
acaggtcatcgtgtcaatgg
gctggctatactatgtatgg
gtcttaaggcctggtaaaga
cagtcaaggcgatattagcg
gtatctataaactgcgaccc
gtgttagtgtaggtaccata
atggctcttccaacattgac
ttgatagcaacggttcctat
gaagaggaggatcttatcgt
gctgcaaactcatcgttagt
actgcgatgaagtcgaacgg
tcaattccactggcgatgaa
atctcattggtttatcggga
caccattcgtaaagcagagt
tcagcttcaaattcatcgcc
tggggaattgtcattactgc
ccttgcattattcaagaggc
cgccgatacaatcagaagca
ctcctttattttgcaggaac
tcgacactgacattgtcaca
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Fractionation of polysomes

50 mL of YER culture (~2x10" cells/mL) was centrifuged, and the cell pellet was
stored at -80°C. The pellet was ground in liquid nitrogen with a pestle and mortar.
Then cell powder was collected and thawed on ice for 30-60 min followed by the
addition of 0.5 mL Lysis buffer (20 mM HEPES-KOH, pH 8.0, 2 mM magnesium
acetate, 100 mM potassium acetate supplemented with 0.05 U/puL RNasin Plus
(Promega), EDTA-free Roche complete protease inhibitor cocktail) containing
0.1 mg/mL cycloheximide. The EDTA-treated samples were suspended in 0.5
mL Lysis buffer containing 30 mM EDTA instead of cycloheximide. To eliminate
cell debris, the slurry was centrifuged three times. RNA concentration in the
supernatant (whole cell extracts) was estimated by Nanodrop RNA-40, and 500
ng of whole cell extracts was deposited on a linear sucrose gradient (15-60 %
sucrose; 50 mM Tris—HCI, pH 8.5, 25 mM potassium chloride, 10 mM
magnesium chloride) prepared by Gradient Master (Biocomp Inc.). The
gradients were centrifuged 4°C, rmax = 231,000 g, for 2.5 hours using a SW40
rotor in an ultra-centrifuge (CP70MX, Hitachi-koki) and fractionated using Piston
Gradient Fractionator (Biocomp Inc., 300 uL/fraction; 34 fractions). RNA from
each fraction was extracted and analyzed as described previously (Galipon et al.

2013). Total RNA controls were extracted from whole cell extracts.
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Mapping and Data analysis

Ribo-seq and the corresponding RNA-seq data of S. pombe under glucose-rich
conditions (Subtelny et al. 2014) was downloaded from GEO (GSE52809).
RNA-seq for glucose starvation was from Oda et al. 2015 (DRA002273). Reads
were aligned to the S. pombe genome (ASM294v2.19) using Bowtie version

1.0.0.
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SECTION (I) Characterization of fbpl antisense IncRNA (fbplI-as)

(1.1) fbp1-as possesses a 5’cap and poly(A) tail

It has been demonstrated that many IncRNAs are transcribed by RNA
polymerase Il (RNA pol Il) and are processed co-transcriptionally to harbor a &’
7-methylguanosine (m;G) cap structure and a 3’ polyadenylation (poly(A)) tail
(Bentley 2005; Berretta & Morillon 2009). Therefore, | checked whether or not
fbp1-as has a 5’ cap and a 3’ poly(A) tail. The existence of a 5’-cap structure was
analyzed by immunoprecipitation with an anti-5’-cap antibody (cap-IP). Fig. 6A
indicates that fbp7-as, as well as the positive control fub7 mRNA, was efficiently
immunoprecipitated with an anti-5’-cap antibody, while the srp7 transcript (RNA
polymerase lll-dependent transcript) was not. These results indicate that fbp7-as
harbors a 5’-cap structure. | also tested the presence of a poly(A)-tail in fbp1-as
using oligo-dT-conjugated magnetic beads, and confirmed that fbp7-as has a
poly(A) tail (Fig. 6B).

