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ABSTRACT

Pervasive transcription of genomes generates mul-
tiple classes of non-coding RNAs. One of these
classes are stable long non-coding RNAs which
overlap coding genes in antisense direction (asR-
NAs). The function of such asRNAs is not fully un-
derstood but several cases of antisense-dependent
gene expression regulation affecting the overlap-
ping genes have been demonstrated. Using high-
throughput yeast genetics and a limited set of four
growth conditions we previously reported a regula-
tory function for ~25% of asRNAs, most of which re-
press the expression of the sense gene. To further ex-
plore the roles of asRNAs we tested more conditions
and identified 15 conditionally antisense-regulated
genes, 6 of which exhibited antisense-dependent en-
hancement of gene expression. We focused on the
sporulation-specific gene SPS100, which becomes
upregulated upon entry into starvation or sporulation
as a function of the antisense transcript SUT769. We
demonstrate that the antisense effect is mediated by
its 3’ intergenic region (3'-IGR) and that this regula-
tion can be transferred to other genes. Genetic anal-
ysis revealed that SUT169 functions by changing the
relative expression of SPS700 mRNA isoforms from
a short and unstable transcript to a long and stable
species. These results suggest a novel mechanism
of antisense-dependent gene regulation via mRNA
isoform switching.

INTRODUCTION

Pervasive transcription is a common feature of eukaryotic
genomes (1-4). Transcriptomics studies in the yeast Sac-
charomyces cerevisiae led to the annotation of hundreds
of previously unknown non-coding RNAs (5-10) originat-
ing from bidirectional promoters that typically form within
nucleosome-depleted regions (NDRs) up- and downstream
of the open reading frames (ORFs) (6,7,11-13). As the yeast
genome is very compact, intergenic regions (IGRs) typi-
cally span only one NDR. Combined with the propensity of
NDRs for bidirectional transcription this frequently results
in non-coding RNAs (ncRNAs) overlapping neighbouring
genes in antisense direction. These particular types of ncR-
NAs are termed antisense RNAs (asRNAs). While the ma-
jor termination and degradation pathways involved in non-
coding transcription have been characterized, a comprehen-
sive understanding of the functions and mechanisms that
can be exerted by asRNAs is still lacking.

Itis known that ncRNAs can function as regulators of the
genes they overlap, typically interfering with the expression
of the overlapping genes mostly by cis-acting mechanisms
(14), often collectively referred to as transcriptional inter-
ference (15). Of note, all of the mechanisms are independent
of RNA interference (RNAI) as yeast lacks the respective
machinery (16,17).

To date, most studies showed that the expression of ncR-
NAs alters the chromatin environment. For example, the
transcription of the ncRNA IRTI across the IMEI pro-
moter silences IMEI by Setl- and Set2-dependent methy-
lation of H3 at lysine residues 4 and 36, which in turn re-
sults in the recruitment of the Set3C and Rpd3C(S) hi-
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stone deacetylase (HDAC) complexes, respectively (18).
ncRNA-mediated regulation of gene expression by HDAC-
dependent mechanisms has also been reported, among oth-
ers, for the GAL gene cluster (19,20), FLOI11 (21,22) and
PHOS84 (23,24).

Other mechanisms include the modulation of nucleo-
some occupancy patterns by nucleosome remodellers. This
can lead to enhanced transcription of the gene upon induc-
tion, for example when PHOS is induced by a ncRNA in
phosphate starvation (25,26), or to reduced recruitment of
activators, for example in the SER3 gene (27-30).

However, the diversity of mechanisms of gene regulation
by ncRNAs extends beyond chromatin. For example, ex-
posure of yeast to osmotic stress leads to Hogl-dependent
transcription of a ncRNA antisense to CDC28. This as-
RNA is thought to induce CDC28 expression through the
establishment of a gene loop and relocation of chromatin-
bound Hogl from the 3’ untranslated region (UTR) to the
+1 nucleosome region of CDC28 (31).

In many cases, the mechanism underlying the impact of
ncRNA on gene expression is not fully understood. IMFE4,
for example, is suppressed by its asRNA RME?2 (32). This
repression depends on the presence of an ~400 bp sequence
at the 5’ end of the ORF. RME?2 transcription does not ap-
pear to alter the occupancy of TATA-binding protein at the
sense promoter, which led the authors to speculate that re-
pression is mediated by premature sense termination (33).
More direct evidence for a truncation-related mechanism
was provided for KCS1, where an antisense RNA seems to
induce N-terminal truncation of the protein (34). Finally,
ncRNAs were also suggested to suppress gene expression
by preventing the recruitment of transcription factors, for
example at the ADH1 promoter (35).

Considering this intriguing mechanistic variety and the
fact that there are several hundred asRNAs reported in S.
cerevisiae (6,36,37) it seems plausible that further mech-
anisms involved in asRNA-dependent gene regulation re-
main to be discovered, e.g. by probing more genes and/or
conditions.

Recently, we employed a strategy based on an unidi-
rectional terminator (38) and seamless gene tagging (39)
to investigate the impact of the selective inhibition of
>150 asRNAs on expression of the corresponding sense
genes (40). Using super-folder GFP (sfGFP) tagging and
quantitative microscopy under four growth conditions
(YPAD/YPGal/YPE/SC) we found that roughly a quar-
ter of asRNAs had (mostly weak) repressive effects on the
protein levels of the overlapping sense gene.

