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Summary

Eukaryotic genomes are almost entirely scanned by RNA polymerase II (RNAPII).
Consequently, the transcription of long noncoding RNAs (IncRNAs) often overlaps with
coding gene promoters triggering potential gene repression through a poorly characterized
mechanism of transcription interference. In this study, we propose a global model of
chromatin-based transcription interference in Saccharomyces cerevisiae (S. cerevisiae). By
using a noncoding transcription inducible strain, we analyzed the relationship between
antisense elongation and coding sense repression, nucleosome occupancy and transcription-
associated histone modifications using near-base pair resolution techniques. We show that
antisense noncoding transcription leads to -1/+1 nucleosome H3K18/H4 deacetylation
associated with H3K36 trimethylation increase (H3K36me3). This results in the loss of -1/+1
nucleosome interaction with the RSC chromatin remodeler and subsequent sliding into the
Nucleosome-Depleted Region (NDR) hindering Pre-Initiation Complex (PIC) binding. Finally,
we extend our model by showing that natural antisense noncoding transcription significantly
represses around 20% of S. cerevisiae genes through this chromatin-based transcription

interference mechanism.
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Highlights

-Induction of antisense noncoding transcription leads to -1/+1 nucleosome sliding that
competes with sense transcription PIC deposition.

- H3K36me3- and H3K 18ac-/H4ac-containing nucleosomes are differently positioned.

- RSC recruitment to -1/+1 nucleosomes is modulated by histone acetylation levels.

-20% of S. cerevisiae genes are significantly repressed by this antisense-dependent chromatin-

based transcription interference mechanism.
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Introduction

Recent techniques monitoring eukaryotic nascent transcription have revealed that the
RNAPII landscape extends far beyond the sole transcription of mRNA (Churchman and
Weissman, 2011; Core et al., 2008; Mayer et al., 2015; Nojima et al., 2015). If 1-2% of the
human genome is devoted to coding genes, more than 80% is transcribed into >200nt long
noncoding RNAs (Djebali et al., 2012). Thus, around 200,000 IncRNAs originating from
Nucleosome-Depleted Regions (NDRs) have been recently annotated across different human
tissues and cell types (Kaikkonen and Adelman, 2018). While their function is still under
debate, it raises a new concept in which RNAPII scans nearly the whole genome as closely
interleaved transcription units (Mellor et al., 2016). Consequently, transcription of many
IncRNAs is reaching coding gene promoters, eventually leading to transcription interference,
i.e. repression of the coding gene (Proudfoot, 1986). So far, the precise molecular basis
underlying transcription interference remains poorly characterized.

In Saccharomyces cerevisiae, noncoding transcription often originates from a NDR,
also referred to as bidirectional promoters, transcribing a coding gene in one orientation and a
noncoding RNA in the other (Churchman and Weissman, 2011; Jensen et al., 2013; Neil et al.,
2009; Xu et al., 2009). Because the yeast genome is compact, a majority of IncRNAs appear
as being antisense to coding genes. To avoid antisense transcription into sense paired promoters
and to limit transcription interference, IncRNAs are usually subjected to early termination in a
process dependent on the Nrd1-Nab3-Senl complex followed by degradation (Porrua and
Libri, 2015). Early termination of noncoding transcription is not strict and mostly depends on
the number of Nrd1-Nab3 recognition motifs carried by the IncRNA (Castelnuovo et al., 2014;
Schulz et al., 2013). This implies that some long noncoding RNAs will be cleared through
early-termination while others will naturally extend into sense promoters, followed by export
and degradation in the cytoplasm via Nonsense-Mediated Decay (NMD) (Malabat et al., 2015;
van Dijk et al., 2011; Wery et al., 2018). Importantly, artificial loss of early termination through
Nrdl depletion leads to antisense elongation into paired sense promoters and to a subsequent
transcription interference directly correlated with the levels of IncRNA accumulation over the
promoters (Schulz et al., 2013). According to this view, high steady state levels of natural
antisense transcription into gene promoters may anticorrelate with coding sense expression.
However, this question is still open since some analyses have led to opposite conclusions