To determine the position of 3’-termini and poly(A)-tails of fbp1-as, |
employed the 3’-rapid amplification of cDNA ends (RACE) method. Although the
majority of fbp1-as were terminated at the upstream 5’-untranslated region
(UTR) of sense strand fbp7 mRNA (Fig. 7A, black bars), | detected short
poly-adenylated transcripts terminated within the 3’-UTR of fbp7 mRNA (Fig. 7A,
gray bars). This suggests that fbp7-as transcription may sometimes abort soon

after transcriptional initiation. The shorter transcripts corresponding to gray bars
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in Fig. 7A were hardly detect by conventional Northern blot using probes against
fop1 3'UTR (Fig. 7B). | hereby focused on the largest antisense RNA (~3.3 kb),

which is assumed to be representative fbp1-as kinetics.

(1.2) Stability of fbpl-as

Previous reports have demonstrated that aberrant transcripts are relatively
unstable due to degradation by RNA quality control systems either in the
nucleus or in the cytoplasm (reviewed in Parker 2012). Non-coding RNAs have
been shown to be recognized as such aberrant unstable transcripts, since they
lack long open reading frames (ORFs). It is thus likely that fbp7-as is also
degraded quickly by RNA quality control systems.

| first examined the stability of fbp7-as in wild type cells. To measure the
half-life of fbp7-as, RNA pol lI-dependent transcription was inhibited by the
addition of 1,10-phenanthroline in the glucose-rich culture (final 250 ng/pl),
according to the method by Galipon et al. 2013. After adding the inhibitor, cells
were collected at indicated time points. RNAs were then extracted and analyzed
by Northern blot using a strand-specific probe which covers fbp7 ORF (+14 to
+1285, nucleotide positions relative to the first A of the initiation codon for fbp1
ORF) to quantitatively monitor the decay process.

| found that the half-life of fbp7-as was 14 £ 2 min in wild type cells (Fig. 8),
which is substantially shorter than sense-strand transcripts, such as fbp7 mRNA

(t12 > 2 hours) and mlonRNA (t12 = 30 min) (Galipon et al. 2013). It should be
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also noted that the half-life of fbp7-as is much shorter than the previously
published median of S. pombe non-coding RNA half-lives (30.5 min) (Hasan et
al. 2014). These data suggest that fbp7-as may be destabilized possibly by

degradation by RNA quality control systems.

(1.3) Localization of fbpI-as

Next, | examined the intracellular localization of fbp7-as by single-molecule
fluorescence in situ hybridization (smFISH) in wild type cells. In this method,
about 30-40 probes are designed to amplify the signals to detect individual RNA
molecules (Raj et al. 2008). | used 36 probes in total for hybridization to fbp7-as
(Fig. 9A, see also Materials and Methods). The results of smFISH analysis
revealed that the majority of wild type cells in an asynchronous culture do not
express fbp1-as, and fbp1-as was expressed on average at 0.58 copies per cell
(39 fbp1-as foci in 25 cells out of 67, Fig. 9B and C). As a negative control, fbp1
region (-1338 to +1582) deleted strain (fbp71A) was used and only 2 nonspecific
foci were observed in the negative controls lacking fbp7-as (n = 53) (Fig. 9B, see
also Fig. 10). Moreover, most fbp1-as foci were detected in the cytoplasm (26
out of 39 foci, arrowhead in Fig. 9B, and see also Fig. 10, 11, and 12). These
data indicate that fbp7-as expression is rare and that fbp7-as mainly localizes in

the cytoplasm.
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Fig. 6 fbp1-as has both 5’cap structure and poly (A) tail.

A. Immunoprecipitation (IP) assays using anti 5’-cap antibody (m3G/m7G-specific antibody).
IP efficiency relative to the input (2 biological replicates) was estimated by RT-qPCR assay.
Vertical bars represent standard deviations. Note that fbp7-as and tub7 mRNA were 5'-
capped, whereas srp7 RNA was not.