Here, we extended the analysis of asRNA-dependent reg-
ulation by testing the same set of genes under a different
set of growth conditions using growth on agar plates. We
discovered novel regulatory targets of asRNAs and iden-
tified several genes that were positively regulated by anti-
sense transcription. We focused on the SPS/00 gene as it
was strongly upregulated by antisense transcription. We in-
vestigated the gene expression dynamics and the underlying
regulatory mechanism triggered by the asRNA. Our results
demonstrated a novel role for the asRNA on the regula-
tion of the abundance of different SP.S700 mRNA isoforms,
which extends the repertoire of mechanisms by which asR-
NAs can regulate sense expression.
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MATERIALS AND METHODS
Yeast strains, plasmids and culturing conditions

Unless otherwise stated, yeast cultures were grown using
standard procedures (41) for 3 days at 30°C in the indicated
media. Colonies on agar plates were pinned using a Ro-
ToR handling robot (Singer Instruments). For growth into
stationary phase (starvation), synthetic complete medium
(SC) with 0.1% glucose and an inoculation density of ODgg
= 0.05 was used as starting condition. For exponential
growth, cells were grown in SC with 2% glucose to an ODg
of 0.5-1.0 for at least 8 h.

For thiolutin treatment the cells were grown in stationary
phase for 24 h in liquid SC medium with 0.1% glucose at
30°C. Thiolutin (Abcam) was added to final concentration
of 50 uM (from 10 mM stock in dimethyl sulfoxide) and
aliquots of cells (10 ml) were taken with 12 min intervals
for RNA extraction.

Yeast strain construction was performed using standard
protocols for yeast transformation and polymerase chain
reaction (PCR) targeting (42,43) and strain validation us-
ing colony PCRs, in some cases followed by sequencing.
Strains are listed in Supplementary Table S1. Antisense li-
brary strains were published previously (40). Plasmids were
constructed using standard procedures (44) and verified by
sequencing. All plasmids are listed in Supplementary Table
S2.

Whole colony fluorescence measurements and data analysis

For whole colony fluorescence measurements yeast were
first grown using 96-well cell culture plates in YPD medium
containing ClonNat (Jena Bioscience) (100 mg/1) at 30°C
to saturation, followed by pinning onto agar plates with the
appropriate growth medium using a pinning robot RoToR
(Singer Instruments) and by merging four 96-well plates on
one 384 colony format plate. Following incubation for 1 day
the cells were pinned to fresh plates in four replicates, result-
ing in a final 1536 colony format plate. The agar plates were
then incubated for 1-3 days depending on the experiment.
The fluorescence of individual colonies on plates was
measured using a fluorescence plate reader (Infinite
M1000Pro, Tecan) using the following excitation/emission
wave length settings for sfGFP: 488/510 4+ 10 nm; for
mCherry: 587/610 £+ 10 nm. For analysis, raw sfGFP in-
tensity values were normalized to a non-fluorescent control
strain distributed evenly across the plate to correct for pos-
sible position effects. Mean sfGFP values of each protein
fusion were calculated between the replicates. The impact
of antisense abrogation (antisense effect) was calculated as
the ratio of sfGFP values of strains with the PHO 51, and
the PHOSt insertions (40). Genes were scored as hits us-
ing the following criteria: fluorescence levels of sfGFP fu-
sions was 2-fold above background; antisense effect value
was lower than 0.8 or higher than 1.35; protein expression
of sfGFP fusions with PHO5 7.5, and WT constructs dif-
fered by not more than 50%; protein expression differences
between the fusions with PHOS5 7.5, and PHOS5T were sig-
nificant (FDR < 10%). Statistical analyses were performed
using R (R Development Core Team 2008): P-values were
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determined with the Student’s t-test and corrected for mul-
tiple testing using the Benjamini-Hochberg approach (45).

RNA methods

RNA extraction. Total RNA was extracted from 5-10 ml
of cell culture following a hot phenol protocol (46) and ge-
nomic DNA was subsequently removed with the TURBO
DNA-free Kit (Life Technologies) according to the manu-
facturer’s instructions.

Strand-specific RT-gPCRs. DNase-treated RNA was re-
verse transcribed using 2 pmol gene-specific primer and 1
rg RNA using SuperScript III reverse transcriptase (Invit-
rogen) according to the manufacturer’s instructions. Acti-
nomycin D (20 pg/ml) was added to each reaction to en-
sure strand-specificity of the reverse transcription (47). Ob-
tained cDNA samples and controls (without reverse tran-
scriptase) were diluted 1:20 and 2.5 wl were used for am-
plification using a LightCycler 480 SYBR Green I Master
Mix (Roche) and a LightCycler 480 II instrument (Roche,
software release 1.5.0593) with an annealing temperature of
55°C. ALGY was used as a reference gene. For the list of used
primers, see Supplementary Table S3.

3 RACE. 3 RACE was performed as previously de-
scribed (48) using 5 pg of total RNA as input. PCR prod-
ucts were gel extracted using the QIAquick Gel Extraction
Kit (Qiagen) and sent for sequencing. See Supplementary
Table S3 for a list of the primers used.

Northern blotting. Northern blots were performed as pre-
viously described (49). A total of 20 pg of total RNA
was used per lane and separated by electrophoresis on
a formaldehyde 1.2% agarose gel. The RNA was subse-
quently transferred to a positively charged nylon membrane
(Amershan Hybond N*, GE Healthcare) using electroblot-
ting. Prior to hybridization the membranes were blocked
using UltraHyb hybridization buffer (Ambion) for 1 h at
42°C. Hybridization was performed for 1416 h using DIG-
labelled probes (DIG Oligonucleotide 3’-End Labeling Kit,
Roche). See Supplementary Table S3 for sequences of the
used probes. Probes were detected using an AP-coupled
Anti-DIG Fab fragments (Roche) followed by incubation
with CDP-star substrate (Roche) and measurement with an
LAS 4000 imaging system (Fujifilm, GE Healthcare).