(Brown et al., 2018; Murray et al., 2015; Nevers et al., 2018).
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RNAPII transcription has an impact on chromatin structure (Rando and Winston, 2012;
Venkatesh and Workman, 2015; Zentner and Henikoff, 2013). First, the mean spacing between
nucleosomes correlates with transcription frequency (Chereji et al., 2018). The more a gene is
transcribed, the more the distance between nucleosomes decreases. Second, RNAPII
elongation is associated with concomitant deposition of histone modifications. The Carboxy
Terminal Domain (CTD) of RNAPII interacts with Histone Methyl Transferases (HMT)
catalyzing the transfer of methyl groups to histone H3. Among them, trimethylation of H3 at
lysine 36 (H3K36me3) by Set2 follows a specific pattern over coding genes, being enriched at
mid- to end of genes. This modification is a recruitment platform for the Rpd3S Histone
DeACetylase (HDAC) complex which can deacetylate H3 and H4 histones (Carrozza et al.,
2005; Keogh et al., 2005; Rundlett et al., 1996). Accordingly, H3 and H4 acetylations
anticorrelate with H3K36me3, being more enriched at -1 and +1 nucleosomes flanking the
promoter NDRs (Sadeh et al., 2016; Weiner et al., 2015). Deletion of SE72 or RPD3 leads to
intragenic cryptic transcription associated with an increase of histone acetylation along gene
bodies (Carrozza et al., 2005; Joshi and Struhl, 2005; Kim et al., 2016; Li et al., 2003; Malabat
et al., 2015; Venkatesh et al., 2012; Venkatesh and Workman, 2015). Thus, transcription-
associated methylation of nucleosomes and subsequent deacetylation can be considered as a
locking mechanism - limiting spurious transcription initiation events.

Interestingly, noncoding transcription-mediated transcription interference usually
requires RNAPII-dependent nucleosome modifications. Indeed, loss of Set2 or HDACs leads
to a rescue of coding gene expression when noncoding transcription elongates into promoter
NDRs (Camblong et al., 2007; Castelnuovo et al., 2014; du Mee et al., 2018; Kim et al., 2016;
Nevers et al., 2018; van Werven et al., 2012). Moreover, the more nascent transcription enters
into sense promoters at steady-state, the more the NDR becomes narrow (Dai and Dai, 2012;
Murray et al., 2015). Altogether, these data suggest that antisense-mediated transcription
interference probably occurs through a nucleosome-based mechanism. Indeed, nucleosome
positioning at NDRs is crucial for the accessibility of the transcription Pre-Initiation Complex
(PIC) to promoters, mainly through the recruitment of the TATA-Binding Protein (TBP, Spt15
in S. cerevisiae) at TATA (or TATA-like) Binding Sites (TBSs) (Kubik et al., 2018; Rhee and
Pugh, 2012). Importantly, genome-wide NDR opening and subsequent ability to recruit the
PIC mainly depends on the RSC ATP-dependent chromatin remodeler (Badis et al., 2008;
Hartley and Madhani, 2009; Klein-Brill et al., 2019; Kubik et al., 2018).

In this study, we aim at defining a comprehensive mechanism of antisense-mediated

transcription interference through a variety of genome-wide approaches. We use a strategy in
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which antisense noncoding early termination can be turned off, leading to inducible
transcription interference of more than 200 genes. Systematic analyzes of transcription
initiation, NDR chromatin structure and transcription-associated histone modifications reveal
the choreography of chromatin-related events associated with IncRNA-induced transcription
interference. We then validate our model by defining to which extent the S. cerevisiae genome

is influenced by this chromatin-based transcription interference at steady state.
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Results

Induction of antisense noncoding transcription into paired sense promoters decreases