B. Antisense RNA has poly(A)-tail. Poly(A)+ RNA was enriched using Dynabeads® mRNA
direct™ kit (Invitrogen). The enrichment relative to the input level was estimated by RT-qPCR.

Mean value of 2 biological replicates and standard deviations are shown.
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Fig. 7 3’-RACE analysis revealed 3’ termini of fbp1-as

A. The 3’ termini of fbp7-as were determined by 3’-RACE cloning followed by DNA sequencing.
Previously identified transcriptional start sites for sense fbp7 mlonRNAs (a,b, and ¢), mRNA, and
fbp1-as are indicated by vertical arrows along with the nucleotide positions relative to the first A of the
initiation codon for fbp1 open reading frame. Known transcription factor binding sites (UAS1 or UAS2)
and the TATA box are indicated by black boxes. Horizontal black arrows indicate the position of primers
used for the 3’-RACE experiment. The sequenced tracts are indicated in black and gray bars. The
location of the probe used for short transcripts (gray bars) detection is shown in an open box.

B. Northern blot using strand-specific probe located in 3'UTR region (indicated in an open box in Fig.
7A). Indicated strains were cultured in glucose rich condition. Only long transcript (~3.3kb)
corresponding to black tracts in Fig. 7A was detected, and short transcripts shown in gray bars in Fig.
7A could not dedected even in RNA decay mutants. Note that 3'UTR region of fbp7 mRNA is AT-rich
thus fbp1-as signal is weaker than in other figures using probes against fbp1 ORF region (+14 to
+1285).
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Fig. 8 fbp7-as is unstable transcript

A. Half-life of fbp71-as. Wild type cells were treated with RNA pol Il inhibitor 1,10-phenanthroline (Phe).
Top panel: Northern blot analysis using a strand-specific probe which covers around fbp1 ORF region
(+14 to +1285). Time (min) after Phe addition is indicated. Bottom panel: ethidium bromide staining
showing 18S rRNA as a loading control.

B. Quantification of the band intensity of the longest type of fbp7-as (~3.3kb) in wild type as the
remaining signal relative to 0 min (before addition of Phe). Error bars represent the standard deviations
of three biological replicates.
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Fig. 9 Single molecule FISH (smFISH) against fbp1-as

A. Scheme of smFISH. Total 36 probes were designed to detect fbp7-as.

B. SmFISH against fbp17-as. Cells cultured in glucose rich medium were fixed and smFISH against
fbp1-as was performed as described in Materials and methods. The scale bar represents 2 um. Left
panels: phase contrast. Right panels: Z-stacked images of fluorescence images were deconvolved
using Metamorph software (see Materials and methods). smFISH and DAPI deconvolved images were
merged. An arrowhead indicates a focus (red) of fbp7-as. Blue signal is DAPI-stained nuclear DNA.
fbp 1A strain lacking the entire fbp7-as region (-1338 to +1582) was used as a negative control.

C. The quantification data of (B) in wild type cells (n=67). Number of cells with fbp1-as foci are
indicated above each bar.
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Fig. 10 Localization of fbp7-as in various mutants.

A-B. Violin plots showing the relative frequencies of total (A) and nuclear (B) foci per cell. The black
vertical bars inside the violin plot correspond to standard boxplots, the white circles represent the
median and the white rhombus shapes with black borders represent the mean for each strain. The
number of cells in each sample is indicated at the bottom. To confirm whether fbp7-as signal was
decreased under glucose-starved condition as shown in Northern analysis (Fig. 3), 60min after
glucose starvation, wild type cells were collected as 'wt 60min' samples. See also Fig. 11.
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Fig. 11 Number of fbp7-as in various mutants.