Time lapse fluorescence microscopy for SPS100 mRNA ex-
pression. Imaging was performed on a DeltaVision RT
microscope (Applied Precision) equipped with a 60x /1.40
NA Plan Apo oil objective (Olympus), a CoolSNAP HQ
camera (Photometrics) and appropriate filters. Full fields
of view were scanned through the axial axis (11 planes per
time point, spaced by 500 nm, exposure time per plane 50
ms) every 10 s over the course of 30 min. Maximum pro-
jected images were used for detection of individual tran-
scription events using u-track software (50) and detected
transcriptional intensity traces were analysed using a Hid-
den Markov model in Matlab (MathWorks).

Protein methods

Western blotting. Proteins were extracted using the
trichloroacetic acid method (51). Proteins were then
separated by sodium dodecyl sulphate-polyacrylamide
gel electrophoresis (52) and transferred to nitrocellulose
membranes using wet blotting (XCell II Blot Module,
Invitrogen). Membranes were incubated overnight with
primary anti-sfGFP antibodies (Abcam, ab6556) or
anti-Pgkl antibodies as loading control (ThermoFisher
Scientific, Monoclonal antibody 22C5DS). Primary anti-
bodies were detected using secondary antibodies labelled
with Alexa 680 (Invitrogen, Germany) or IRDye800
(Rockland Immunochemicals Inc., USA). Detection was
performed using an Odyssey Infrared Imaging Systems
(Li-Cor Biosciences).

Flow cytometry. For flow cytometry of yeast cells express-
ing fluorescent proteins a flow cytometer (BD FACSCanto
RUO HTS) equipped with the necessary laser and filters was
used. 20000 cells were recorded per sample. Data were pro-
cessed in Matlab (Mathworks).

Time lapse fluorescence microscopy for Sps100-sfGFP pro-
tein expression.  Cells were inoculated in SC, 0.1% glucose
and grown to ODgyy = 0.5 before transferring them to a
CellASIC microfluidic perfusion chamber (Millipore). The
growth medium was then replaced by preconditioned star-
vation medium obtained by filtering the medium of cells
grown for 3 days in SC, 0.1% glucose. Fluorescence imaging
was started 6 h following this medium change. For imaging
a Nikon Ti-E epifluorescence microscope equipped with a
60x ApoTIRF oil-immersed objective (1.49 NA, Nikon),
a 2048 x 2048 pixel (6.5 pm) sCMOS camera (Flash4,
Hamamatsu) and an autofocus system (Perfect Focus Sys-
tem, Nikon) with either bright field or 470/40 excitation and
525/50 emission filters (Chroma). Images from one plane
in the middle of the cell were taken every 15 min over the
course of 24 h. Tracking and segmentation of cells was per-
formed automatically using a custom script based on the
CellX software (53) and quantified in R (R Development
Core Team 2008) and Matlab (MathWorks).

Yeast sporulation

Sporulation experiments were conducted using hybrid
strains constructed with the well-sporulating strain SK1.
The poorly sporulating strains containing the differ-
ent modified SPSI100 loci (wt/PHOS5ST/PHOST:4,) in the
BY4741 background were mated to an SK1 strain of the
opposite mating type containing a deletion of SPS700. For
sporulation, diploid strains were grown for 24 h in YPD
media (30°C, 230 rpm) to saturation, diluted 1:50 with
YPA media (YP with 1% potassium acetate) and grown
for another 13.5 h (30°C, 230 rpm). Cells were harvested
(3 min, 2000 rpm, room temperature), washed with water
(room temperature) and suspended in sporulation media
(1% potassium acetate). Transfer to sporulation media was
considered as starting point for the sporulation time course
measurements.



RESULTS

Whole colony fluorescence assays identify antisense-
regulated genes across many conditions

Regulation of gene expression by antisense transcription
has been reported to be influenced by the growth condition.
In order to identify novel targets with condition-specific
regulation by antisense transcription, we used a yeast strain
collection that was previously established in our laboratory
(40) termed the ‘antisense library’. The library consists of
strains where 188 different genes have been tagged with
seamless insertions at their 3’-end, either with sfGFP alone
(wt strain) or with sfGFP followed by a unidirectional tran-
scriptional terminator element of 93 bp (PHO5 (38)) or a
scrambled version of PHOS5 as control (PHOS5 1) (Fig-
ure 1A). The PHOS 7 efficiently terminates asRNAs origi-
nating in the 3’-IGR. The sfGFP fluorescence ratio between
PHO5 7.4, (AS™) and PHOS57 (AS™) was used to quantify
the impact of asRNA transcription, referred to as the ‘an-
tisense effect’. The strain with sfGFP (w¢ strain) served as
an additional control. We previously reported that ~25% of
these genes are regulated by antisense using exponentially
growing yeast cells in four different growth media (YPAD,
YPGal, YPE and SC) and we found that in almost all cases
the asRNA had an inhibitory effect on the expression of the
sense gene (40).

We reasoned that testing more conditions might re-
veal additional genes regulated by antisense. We opted for
whole colony sfGFP fluorescence measurements because
this method permits fast and efficient testing of different
growth conditions. Moreover, yeast colonies represent a
growth environment that is very different from their expo-
nential growth in liquid culture (54,55).