PIC binding

To investigate the mechanism of transcription interference by antisense noncoding
transcription, we first defined the list of coding genes that are repressed upon abrogation of
RNAPII early termination. To do so, we performed RNA-seq of the Nrd1-Anchor Away (AA)
strain in which Nrdl can be artificially depleted from the nucleus upon Rapamycin (Rap)
addition (Figure 1A) (Haruki et al., 2008; Schulz et al., 2013). We then classified the genes
into three categories, i) the Antisense-Mediated Repressed Genes (AMRG, 217 genes),
showing at least 2-fold increase in antisense and >20% sense repression, ii) the Non-
Responsive Genes (NRG, 469 genes), with a minimum 2-fold increase in antisense but less
than 20% decrease in sense expression and, iii) the Other Genes (4089 genes), showing less
than 2-fold increase in antisense (Figures 1A and 1B). Taking these 3 groups, we observe a
prominent correlation between the fold-increase of antisense levels over the paired sense
promoter and the fold-decrease of sense transcription as already described (Figure S1A)
(Schulz et al., 2013). AMRG are significantly more repressed than the Other Genes while the
NRG present a mild phenotype. To directly assess nascent transcription, we took advantage of
published datasets monitoring RNAPII PAR-CLIP in an Nrd1-AA strain (Schaughency et al.,
2014). The same trend as obtained with the RNA-seq is observed implying that sense
repression occurs at the nascent transcription level (Figure 1C) (Schaughency et al., 2014).

Since sense repression is transcriptional and related to the extension of antisense into
the promoters, we investigated whether sense transcription initiation is affected upon antisense
induction. To address this question, we performed Chromatin-Endogenous Cleavage (ChEC)
of the TATA-Binding Protein (TBP, Sptl5 in S. cerevisiae) in the Nrd1-AA strain treated or
not with Rap in order to visualize PIC recruitment (Zentner et al., 2015). By ChEC, we
observed the expected distribution of the PIC as peaks around the TATA (-like) Binding Sites
(TBS) (Figure 1B) (Rhee and Pugh, 2012). Interestingly, AMRG present a stronger decrease
in PIC binding upon antisense induction as compared to the Other Genes, while NRG again
exhibit a milder phenotype (Figures 1D-1G and Figure S1C). The almost perfectly overlapping
PIC peaks in -Rap/+Rap at the Other Genes demonstrate the precision of the measurement and

validate the experimental accuracy.
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Hence, as inferred by lower binding of the PIC at coding gene promoters, sense

repression by antisense noncoding transcription occurs at the transcription initiation step.

Antisense induction into promoters increases nucleosome occupancy over the TBS

through -1/+1 shifting

As mentioned above, antisense-mediated transcription interference involves a
chromatin-based mechanism. An interesting scenario would be that nucleosomes repositioned
over promoters upon antisense induction may compete with PIC binding. We investigated this
possibility at near base-pair resolution by monitoring nucleosome positioning around TBSs by
paired-end Micrococcal Nuclease-sequencing (MNase-seq) upon antisense elongation in +Rap
(Figure 2A). To visualize the nucleosomes overlapping with the TBSs , we plotted nucleosome
dyads and quantified the occupancy over a 100bp TBS-centered region. We detect a subtle but
highly significant increase of nucleosome occupancy at the AMRG TBS as compared to the
NRG and Other genes (Figures 2A, 2C, 2H and Figure S2A). To rule out the possibility that
this measurement may be artifactual due to near-background values, we performed a
complementary technique, Assay for Transposase-Accessible Chromatin-sequencing (ATAC-
seq), to convert the “valley” signal into a “peak” signal, making this measurement more
accurate. Similar to the MNase-seq, antisense induction into AMRG promoters significantly
reduces the accessibility of the NDR (Figures 2B and 2C). Even <150bp NDRs, in which an
additional nucleosome cannot fit, show this increase, suggesting that the occupancy increase
may be the result of -1 and/or +1 sliding rather than incorporation of new nucleosomes (Figure
2D).

If -1 and/or +1 nucleosomes were sliding, one would expect a decrease of the
occupancy when centering the analysis on their dyads (Figure 2E). This is what we observe for
the -1 and +1 of AMRG upon antisense induction (Figures 2F, 2G and Figure S2B). This
AMRG specific decrease is subtle in terms of fold-change but nicely anticorrelates with the
fold-increase gained around TBSs. Importantly, when performing Chromatin
ImmunoPrecipitation (ChIP) of H3 with sonicated extracts (with around 300 bp-resolution) at
AMRG promoters, we do not detect any change in H3 content upon antisense induction,
justifying the need of near base-pair resolution to visualize antisense-mediated chromatin

changes (Figure S2C).
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Altogether, these data suggest that antisense induction into AMRG promoters leads to
-1/+1 nucleosome repositioning around the TBS thereby competing with the recruitment of the

PIC.