Histograms for numbers of fbp1-as foci in each cell (A-E) or in each nucleus (F-J) of strains indicated
on the left side of panels (See also Fig. 10 and Fig. 12). Number of cells with fbp7-as foci are indicated
above each bar. The data in (A) is the same as in Fig. 9C.
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Fig. 12 smFISH data of fbp7-as in several mutnts

Raw images of the data in Fig. 10 and Fig. 11. Images of DIC (A-C), DAPI (D-F), and FISH (G-I) of
each strains (column wt, rrp6A, and exo2A). These images were obtained by projecting Z-stacked

images to a single plane with the maximum intensity. The fuzzy cytoplasmic signals in exo2A cells

in (1) are due to non-specific background. The scale bar represents 10 pm.
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SECTION (IT) Stability control of fbpI-as

(2.1) Degradation of fbpI-as and localization regulation

Many non-coding RNAs, including CUTs, are prone to degradation by the
nuclear exosome (Wyers et al. 2005). Therefore, | examined the involvement of
Rrp6, the nuclear exosome cofactor, in the decay of fbp7-as using the half-life
analysis (Fig. 13). | found that the half-life of fbp7-as was 4.6-fold longer (64 + 8
min, p-value = 0.0005) in rrp6A than in wild type. It should be also noted that the
steady-state level of fbp71-as in rrp6A was moderately higher than in wild type
(Fig. 14). Since fbp1-as is polyadenylated, | also estimated the half-life of
fbp1-as in a cid14A deletion mutant. Cid14 is a component of the nuclear
TRAMP (Trf4/Air2/Mtr4 polyAdenylation) complex, and is involved in the
degradation of some polyadenylated transcripts together with the nuclear
exosome (Buhler et al. 2008). The data (Fig. 13) indicated that the half-life of
fbp1-as was 4.3-fold longer (60 £ 11 min, p-value = 0.0020) in cid14A than in
wild type. These results indicate that the nuclear RNA quality control systems
are at least partly involved in the decay process of fbp1-as.

We previously reported that sense-strand fbp7 mlonRNA is transcribed from
the complementary strand of the fbp1-as template in response to glucose
starvation. They are also subjected to the nuclear RNA quality control systems,

but are nevertheless exported to the cytoplasm (Galipon et al. 2013). Therefore,
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it is possible that some portion of fbp7-as can be exported to the cytoplasm and
also targeted to cytoplasmic RNA surveillance systems.

To test this idea, the half-life of fbp71-as in ski2ZA and exo2A mutants was
examined. Ski2 is included in the cytoplasmic SKI complex, which promotes 3’ to
5" RNA degradation. Exo2 is the fission yeast counterpart of budding yeast
XRN1, which is a conserved 5' to 3' exonuclease in the cytoplasm. Xrn1
degrades RNA byproducts and is a major component of most cytoplasmic RNA
surveillance systems. | found that the half-life of fbp7-as was largely elongated in
exo2A (> 60min), while less affected in ski2A (28 £ 1min) (Fig. 15). These results
suggest that the fraction of fbp71-as that evades nuclear degradation is further
subjected to decay from the 5’-end in the cytoplasm.

| also confirmed the presence of fbp7-as in the cytoplasm by smFISH using
rp6A and exo2A mutants, and found that more fbp 7-as foci were localized to the
nucleus in rrp6A in comparison to wild type or exo2A (Fig. 10, 11, and 12).
These results are consistent with the notion that majority of fbp7-as are quickly
degraded by the Rrp6-dependent nuclear decay systems, but some proportion

of fbp1-as evade such degradation and are exported to the cytoplasm.

(2.2) Cytoplasmic fbpI-as can associate with ribosomes

The sequence of fbp7-as harbors many small open reading frames (sORF)

iniated from AUG: the longest isoform of fbp71-as has as many as 89 AUGs, and
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30 of them represent the start of SORFs containing at least 20 codons with the
termination codons (Fig. 16A). Given that fbp7-as is localized in the cytoplasm
and has a 5’-cap and poly(A)-tail, it is plausible that fbp7-as may interact with
ribosomes like mMRNAs.