First, we performed a coarse-grained assessment of 12
growth conditions differing in their carbon sources, osmo-
larity and temperature (Supplementary Table S4). We no-
ticed that three of the conditions captured most of the
differences in antisense-dependent protein expression ob-
served in the whole dataset. These conditions were SC me-
dia with 2% glucose at 30°C and 14°C and SC with 0.1%
glucose at 30°C (Figure 1B). Using plate reader fluores-
cence measurements, the expression of sSfGFP was detected
in 50 out of the 188 genes represented in the library under
at least one growth condition (Supplementary Table S5).
Among the genes detected, 15 showed a significant anti-
sense effect (Figure 1B and C) and 8 of those were not pre-
viously reported to be regulated by antisense (see Supple-
mentary Table S6 for details) (40). This suggests that the
antisense-dependent regulation of these genes is strongly af-
fected by the growth condition. Interestingly, six of the reg-
ulated genes had reduced protein levels in the PHOS5 7 back-
ground, indicating that antisense transcription leads to an
enhanced expression of the overlapping protein. This con-
trasts our previous findings where we found almost exclu-
sively repressive effects imposed by the asRNAs (Supple-
mentary Table S6 and (40)).
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SPS100 expression strength is modulated by antisense in
starving and sporulating cells

Of all the antisense regulated genes identified in this colony
assay, the SPS100 gene exhibited the strongest antisense ef-
fect (Figure 1 and Supplementary Figure S1). Transcription
of the asRNA of SPS100 initiates around 220 bp down-
stream of its STOP codon and this asRNA is called SUT169
(7). We first performed a functional analysis of the reg-
ulation of the SPS100 gene and explored growth condi-
tions suitable for bulk analyses of SPS700-sfGFP. We found
that culturing the strains for 3 days in liquid SC medium
(0.1% glucose, 30°C) recapitulated the results obtained with
colonies on plates, where the presence of the asRNA leads
to increased SPS100-stGFP expression, resulting in a ro-
bust antisense-dependent expression of Sps100 (Figure 2A).
Strand-specific RT-qPCR confirmed that both sense and
antisense RNA levels decreased in the PHOS5 r background
(Figure 2B).

Sps100 has been previously identified as a sporulation-
specific protein expressed late in sporulation with a po-
tential role in spore wall maturation (56,57). To determine
whether the gene expression regulation of SPS/00 during
sporulation also depends on the presence of SUT169, we
measured Sps100-sfGFP expression using flow cytometry
in wt, PHOS57 and PHOS 1. strains as a function of time
after the induction of sporulation (Figure 2C). This revealed
strong expression of Sps100-sfGFP late in meiosis and the
same dependency on antisense transcription of Sps100-
sfGFP as observed for starvation conditions (Figure 2C).
Fluorescence microscopy revealed that most Sps100-sfGFP
was produced in a spore-autonomous manner, i.e. after ex-
iting meiosis II and the closure of the spores (Figure 2D).
This suggests that the mechanism of SPS100 gene regula-
tion by SUT169 is similar in sporulation and starvation.

Dynamics of Sps100 sense and antisense expression

The expression of the sense SPS100 mRNA may be stimu-
lated by concomitant expression of the antisense SUT169,
or expression of SUT169 may precede expression of the
mRNA. To distinguish between these possibilities, we con-
structed a reporter plasmid to monitor the activity of the
SUT169 promoter. We cloned the SPS700 gene tagged with
a blue fluorescent protein (BFP) with its up- and down-
stream IGRs into a centromeric plasmid (wt, PHOS5 and
PHOS57.4,) and inserted mCherry at the antisense transcript
initiation site in antisense direction (Supplementary Figure
S2). The plasmid with PHOS57 was then transformed into
three strains: SPS100-sfGFP wt, PHO5Sr and PHOS 14,
(Figure 3A). We measured the expression levels of BFP,
sfGFP and mCherry for three days following transfer to
liquid starvation medium (Figure 3B) using a plate reader
and liquid cultures grown in 96 well culture plates. Sps100-
sfGFP and Sps100-BFP-PHOS5 1 levels were low at the be-
ginning but increased between 25 and 40 h after transfer to
starvation medium. As expected, sfGFP levels were higher
in the presence of SUT169, e.g. in the wt and PHOS 1.5,
strains. Interestingly, antisense expression (mCherry) levels
increased much earlier, between 5 and 20 h after transfer to
the starvation medium. We conclude that the expression of
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Figure 1. Identification of antisense-regulated genes using whole colony fluorescence measurements. (A) The antisense library contains strains where
188 genes were seamlessly tagged with either sSfGFP alone (wt), sSfGFP with a unidirectional terminator (PHOS57), or a scrambled version of PHOS
(PHOS5 1:5r). See Huber et al. (40) for additional details. (B) Whole colony fluorescence intensity ratios of PHOS7:4.r/ PHOS 1 strains were determined for
all strains of the antisense library grown under the three growth conditions indicated. Significantly regulated genes (FDR < 10%) are highlighted along
with the respective growth condition (enlarged symbols). Grey dots indicate genes that did not meet some selection criteria. The inset shows the data for
the Sps100-sfGFP. (C) Bar plots of the antisense effects for all significantly regulated genes found in (B) for all three conditions tested. The Venn diagram
shows the overlap of regulated genes between the three growth conditions.
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growth under starvation conditions (SC, 0.1% glucose, 30°C). (B) Plots showing RT-qPCR of sense and antisense transcripts of SPS/00-GFP in the cells
from (A). Error bars indicate standard deviation of three biological replicates. (C) Sporulation and starvation time course measurements using a diploid
sps100A/SPS100-sfGFP hybrid with wt, PHOS5 1 and PHOS 14, constructed by mating of the haploid SPS100-sfGFP strains (in the BY4741 background)
with a sps/00A strain (in the well-sporulating SK1 background). Fluorescence of sfGFP was quantified by flow cytometry. (D) Representative images
showing the spore-autonomous localization of Sps100-sfGFP after 24 h into sporulation.

the SPS100 asRNA precedes the expression of the SPS100
sense mMRNA by 20 h under starvation growth conditions.