H3K36me3 levels increase around AMRG TBSs upon antisense induction

Since H3K36me3 by the Set2 HMT is known to be involved in ncRNA-mediated
transcription interference at several individual genes (du Mee et al., 2018; Kim et al., 2016;
Nevers et al., 2018; van Werven et al., 2012), we analyzed this modification at nucleosome-
resolution using MNase-ChIP-seq (Weiner et al., 2015). Upon antisense elongation, we detect
an increase in H3K36me3 around TBSs but not when measuring at -1 and +1 nucleosome dyads
(Figures 3A, 3B, 3D and Figures S3A and S3B). This increase in H3K36me3 is not biased
towards large NDRs suggesting that this modification is linked to the sliding event and
corresponds to a de novo modification induced by noncoding transcription entering into the
NDR (Figure 3C). Accordingly, H3K36me3 ChIP at individual gene promoters indicates an
increase of this modification at AMRG with longer incubation times in Rap, strengthening the
model that antisense elongation into promoters induces de novo H3K36me3 deposition (Figure
3E).

Thus, the -1/+1 nucleosome repositioning correlates with the appearance of H3K36me3
around the TBS induced by antisense transcription, suggesting that newly-modified

H3K36me3 nucleosomes undergo a sliding event.

H3K18ac and H4ac levels decrease at -1/+1 AMRG nucleosomes upon antisense induction

Histone deacetylases have previously been shown to be involved in antisense-mediated
transcription interference (Camblong et al., 2007; Castelnuovo et al., 2013). Hence, we
analyzed the H3K18ac modification landscape by MNase-ChIP-seq in the Nrd1-AA strain. In
contrast to H3K36me3, H3K 18ac levels specifically decrease at -1/+1 nucleosomes but do not
change around the TBSs following antisense induction (Figures 4A-E and Figures S4A and
S4B). The same results are observed when analyzing the H4ac modifications (Figures S4C and
S4D).

Thus, H3K36me3 and H3K18ac/H4ac present an opposite pattern of changes. When
H3K36me3 levels increase around the TBS, H3K18ac/H4ac levels decrease at -1/+1
nucleosomes. Since H3K36me3 is a platform to recruit a histone deacetylase and that

H3K36me3 and H3K18ac/H4ac are highly anti-correlated, it is tempting to speculate that
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antisense elongation into promoters may lead to H3K36me3 of the -1/+1 nucleosomes
triggering deacetylation and subsequent sliding (Carrozza et al., 2005; Keogh et al., 2005;
Sadeh et al., 2016; Weiner et al., 2015).

Loss of RSC binding at -1/+1 AMRG nucleosomes upon antisense induction

Considering the global role of the RSC chromatin remodeler in promoter NDR
maintenance (Badis et al., 2008; Hartley and Madhani, 2009; Klein-Brill et al., 2019; Kubik et
al., 2018; Yen et al., 2012), we asked whether nucleosome sliding was due to loss of RSC
interaction with the NDR-flanking nucleosomes. This possibility is even more appealing when
considering that the RSC complex interacts with acetylated histones in vitro through its
multiple bromodomains (Chatterjee et al., 2011).

Consistently, when the recruitment of the Sthl catalytic subunit of the RSC complex
was examined by ChEC-seq in the Nrd1-AA strain, a specific loss of RSC interaction with -1
and +1 AMRG nucleosomes was detected in the presence of Rap (Figures 5A, 5B, 5C, 5D and
Figures S5A and S5B). These observations suggest a link between the decreased acetylation of
NDR-flanking nucleosomes and the loss of interaction with the essential RSC chromatin

remodeler.

Loss of Rpd3 HDAC partially rescues transcription interference-associated phenotypes

If loss of -1/+1 acetylation directly affects RSC recruitment, a mutant in which the
deacetylation step is defective may rescue RSC binding. This question was addressed by
deletion of RPD3 in the Ndr1-AA background. Rpd3 is the histone deacetylase component of
the Rpd3S/L complex that maintains H3K18ac and H4ac levels low in the cell (Rundlett et al.,
1996).