To test this notion, | investigated ribosome association with fbp7-as using
polysome fractionation followed by Northern analysis. Extracts prepared from
wild type cells cultured in glucose-rich medium were fractionated on a sucrose
density gradient (see Materials and methods). The RNA concentration of each
fraction was estimated by the absorbance at 254 nm, and the representative
aliquots were further examined by Northern hybridization using a strand-specific
riboprobe for fbp1-as. | detected fbp71-as in the “heavy density fractions”, which
correspond to the “multiple ribosome” or “polysome” fractions (see fractions
labeled “llI” in Fig. 16B). More importantly, these RNA signals disappeared as
ribosomes were dissociated by treatment with ethylenediaminetetraacetic acid
(EDTA) (Fig. 16C). This data support that fbp7-as in the cytoplasm is associated

with ribosomes.

| then identified the position of ribosome association on fbp7-as, by analyzing
the published S. pombe Ribo-seq data under glucose-rich conditions (Subtelny
et al. 2014). The ribo-seq reads were indeed mapped to the fbp7-as region (Fig.
17). These data suggest that fbp7-as has active sORFs, though whether these

sOREFs really produce small peptides still remains to be proven.
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(2.3) Cytoplasmic decay of fbpI-as depends upon the NMD pathway

Given that fbp7-as is rapidly degraded and associated with ribosomes (Fig.
17), it is assumed that fbp7-as is targeted to the translation-coupled decay
systems. | therefore compared the half-lives of fbp7-as in the presence or
absence of the translation inhibitor cycloheximide (CHX), which is known to
inhibit the dissociation of ribosomes from RNAs. | expected that if fbp7-as is
targeted to translation-coupled decay mechanisms, the half-lives of fbp7-as
should be substantially affected by CHX. The results in Fig. 18A and B clearly
indicate that fbp1-as was dramatically stabilized in the presence of CHX (t12 >
60 min). This suggests that fbp7-as is degraded co-translationally.

Nonsense-mediated decay (NMD) is a well-characterized co-translational
decay system, known to target RNAs with premature termination codons. The
recognition step is triggered by the assembly of the Upf1/2/3 complex which
catalyzes RNA degradation (Brogna & Wen 2009). In addition, mRNAs
containing multiple sORFs in the 5’-UTR (Gaba et al. 2005; Medenbach et al.
2011) or mRNAs with long 3'-flanking sequences (Muhlrad & Parker 1999;
Kebaara & Atkin 2009) are often targeted to this NMD system. Indeed, fbp7-as
has many sORFs (Fig. 16A), including an sORF corresponding to the estimated
ribosome binding site (Fig. 17, Ribosome, “plus strand”). Probably, anything
downstream of this SORF in fbp7-as might be recognized as a long 3’ flanking

sequence in fbp1-as.
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To evaluate the involvement of NMD in the decay of fbp7-as by estimating the
half-life of fbp1-as in upf1A, which is deficient in the NMD pathway
(Rodriguez-Gabriel et al. 2006). | found that fbp1-as was markedly stabilized in
upf1A (t12 = 40 = 3 min) (Fig. 18). It should be also mentioned that the fbp7-as
steady-state levels in upf1A were substantially increased (Fig. 14). These results
demonstrate that fbp7-as is targeted to the cytoplasmic NMD pathway, and are
consistent with degradation of fbp7-as by Exo2 (Fig. 15), which is known to be
involved in NMD in other organisms (Muhlrad & Parker 1994; Lejeune et al.
2003) and in the decay of some non-coding RNAs (Smith & Baker 2015). On the
other hand, the NMD-dependent decay of fbp7-as in glucose rich condition
exhibits a sharp contrast to the decay of fbp1 sense-strand IncRNAs during
glucose starvation, which are totally independent of NMD degradation (Galipon

et al. 2013).