To obtain single cell SPS700 induction Kinetics, we quan-
tified the expression of the Sps100-sfGFP protein in wt,
PHOS51 and PHOS 14, cells using time lapse fluorescence
microscopy. In order to recapitulate liquid growth con-
ditions for fluorescence measurements we used exponen-
tially growing cells and transferred them for imaging to
microfluidics chambers containing preconditioned starva-
tion medium (‘Materials and Methods’ section). sSfGFP and
bright field images (for segmentation) were recorded every
15 min for 24 h in >100 cells per strain (Figure 3C). Quan-
titative analysis of individual cell traces revealed that the
timing of induction of the Sps100-sfGFP expression (Fig-
ure 3D) and the total number of induced cells (Figure 3E)
were similar for strains with and without asRNA. However,
the slope of induction of protein expression, corresponding
to the induction strength, was higher in the cells with in-
tact antisense transcription (w¢ and PHOS1.,) compared
to the cells with prematurely terminated antisense transcrip-
tion (PHOS5 1) (Figure 3C and D).

Together, these results demonstrate that SUT169 is ex-
pressed much earlier than the SPS/00 mRNA and that the

expression of SUT169 influences the total amount of ex-
pressed Sps100 protein but not the timing of induction. This
argues for a role of the SUT169 in altering the transcrip-
tional activity, the stability, or the translation efficiency of
the SPS100 transcripts, rather than a function in timing or
duration of SPS/00 transcription.

Regulation of SPS100 expression by antisense transcription
occurs in cis and can be transferred to other genes

So far our data demonstrate that the transcription of
SUTI169 influences the expression strength of the Sps100
protein, leading to faster accumulation of the protein in-
side the cells. To further dissect the mechanism, we first de-
termined whether this regulation occurs in cis or in trans.
We transformed a plasmid containing the SPS/00 ORF
and its up- and downstream IGRs (including the asRNA)
into the SPSI100 strains (wt/PHOS57r/PHOS57:4,). The ec-
topic expression of SUTI169 did not rescue expression of
SPS100 in the PHOS 7 strain (Figure 4A), suggesting that
the regulation of SPS100 expression by SUT169 occurs in
cis.

Next we asked whether the antisense effect on SPS100 ex-
pression is mediated solely by the 3’-IGR of SPS100. If this
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levels of mCherry, Sps100-BFP and Sps100-sfGFP in liquid cultures growing in SC, 0.1% glucose, at 30°C for 3 days. The black line represents the mean
and the areas correspond to the 95% confidence interval. Cell density measured at 600 nm, non-linear scale in arbitrary units. (C) Florescence microscopy
of Sps100-sfGFP expression level in single cells quantified using time-lapse imaging of cells during the transition from exponential growth into starvation.
(D) Same data as in (C) but showing the mean fluorescence intensity for all cells with signals above background. Shaded areas indicate the 95% confidence
interval. (E) Cumulative analysis of the fraction of cells with induced Sps100-GFP expression from (C), showing the fraction of cells that exhibit fluorescence

above background as a function of time.

is the case, SPS100 3'-IGR should be able to regulate other
genes in a similar manner. We employed a PCR-targeting-
based approach to replace the 3°-IGR of a gene of interest
by the SPS100 3’-IGR (Figure 4B). We applied this strat-
egy to three genes: CTA1, another gene upregulated by anti-
sense transcription in our colony fluorescence assay; UGA2,
a gene that is repressed by the antisense transcription, and
FBPI, a gene that does not show expression changes as a
function of the PHOS5  element (Figure 1B and C; Supple-
mentary Tables S5 and 6). In all cases the SPS/00 3'-IGR

led to an antisense-dependent upregulation of the corre-
sponding genes, albeit with a smaller antisense effect than
observed for the SPS100 gene (Figure 4C). This indicates
that the 3’-IGR is probably the most important but not the
only element responsible for the SPS100 antisense effect.
Next, we generated an artificial construct containing BFP
under the control of the strong GPD promoter followed
by the SPS100 3'-1GR with the wt/PHOS57/PHOS 7.5+ s~
quences (Figure 4D). Using BFP fluorescence as a read-
out we observed that ~50% of the antisense effect was still
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fluorescence intensities were measured using colony fluorescence measurements. Error bars denote standard deviations of 3 biological replicates. (B) Scheme
of the strategy used to transfer the SPS700 3'-IGR to other genes. Using PCR targeting the SPS100 3'-IGR with either wt, PHOS5 1 or PHOS 15 along with
a selection marker was integrated after the STOP codon of sfGFP tagged target genes (GeneX), as indicated by dashed lines. (C) Regulation imposed by the
SPS100 3'-IGR on three different genes, as shown in (B), was investigated by measuring colony fluorescence. The different genes are indicated in the rows.
Black bar heights denote sSfGFP expression levels in the wt, PHOS5 or PHOS 14 background. Blue color: negative regulation by antisense; orange color:
positive regulation. (D) A GPD promoter controlling BFP followed by the SPS100 3’ IGR was genomically integrated into the URA3 locus. Expression
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present and gene expression was not restricted to low glu- and terminator regions of the SPS100 gene, but the forma-
cose growth conditions (Figure 4D). Transcript levels dur- tion of a gene loop did not depend on the presence of the
ing exponential growth were also quantified by RT-qPCR PHOS57 element (Supplementary Figure S3), likely exclud-
(Figure 4D). These results indicate that the SPS700 3’-IGR ing a role of gene loops in antisense regulation of SPS100

contains a dominant signal which modulates the expression expression.