We first examined the fold-change in H3K 18ac levels by ChIP upon antisense induction
at selected AMRG promoters in presence or absence of Rpd3 (Figure S6A). As expected, upon
Rap addition, RPD3 deletion leads to limited deacetylation of AMRG NDR-flanking
nucleosomes as compared to the W7 strain.

We then plotted the +Rap/-Rap fold-change of RSC binding at the +1 nucleosome, as
assayed by Sthl ChEC-seq (Figure 6A). When comparing to WT cells, we observe a partial
rescue of RSC binding in rpd34 at AMRG. As RSC is essential for the maintenance of NDR
opening (Badis et al., 2008; Hartley and Madhani, 2009; Klein-Brill et al., 2019; Kubik et al.,
2018), the increased retention of RSC at AMRG -1/+1 nucleosomes in 7pd34 may alleviate the
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sliding event compared to WT cells. Indeed, as revealed by ATAC-seq, the increase in
nucleosome occupancy around the TBS observed in WT cells upon antisense induction is
partially rescued in rpd3A4 (Figure 6B). Consequently, loss of PIC binding and transcription
interference at AMRG observed in WT are also alleviated in rpd3A (Figures 6C and 6D).
Importantly, the level of antisense accumulation in AMRG is not globally affected in Nrd1-
AA Arpd3 as compared to Nrd1-AA cells, indicating that the observed rescue is not an indirect
effect of decreased antisense transcription (Figure S6B).

Thus, the acetylation level of -1/+1 nucleosomes appears as the central node of the
transcription interference mechanism through its ability to recruit the RSC chromatin
remodeler. Consequently, acetylation influences the accessibility of the PIC to the NDR and

hence gene expression.

Model for antisense-mediated transcription interference in an inducible system and its

genome-wide generalization at steady-state condition

Altogether, our results suggest the following model (Figure 7A). Under normal
conditions (-Rap), noncoding transcription early termination prevents entry of antisense
transcription into the NDR of promoters maintaining them open and favoring gene expression.
When Nrdl is anchored away, antisense elongation extends into the paired promoter NDR,
resulting in H3K36me3 of the -1 and +1 nucleosomes, which are subsequently deacetylated
through a process involving the Rpd3 HDAC. Loss of acetylation leads to decreased RSC
recruitment and subsequent sliding of the -1/+1 nucleosomes towards the TBS. These events
result in a steric hindrance for PIC binding and, consequently, in gene repression.

Our model is limited to only 4.5% of the genes in this non-physiological system to
induce antisense elongation. Since antisense transcription can naturally extend into promoter
NDRs depending on the strength of the noncoding transcription early termination process, we
investigated whether our chromatin-based transcription interference model could be
generalized under steady-state conditions. We ranked the coding genes into five quintiles
according to the natural levels of nascent antisense transcription over their promoters (Figure
7B). The genes of the first quintile, presenting the highest levels of antisense transcription into
promoters, are significantly less expressed than the ones of the other quintiles as assessed by
RNA-seq and using nascent transcription data (Figure 7SA and Figure 7B). As predicted by
our model, the first quintile shows increased nucleosome occupancy and increased H3K36me3

levels around the TBS (Figure 7C). Accordingly, the levels of H3K18ac, H4ac and RSC
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binding at the -1 nucleosome appear as reduced in the first quintile compared to the others
(Figures 7D and Figure S7B). Consistent with our model, in which H3K36me3-mediated
deacetylation of NDR-flanking nucleosomes is involved in natural antisense-mediated
transcription interference, the genes up-regulated in the absence of Rpd3 HDAC are
significantly enriched in the first quintile (Figure 7E). Lastly, we analyzed the sensitivity of
the different quintiles to RSC depletion known to induce global NDR shrinkage (Kubik et al.,
2018). Analyses of published data show a global increase of nucleosome occupancy around the
TBS for all the quintiles (Figure 7F) (Kubik et al., 2018). However, this increase is less
important for the genes of the first quintile. Thus, as expected from our model, the genes
showing the highest levels of antisense transcription into promoters are less sensitive to RSC
depletion because they already present a higher nucleosome occupancy within the NDR at
steady-state resulting from decreased interaction of the NDR-flanking nucleosomes with RSC.