(2.4) Generality investigation in other stress-responsive antisense

RNAs

| then examined whether the above-mentioned features of fbp7-as are
observed in other stress-responsive INcCRNAs that exhibit a reciprocal
conversion from antisense to sense transcripts in response to stress. First, |
studied the presence of ribosome-protected fragments on known glucose

stress-responsive antisense RNAs using publicly available Ribo-seq data
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obtained from S. pombe cells cultured in glucose-rich conditions (Subtelny et al.
2014).

Previously, it was reported that 9 high-confidence loci express sense
IncRNAs similar to fbp7 mlonRNA in response to glucose starvation (Oda et al.
2015). Importantly, 5 of them also express antisense transcripts in glucose rich
conditions, the expression of which are anti-correlated with the induction of
sense strand transcripts upon glucose starvation (Oda et al. 2015).

When | investigated Subtelny’s Ribo-seq data of S. pombe in glucose rich
conditions (Subtelny et al. 2014), it turned out that 3 loci out of these 5
candidates exhibited clear ribosome occupancy on the antisense RNAs
expressed in glucose rich conditions. They are ght4 (hexose transporter),
SPAC4H3.03c (predicted glucan 1,4-alpha-glucosidate), and per1 (plasma
membrane aminoacid permease). Among these, only the per1 locus had strong
enough signals to detect by Northern blot (Fig. 19), which is necessary to
validate the full-length size of transcripts. Therefore, | hereafter present results
obtained for the per7 locus.

As shown Fig. 19, Northern blot analysis confirmed that per? indeed
expressed continuous sense and antisense INcCRNAs, which are consistent with
the Oda’s RNA-Seq data (Oda, et al. 2015, Fig. 20), The per1 locus expressed
an antisense RNA in glucose rich conditions, while per? began to express a low
amount of an mlonRNA-like sense transcript as cells were shifted to glucose

poor media (Fig. 19 and 20). This mlonRNA-like transcript covered a region
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including both the SPNCRNA.935.1 and per1 annotations, forming one long
continuous transcript. The per?1 antisense RNA (previously annotated as
SPNCRNA.934.1, hereby referred to as “per1-as”), transcribed from the
opposite strand of the per? mlonRNA template strand, has many sORFs (Fig. 20,
open circles). The analysis on the above-mentioned Ribo-seq data indicated that
ribosomes interacted with some of these sORFs in per7-as (Fig. 21A).

To further confirm whether per1-as shares similar features with fbp7-as, the
half-lives of per1-as in wild type and upf1A (deficient in NMD) cells were
measured by treatment with the transcription inhibitor phenanthroline. As seen in
fbp1-as, the half-life of per1-as was relatively short (27 + 4 min), while a marked
stabilization of per7-as was observed in upf1A (131 £ 34 min) (Fig. 21B),
suggesting that the NMD pathway is indeed involved in the rapid turnover of

peri-as.
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Fig. 13 fbp1-as is degraded in nucleus

A-B. Deletion of Rrp6 or Cid14 affects fbp1-as stability. (A) Top panels: Northern blots using the same
strand-specific probe as in Fig. 8A. Bottom panels: ethidium bromide staining showing 18S rRNA as a

loading control. (B) The quantification data of (A). Error bars represent the standard deviations of three
biological replicates. Solid, dashed, dotted lines represent rrp6A, cid14A, and wild type (same data as

in Fig. 8B), respectively.
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Fig. 14 Steady-state level of fbp7-as in various mutants.
Steady-state levels of fbp7-as in various RNA decay mutants. Northern blot signals were normalized
to ribosome signals. Standard unpaired t-tests were carried out in comparison with wild type. The data

with error bars (standard deviation) are the average of three replicates.
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Fig. 15 fbp1-as is degraded both in nucleus and in cytoplasm

A-B. Effect of the deletion of Ski2 or Exo2 on fbp1-as stability. (A) Northern blot with the same strand-
specific probe used in Fig. 8A. (B) The quantification data of (A). Error bars represent the standard
deviations of three biological replicates. Solid, dashed, dotted lines represent exo2A, ski2A, and wild

type (same data as in Fig. 8B), respectively.
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Fig. 16 fbp7-as has multiple small ORFs and localizes to polysomes

A. Open circles represent small ORFs with more than 20 codons, including the termination codon.
The top part is the same as in Fig. 7.