level of the gene whereas the starvation condition is required

to induce the promoter of the SPS100 gene. SPS100 regulation is mediated by two short nucleotide motifs
Gene loops have been previously implicated in gene reg- in its 3’-IGR

ulation by asRNA (31). To determine whether antisense-
dependent upregulation of SPSI00 expression occurs via
formation of a chromatin loop, we measured chromatin
contacts in the SPS100 locus by chromosome conforma-
tion capture followed by PCR (Supplementary Figure S3).
We were able to detect gene looping between the promoter

Next, we searched for sequence determinants in the 3’-IGR
that might mediate the antisense effect. We first deleted
pieces of ~100 nts in the SPS100 3'-IGR (total length: 518
nt) in a plasmid containing SPS100-BFP followed by the
SPS100 3'-1GR (Supplementary Figure S4). Deletion of a
centrally located ~100 nt element (nucleotides 207-310 as
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counted from the SPS100 STOP codon) as well as of a 20
nt element within this sequence strongly reduced the anti-
sense effect on SPS100 expression (Supplementary Figure
S4, red boxes). We validated this finding by introducing the
same deletions into the genomic loci in SPS700-sfGFP wt,
PHOS5p or PHOS 14, strains using the strategy shown in
Figure 4B and by measuring Sps100-sfGFP protein levels
using flow cytometry. We observed a strong reduction of
the antisense effect for both the 100 and the 20 nt deletions
(Figure 5), with the 20 nt deletion having a slightly milder
effect.

We noticed that positions 50-97 in the SPS100 3'-IGR
consisted of a conspicuous (AAAAAC)g tandem repeat. To
determine if the presence of this tandem repeat is required
for the antisense effect on SPS100 expression, we deleted
this repeat as well as the first 102 nt of the SPS100 3'-IGR,
even though the latter deletion had only a mild effect in the
plasmid-based approach (Supplementary Figure S4). Strik-
ingly, the deletion of the (AAAAAC)g repeat completely
abolished the antisense effect (Figure 5). Deletion of the first
102 nt also strongly reduced the antisense effect but to a
smaller extent (Figure 5). In summary, we identified two re-
gions that play an important role in the antisense-dependent
upregulation of SPS100 expression.

SPS100 regulation by antisense correlates with a change in
isoform abundances

Previously, several mR NA isoforms differing in the position
of their 3’-ends were reported for the SPS100 gene (56). We
therefore asked whether antisense-dependent upregulation
of SPS100 occurs in an isoform-specific manner. First, we
mapped the SPS100 mRNA 3’ boundaries by rapid ampli-
fication of cDNA ends (3'-RACE (48)) followed by Sanger
sequencing. We detected a short and a long transcript iso-
form with the same 3’-mRNA ends in all three strains (w¢,
PHOS5p and PHOS:4,) (Figure 6A), indicating that the
PHOS5rand PHOS 7.4, elements do not influence the 3’-end
formation of the SPS700 mRNA isoforms. We also mapped
the SUT169 3’ end and, in agreement with existing tiling ar-
ray data (7), it ends —744 bp upstream of the SPS100 start
codon (data not shown).

To examine the relative amounts of the SPS/00 mRNA
isoforms, we performed Northern blotting using three
probes that targeted different regions of the sense mRNA
transcripts, thus detecting either both mRNA isoforms or
only the long isoform (Figure 6A, probes A-C). Interest-
ingly, only the long isoform was detected in the SPSI00-
sfGFP wt and PHOS5 ., strains whereas both short and
long isoforms were present in the PHOS5 7 background (Fig-
ure 6B, see Supplementary Figure S5a for loading controls
and lower contrast). This suggests that the expression of
the long isoform is stimulated by SUT'169 and that Sps100-
GFP upregulation in starvation results from the long iso-
form. This interpretation was further supported by RT-
gPCR (Supplementary Figure S6). SUT169, in contrast,
seems to be expressed as one isoform (Supplementary Fig-
ure S5b).

Next, we investigated the functions of the 20 nt ele-
ment and the (AAAAAC)s repeat. Northern blotting in
the SPS100-sfGFP wt, PHOS57 and PHOS5 ., strains re-

vealed that deleting the 20 nt element not only reduced sense
mRNA levels in the wt and PHOS 14, backgrounds but also
led to the appearance of a third isoform which had also been
detected in the 3’ RACE experiments (‘super long isoform’,
Figure 6A), even though the long isoform still predomi-
nated (Figure 6B, rightmost blot and Figure 6C and Supple-
mentary Figure S5¢). Deletion of the 20 nt element did not
prevent the formation of normal amounts of SUT169 as de-
termined by strand-specific RT-qPCR (Supplementary Fig-
ure S7). Therefore, we conclude that the 20 nt element is not
required for regulation of SPS/00 expression by antisense
transcription. Rather, it seems to be required for proper
transcriptional termination of the long SPS700 mRNA iso-
form and hence results in the formation of an unstable su-
per long isoform. In support of this, the nucleotide sequence
TACAGTA within the 20 nt element closely resembles the
consensus sequence for the efficiency element of yeast ter-
mination signals (TAYRTA, Y = pyrimidine, R = purine
(58)).