Altogether, we propose that the chromatin-driven model of antisense-mediated
transcription interference defined with a subset of genes in the inducible system can be
extended with high significance up to 20% of the genes. These observations support the view
that gene regulation through interleaved noncoding transcription is a major player of global

chromatin shaping of promoters and gene expression in S. cerevisiae.
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Discussion

A chromatin-driven transcription interference model derived from an antisense inducible

system

Based on our results, we propose an antisense-mediated transcription interference
mechanism through chromatin regulation (Figure 7A). The rescue of the different molecular
phenotypes observed at AMRG in the absence of the Rpd3 HDAC enables us to validate such
a chromatin-driven model (Figure 6). However, the rescue is only partial and other parameters
have to be taken into consideration.

First antisense-mediated transcription interference may also implicate other HDAC:s as
suggested by different earlier reports indicating the involvement of Set3 through recruitment
by H3K4me?2 or of Hdal (Camblong et al., 2007; Kim et al., 2016; Kim et al., 2012). Another
component of transcriptional interference may be the physical eviction of the sense PIC by the
RNAPII travelling in antisense direction. However, we think this is unlikely since many DNA-
binding proteins behave as roadblocking factors in front of which RNAPII stalls (Candelli et
al., 2018a; Candelli et al., 2018b; Colin et al., 2014; Mayer et al., 2015). Nevertheless, the
possibility of RNAPII removing DNA-binding factors remains to be thoroughly tested.

The fold-change obtained with the antisense inducible system for some of the molecular
phenotypes are of low amplitude, albeit highly significant when comparing AMRG to Other
genes. Yet, we do not expect drastic changes mainly because AMRG present relatively high
levels of natural antisense transcription into promoters and are consequently already lowly
expressed at steady state (Suppl. Figure 7C). Their chromatin is therefore already partially
closed before antisense induction and Nrd1 anchor away only results in a subtle additional gain
in repressive chromatin or a weak loss of active chromatin (Figures 1-5 and Figures S7D and
S7E). Importantly, if we observe a magnitude of changes from 5-15% at the chromatin level
for the AMRG (Figures 1-5), it ultimately leads to a 40% mRNA decrease as measured by
RNA-seq (Figure S1A). Thus, low amplitude phenotypes at the chromatin level have important

consequences on the cellular RNA content.

H3K36me3 and H3K18ac/H4ac nucleosomes are differently positioned

Induction of antisense into AMRG promoters leads to an increase in nucleosome
occupancy around the TBS correlating with a loss of occupancy at -1/+1 (Figure 2).

Concomitantly, H3K36me3 increases around the TBS while H3K18ac/H4ac marks are lost at
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-1/+1 (Figures 3, 4 and Figure S4), strongly suggesting that these two mutually exclusive
populations (Sadeh et al., 2016) are differently positioned. Based on these observations, we
propose a simple model in which the transcription-associated H3K36 methylated nucleosomes
prevent transcription initiation while acetylated nucleosomes are pushed aside allowing PIC
binding. Thus, gene expression would depend on the metastable state of the promoter
oscillating between a closed and open conformation. Antisense transcription frequency may
promote NDR closing by modulating the H3K36me3 levels at NDR-flanking nucleosomes
while histone demethylases, histone exchange or Histone Acetyl Transferases (HATs) may
counteract the shrinkage. Similarly, such nucleosome movements are observed upon gene
activation during the metabolic cycle when gene expression is synchronized (Nocetti and
Whitehouse, 2016). According to our model, gene expression is maximal when -1/+1
nucleosomes are pushed aside in a movement mainly driven by H3K9ac and H3K18ac
modifications (Hughes et al., 2012; Nocetti and Whitehouse, 2016; Sanchez-Gaya et al., 2018;
Weiner et al., 2010).

Importantly, upon antisense induction, we also observe an increase in H3K36me3
occupancy at AMRG in between the +1/+2, +2/43 and +3/+4 nucleosomes (Figure S3A) while
deacetylation only occurs at the +2, +3 and +4 peaks (Figure S4A). Thus, the separation of
H3K36me3/acetylated nucleosome populations is not restricted to promoters, but appears as a
general feature along the yeast genome.