B-C. Polysome fractionation confirms fbp7-as association with ribosomes. Left panels: UV absorbance
along the sucrose gradient. Left right arrows 1, Il, and Il represent free, 40/60/80S, and polysome
fractions, respectively. Right panels: Northern blot analysis of polysome fractionated samples using
strand-specific probes to detect fbp71-as. Total RNA controls were extracted from 20 ug of whole cell
extracts. (B) Cell extracts were treated with cycloheximide (CHX) to prevent ribosome dissociation.
(C) Cell extracts were treated with EDTA to induce ribosome dissociation. Note that fbp7-as was

detectable in fraction Il of CHX-treated but not in that of EDTA-treated cell lysates.
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Fig. 17 fbp1-as is associated with ribosomes.

Ribosome profiling data at the fbp7 locus. The data was taken from Subtelny et al. 2014.

RNA (minus, or plus strand): strand-specific mapping of RNA-seq reads. Ribosome (minus, or plus
strand): strand-specific mapping of ribosome profiling (ribo-seq) reads. The range of mapped read
counts is indicated in parentheses on the Y-axis. Horizontal broken, open, and solid arrows in the
lower part indicate the fbp7 mlonRNA, mRNA, and fbp1-as transcripts, respectively. The scale bar

represents 500 nt.
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Fig. 18 The degradation of fbp7-as is translation-dependent.

A. Top panels: Northern blots using the same strand-specific probe as in Fig. 8.

fbp1-as half-life measurements in wild type cells treated with 1,10-Phenanthroline (left, wt+Phe),
wild type cells treated with Phe and cycloheximide (CHX) (middle, wt+Phe+CHX), upf1A treated
with Phe (right, upf1A+Phe). Bottom panels: ethidium bromide-stained loading controls showing
18S rRNA.

B. Quantification of the Northern blot signals in (A), showing the remaining signal relative to the
signal before drug addition (O min). Error bars represent the standard deviations of three biological
replicates. Solid, dotted, dashed lines represent upf1A +Phe, wild type +Phe, and

wild type +Phe+CHX, respectively.
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Fig. 19 Detection of per? mlonRNA transcripts.

A-B. DNA probe for per1 mRNA (A) and strand-specific RNA probe for per1 mlonRNA (C) revealed
longer continuous transcripts overlapping both SPNCRNA935.1 and the per1 locus (upper open
arrow). Wild type cells were shifted from glucose rich medium to glucose poor medium. Time point

0 min corresponds to glucose rich condition; 15, 60, and 120 min correspond to sampling times after
the medium shift. The sizes of transcripts (bases) checked by RNA molecular weight ladder are
shown on the left part of the blots.

(A) The upper or lower arrow indicates per? mlonRNA or mRNA, respectively.

(B) The upper or lower arrow indicates per?f mlonRNA or SPNCRNA935.1, respectively.
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Fig. 20 Detection of per?1 mlonRNA transcripts.

RNA-seq data (Oda et al. 2015) of several time points during glucose starvation (0, 15, 60, and

120 min) confirm the anti-correlated pattern of sense-antisense RNA transcription. Upper part:

RNA-seq data with the range of mapped read counts indicated in parentheses on the Y-axis.