In contrast, northern blotting experiments in the
A(AAAAAC)g strains, which completely lack the antisense
effect on SPS100 expression (Figure 5), indicated that the
long isoform is not expressed in those strains (Figure 6C
and Supplementary Figure S5¢). Strand-specific RT-qPCR
showed that deletion of this repeat leads to a decrease in the
antisense transcript levels in the wt and PHOS5 1.5, strains
to the levels observed in the PHO5 7 strain (Supplementary
Figure S7). This supports a model where antisense tran-
scription stimulates the expression of the long sense mRNA
isoform and suggests a function of the repeat either in the
stability of the SUT169 or in the regulation of the mRNA
isoform switch, or both. To provide additional evidence
that this mechanism depends on proper antisense transcript
formation and not on the presence of the PHOS5 element,
we constructed strains where a portion of the 3' IGR was
replaced by a heterologous, bidirectional terminator. In
those strains, antisense transcript expression was abol-
ished and, accordingly, no antisense effect on sense gene
expression was observed, suggesting a direct involvement
of SUT169 in the regulation of SPS100-stGFP expression
(Supplementary Figure S8).

These results indicate that the antisense effect on SPS700
gene expression is mediated by processes in the 3-IGR re-
gion of the gene and that interfering with these processes
will not affect the transcriptional activity of the gene in its
5'-region. To test whether SUT169 interferes with SPS100
transcriptional activity we monitored mRNA transcrip-
tional activity in the 5'-region of the gene by inserting PP7
elements and a 3mCherry reporter fused to the PP7 bind-
ing protein. We took advantage of the transferability of
the antisense effect and used artificial BFP constructs con-
trolled by the GPD promoter (Figure 4D) (59,60) to ob-
tain sufficient levels of transcriptional activity for live cell
microscopy quantification using time lapse movies (Figure
6E and Supplementary Movie S1). We quantified the num-
ber of cells with active transcription, the time during which
transcription was active and the fluorescence intensity of
the transcription spot. This showed that none of those pa-
rameters did significantly differ between the PHOS5; and
PHOS5 4, strains (Figure 6F), suggesting that the abroga-
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tion of SUT169 does not influence the transcriptional ac-
tivity of the SPS100 promoter.

Antisense expression stimulates the formation of a stable long
mRNA isoform

Our experiments show that both absolute and relative abun-
dances of the mRNA isoforms are affected by antisense
transcription (Figure 6B) whereas the transcriptional ac-
tivity of the mRNA promoter appeared unchanged (Fig-
ure 6F). Therefore, a possible explanation for the antisense
effect seen at the protein level is that the longer SPS100
isoform—which is more abundant in an antisense express-
ing background (wt and PHOS -, )—is more stable than
the short isoform. This would give rise to higher levels of the
long transcript and consequently more Sps100 protein. To
test this possibility, we performed a thiolutin chase experi-
ment. Thiolutin has been used to quantify mRNA turnover
(61), because it causes a rapid stop of Pol II transcription
that is mediated indirectly via inhibition of the proteasome
(62). First of all, we needed to achieve a better separation of
the mRNA isoforms by northern blotting to be able to fol-
low their stabilities in a time course experiment. We there-
fore made new strains in which SPS/00 was tagged with
PHOS5p and PHOS 1.5, but without sfGFP. The resulting
shortening of the mRNAs allowed a better resolution of
the RNA isoforms by gel electrophoresis. Northern blotting
confirmed that the antisense effect is still present in the ab-
sence of the sfGFP tag and better separation of the short
and long isoform bands was observed (compare Figure 6B
with Supplementary Figure S9). For the thiolutin chase ex-
periment we used the PHOS5 7 strain, in which both isoforms
can be detected (Figure 6B), thus permitting direct compar-
ison of their degradation as a function of time after the ad-
dition of thiolutin. We observed a rapid disappearance of
the short SPS100 mRNA isoform within 24 min after addi-
tion of thiolutin, whereas the long isoform was essentially

stable (Figure 7). This shows that the short mRNA isoform
that is produced in the absence of antisense is indeed less
stable than the long isoform. Thus, antisense stimulates ex-
pression of the longer and more stable SPS7/00 mRNA iso-
form, resulting in enhanced Sps100 protein expression as a
function of the cognate SUT169 transcript.

DISCUSSION

A growing number of studies have documented the diver-
sity and complexity of mechanisms underlying regulation
of gene expression by non-coding transcription (reviewed in
(3,4,14,63)). Within this world, ncRNAs that overlap cod-
ing regions in antisense direction are particularly intrigu-
ing. The lack of the RNA interference machinery in yeast
provides a good opportunity to characterize these cases
further and to explore the fascinating variety of antisense-
dependent gene regulation mechanisms.

Genes that are positively regulated by antisense are rare
according to the literature, with only a few documented
cases, which require specific growth or stress conditions
(25,31). Our previous systematic analysis of the regulatory
function of a large number of asRNAs revealed that ~25%
of asRNAs have an inhibitory function (40). In this study,
regulation was detected under exponential growth condi-
tions and the inhibitory effect was often not fully abro-
gating the expression of the sense gene. Moreover, for the
majority of these cases the likelihood of regulation was
found to be correlated with antisense transcription across
the sense transcript start site. This is in line with other stud-
ies and suggests a generally inhibitory and rather mild reg-
ulatory function in most observed cases of antisense RNA
regulation. However, there is also a number of genes with
more pronounced and often condition specific antisense-
dependent regulation (18,25,31,32).