We did not detect a shift of the -1/+1 nucleosome peaks themselves upon antisense
induction at AMRG (Figure 2F and Figure S2B), most likely because we are analyzing regions
in which transcription occurs on both strands in the population but is dominated in frequency
by sense transcription. Thus, nucleosome phasing is mainly dictated by sense transcription and
the relative low frequency of antisense production only displaces a subpopulation and not the
whole peaks. In other words, antisense induction may increase cell-to-cell variability in
nucleosome positioning at AMRG promoters within a chromatin structure mainly imposed by
sense transcription (Figure S7E). If we now consider the genes belonging to the Low antisense
quintile (Figure 7), which are transcribed nearly exclusively in the sense orientation, we
observe a clear shift of the H3K36me3 versus H3K 18ac peaks over the coding region further
supporting our model (Figure S7G).
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Antisense-mediated transcription interference through chromatin regulation as a

widespread mechanism of gene expression control in S. cerevisiae

Our results indicate that the top 20% of the genes showing the highest levels of
antisense transcription into promoters are significantly less expressed than the others when
taking into account nascent transcription data (Figure 7B). However, in agreement with
published observations, the global anticorrelation between sense and antisense transcription is
low (Figure S7F, Pearson correlation r=-0.13) (Brown et al., 2018; Murray et al., 2015). These
analyses indicate that noncoding nascent transcription needs to reach a certain absolute level
in the promoter NDR to induce transcription interference as already proposed by (Nevers et al.,
2018) using RNA-seq data. When this level is reached, transcription into the promoter NDR
becomes a dominant parameter, possibly through the chromatin rearrangement mechanism
proposed here. Nevertheless, other parameters not considered in our study are likely to be
involved, including different promoter sequences or transcription factors, the presence of
roadblocking proteins or the recruitment of chromatin remodelers and histone modifiers.

We show that gene promoters with high levels of natural antisense tend to be more
closed as compared to the others, a finding in agreement with published data (Dai and Dai,
2012; Murray et al., 2015). However, our results are in contradiction with the observation that
high levels of antisense into promoters correlate with low levels of H3K36me3 and high levels
of histone acetylation at promoters (Brown et al., 2018; Murray et al., 2015). This difference
is mainly due to the normalization procedure as our nucleosome modification data were not
normalized to H3 or MNase-seq levels. Considering the shape of the nucleosomal signal along
the DNA, normalization in the “valley” region corresponding to the promoter is more sensitive
to the background, increasing the probability of a biased result. Moreover, recent data have
shown that one methylated H3K36 residue per nucleosome is sufficient to inhibit cryptic
intragenic transcription indicating that the use of such a ratio may not be functionally relevant
(Ichikawa et al., 2017).

The proposed model mainly considers antisense noncoding transcription, however a
comparable transcription interference mechanism may take place as a result of upstream in
tandem noncoding transcription overlapping with a downstream promoter. Indeed, based on
the described involvement of both nucleosome positioning and H3K36me3 at specific loci
(Hainer et al., 2011; Kim et al., 2016; Martens et al., 2004), our model may be relevant to

transcription interference by noncoding transcription in a variety of configurations.
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Importantly, our analyzes were only performed in rich medium. Early termination of
IncRNA can be regulated in response to growth conditions leading to different patterns of
noncoding transcription elongation (Bresson et al., 2017; Creamer et al., 2011; van Nues et al.,
2017). Thus, a different framework of transcription interference may be expected depending
on external conditions.

It is worth noting that about a hundred coding genes are less expressed in mRNA
orientation than in IncRNA orientation at the nascent transcription level (data not shown).
Thus, in some cases, the mRNA may appear as the intragenic transcript of the IncRNA. This
concept, even if marginal in proportion, perfectly illustrates the plasticity of transcriptional
circuits. RNAPII transcription happens all along the genome and evolution may shape the

balance between expression noise and functionality (Struhl, 2007).

A common model for all eukaryotic NDRs?