Lower part: Broken, open, solid, and dotted arrows represent the per7 mlonRNA, mRNA,
SPNCRNA935.1, and SPNCRNA934.1 (per1-as), respectively. Open circles represent small ORFs

with more than 20 codons, including the termination codon as in Fig. 13. The location of the probes

used for per1 mRNA or per1 mlonRNA detection in Fig. 17 is shown in a filled box or in an open box,

respectively.
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Fig. 21 NMD-dependency of other stress-responsive antisense RNAs.

A. Ribosome profiling data around per7 region as in Fig. 15. Data obtained from Subtelny et al. 2014.
RNA (minus, or plus strand): strand-specific mapping of RNA-seq reads. Ribosome (minus, or plus
strand): strand-specific mapping of ribosom profiling (ribo-seq) reads. The range of mapped read
counts is indicated in parentheses on the Y-axis. The position of the per1 mlonRNA, mRNA,
SPNCRNA935.1, and SPNCRNA934.1 (per1-as) are indicated as in Fig. 18.

B. Half-life of SPNCRNA934.1 (per1-as) in wild type and NMD-defective upf1A mutant. Remaining
signals of per1-as in upf1A (solid line) and wild type (dashed line) are indicated. Quantification data
with error bars (standard deviations) were obtained for three biological replicates. The black
arrowhead indicates SPNCRNA934.1 (per1-as) signal.

64



SECTION (III) Antisense and sense RNA expression
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Discussion



Constitutive degradation of antisense RNAs

To strictly regulate gene expression at the right timing and at the proper level
is essential for adaptation to environmental changes. At transcription,
localization, and degradation levels, gene expression is regulated. Along with
transcriptional factors, some non-coding RNAs play important roles in gene
regulation. Antisense RNAs are one of such regulatory non-coding RNAs which
are suggested to function at transcription, localization, and degradation levels.

In this paper, | focused on glucose-stress responsive gene loci, from which
region both sense and antisense RNAs are expressed in an anti-correlated
manner. Antisense RNAs from these regions escape complete nuclear
degradation and are exported to the cytoplasm, and there they bound to
ribosomes to be degraded by translation-coupled decay (NMD pathway). This
degradation is constitutive, as it occurs to the same extent both before and
during stress.

These results suggest that the quick switch from antisense to sense RNA
expression is achieved by both swift transcriptional suppression and constitutive
decay of antisense RNAs. The constitutive RNA decay accelerates the
disappearance of antisense RNAs when their transcription is swiftly suppressed
upon glucose starvation. This mechanism is opposite to the previously reported
fission yeast Mmi1-regulated meiotic gene regulation system, where meiotic
inactivation of Mmi1 causes stage-specific expression of some meiosis-specific

RNAs by inactivating RNA degradation (Harigaya et al. 2006).
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However, it should be noted that both systems highlight the importance of RNA
degradation in gene expression.

An even more interesting point is that these antisense RNAs from
stress-responsive loci including fbp1-as extensively associate with ribosomes. In
the past few years, what was previously thought as non-coding RNAs turned out
to express unannotated peptides, and these peptides are sometimes important
for cellular adaptation to environmental changes. For instance, short peptides
originating from non-coding RNAs in muscle tissue were shown to regulate the
activity of ion channel of the cell surface (Nelson et al. 2016). Further analysis
would reveal the importance of ribosome association with non-coding RNAs.

Unexpectedly, the steady state level of fbp7-as did not change in exo24,
since Exo2-target RNAs should be accumulated steadily in exo2A, like observed
in other mutants for RNA decay pathways, such as rrp6A (nuclear exosome
cofactor deletion) or upf1A (NMD-deficient) strain. This paradox may be
explained by decrease of fbp7-as transcription in exo2A. Indeed, it was reported
that S. cerevisiae Exo2 homolog Xrn1 stimulates transcription by directly
associating with chromatin (Haimovich et al. 2013). Future research is warranted
to confirm whether Exo2 is a positive regulator for stress-responsive

transcription of antisense noncoding RNA including fbp 1 locus.
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