In contrast to those previous studies, our colonies were
grown on agar plates for 3 days, an environment that has
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characteristics of starvation conditions (54,55). For some
of the genes these conditions established a regulatory envi-
ronment that subjected them to antisense-dependent regu-
lation (Supplementary Table S6). In other cases, a gene may
be capable of regulation during exponential growth but is
not expressed at the right levels for this regulation to occur.
SPS100 seems to belong to this group as the antisense effect
was preserved in exponentially growing cells when mRNA
expression was driven by a GPD promoter (Figure 4D).
The mechanism regulating SPSI/00 expression appears
to be different from other established antisense-dependent
mechanisms. Instead of a process involving the promoter
region of the gene and influencing promoter and tran-
scriptional activity, our experiments indicate that regula-
tion is restricted to the 3’-IGR via the formation of different
mRNA isoforms with different stabilities. This is in concor-
dance with the notion that different mRNA isoforms can
behave differently, ranging from RNA stability to localiza-
tion and translational activity, all of which could influence
how much mRNA is present and how much protein is pro-
duced per molecule of mRNA. For example, degradation
of mRNAs is enhanced by 3’ untranslated region (3'-UTR)
sequence element binding proteins such as the PUF protein
family members (64). However, binding to specific proteins
may also stabilize mRNAs or change their localization. In
yeast no clear correlation between length of 3'-UTR and
stability of mRNAs is seen, arguing against a model where
sheer length of 3-UTRs determines the likelihood to har-

bor destabilizing signals, as proposed for other organisms
(65).

Our deletion mapping and 3-IGR transplantation ex-
periments are consistent with SPS700 regulation being re-
stricted to processes in the 3’-IGR. However, the PHOS5
element is located further upstream, at the boundary be-
tween the 3’-IGR and the coding region. Consequently, we
originally feared that the PHOS5 element—in spite of what
had been reported (38)—does exhibit unexpected termina-
tion activity also in sense direction that was not seen when
fused to other loci. Several arguments speak against this
possibility. First, autonomous termination activity of the el-
ement was ruled out by Northern blots using probes binding
both up- and downstream of PHOS5 as well as 3 RACE
results (Figure 6A and B). Second, SPS100 3'-IGR spe-
cific regulation could be observed under other growth con-
ditions, provided that the sense gene is actively transcribed
(Figure 4D). Third, only a handful of the genes in the an-
tisense library exhibited a 3’-IGR-dependent upregulation
that could be abrogated with the PHO5 7. If the PHOS5 1 el-
ement did exhibit a starvation-specific activity not present
in the PHOS:5,, one would expect to see a stimulating
PHOS5 7 -specific effect for many other genes under starva-
tion conditions. This is clearly not the case. Fourth, abro-
gation of the antisense transcription start site with tran-
scriptionally silent bidirectional terminators (Supplemen-
tary Figure S8) also abrogated most of the PHO5 depen-
dent effect. At the same time, deletion of the (AAAAAC)g
repeat located 50 nt downstream of the STOP codon led to
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a reduction of SUT169 levels to the same amounts as in the
PHOS5 7 background, a complete abrogation of antisense-
dependent regulation, and, importantly, the concomitant
loss of detectable amounts of the long isoform (Figures 5
and 6C). While these points do not constitute a complete
formal proof, they strongly support our interpretation that
the down regulation in the PHOS5 1 background is antisense-
dependent and caused by a switch in isoform preferences.
The effect of these isoforms must be dominant, as demon-
strated by the transferability of the antisense effect.

Like the majority of antisense-regulated yeast genes (14)
we found that SPSI00 is regulated by its antisense RNA
in cis. Due to the transferability of the effect we conclude
that isoform switching is the responsible mechanism also
for other genes when tagged with the SPS100 3’-IGR, and
that differential stability causes the increase of mRNA and
protein detected for SPS700 upon starvation.

Given the novelty of the regulatory process we currently
can only speculate about the underlying mechanism that
causes the polymerase to form the long isoform. Our re-
sults show that the (AAAAACQC)g repeat is crucial for the
antisense effect and that it is required for efficient antisense
expression, although we cannot exclude that the deletion
of the repeat could have affected the processing or stabil-
ity of the mRNA. A BLAST search for similar motifs in the
yeast genome did not yield any significant results (data not
shown). Moreover, it is formally possible that the SUT169
or the 3UTR of the long SPSI00 isoform could encode
short peptides that play a role in regulation. Given that anti-
sense RNA levels were always lower than sense levels in our
RT-qPCR experiments we do not think that the transcript
itself plays an important role in the mechanism. Rather, we
speculate that transcription of SUT169 results in an epige-
netic event, such as certain chromatin marks, an alteration
of the nucleosome architecture, or on post-translational
RNA Pol II modifications, all of which have been shown to
potentially influence the choice of the polyadenylation site
(reviewed in (58)). In a genetic screen that we performed to
identify regulators of SPS100 regulation by antisense RNA
did not identify known regulators such as members of the
HDA and COMPASS complexes. Rather, we found an en-
richment for components of the mediator complex as well
as mRNA regulation associated genes (e.g. CSE2, LEOI,
MEDI, NUTI1, CAF40, PAN2 or RTTI103). None of those
genes completely abrogated the antisense effect (data not
shown). Together with the numerous functions exerted by
mediator, this suggests that SPS700 is regulated by novel,
potentially intricate, mechanism(s). We hope that this work
provides a starting point for the dissection of the underlying
molecular mechanisms.

From a more general perspective, our findings have in-
teresting implications for the role of antisense transcription
and how this could relate to the observed plasticity of the
yeast transcriptome. The set of all yeast transcript isoforms
outnumbers the number of yeast genes by more than an
order of magnitude (63) and non-coding RNAs may con-
tribute to this diversity by regulation of isoform variability
of coding but also non-coding RNAs.
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