In S. cerevisiae, NDRs are also regions where replication initiates, mainly through the
accessibility of the Origin Recognition Complex (ORC) to the ARS (Autonomously
Replicating Sequence) Consensus Sequence (ACS) (Eaton et al., 2010; Lai and Pugh, 2017).
We recently showed that noncoding transcription entering into an ARS NDR is able to
influence replication initiation by closing the NDR through increased nucleosome occupancy,
as well as elevated H3K36me3 and decreased H3K18ac (Soudet et al., 2018). Importantly,
replication defects induced by noncoding transcription readthrough into ARS NDR can be
partially rescued in the absence of Set2. Although we did not have a precise mechanism in our
previous study, the similarity between these earlier and the current observations tend to
converge to a unique model that may be applicable to all types of NDRs.

Such a general mechanism may also be relevant to higher eukaryotes. Interestingly, in
mammalian cells, replication mainly initiates within gene promoters (Chen et al., 2019; Miotto
et al., 2016; Sequeira-Mendes et al., 2009). Replication initiation efficiency nicely correlates
with transcription initiation strength, which itself correlates with the accessibility of the NDR
(Brown et al., 2018; Chen et al., 2019). Similarly to yeast cells, high levels of antisense
IncRNAs over promoter NDRs correlate with a transcription interference phenotype and a
closed NDR conformation (Brown et al., 2018; Chen et al., 2016). Together, these observations
suggest that noncoding transcription readthrough into NDRs may be a neglected parameter
regulating both replication initiation and gene expression in mammalian cells through a

chromatin-driven mechanism. It would therefore also be of interest to analyze the
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consequences of noncoding transcription readthrough on the chromatin structure of enhancers
which also correspond to NDRs. High resolution maps of nucleosomes and histone
modifications will reveal whether the proposed chromatin-driven model can be extended to

mammalian cells.
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Figure Legends

Figure 1. Antisense-mediated transcription interference decreases PIC binding.

(A) Scatter dot-plot of the Nrd1-AA RNA-seq. Nrd1-AA cells were treated or not with
Rapamycin (Rap) for 1h before RNA extraction. Results are represented in log2 of Reads Per
Kilobase of transcript per Million mapped reads (rpkm) in both antisense and sense orientation.
DESeq was used to define the different gene classes (see Method details).

(B) Snapshot of the Nrd1-AA RNA-seq depicting a locus containing both an AMRG (VAC7)
and a NRG (MSG)5). Antisense induction in +Rap leads to the elongation of NUTI367
noncoding RNA into the ¥AC7 promoter and to the subsequent transcription interference of
the VAC7 transcript.

(C) Box-plots indicating the RNAPII PAR-CLIP fold-change (+Rap/-Rap) in an Nrd1-AA
strain. Data were taken from (Schaughency et al., 2014). Antisense transcription was measured
over the -100bp to TSS of the paired sense, and sense transcription was examined over 100bp
upstream of the polyA site.

(D) Metagene analyses of TBP-ChEC induced for 30sec in an Nrd1-AA strain treated or not
with Rap for 1h. The grey box represents the 100bp TBS-centered area over which statistics
are generated. The center of 0-120bp paired-end fragments is represented for the plots and
statistical analyses.

(E) Metagene analysis and heatmap depicting the +Rap/-Rap fold-change (log2) of the TBP-
ChEC at AMRG and NRG promoters.

(F) Box-plots indicating the +Rap/-Rap fold-change (log2) of TBP-ChEC in the Nrd1-AA
strain as measured over the 100bp area centered on the TBS.

(G) Snapshot depicting the AMRG-class coding gene VAC?7 repressed in +Rap by induction of
NUTI1367 antisense transcription. The rectangle highlights the PIC involved in VAC7

transcription.

Figure 2. Antisense induction leads to paired sense promoter closing.

(A) Aggregate plots centered on TBSs of MNase-seq profiles obtained in an Nrd1-AA strain
treated or not for 1h with Rap. The centers of 120-200bp paired-end fragments are represented.
The 100bp TBS-centered area represented as a grey rectangle corresponds to the zone in which

nucleosomes can virtually overlap with the TBS.
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(B) Metagene analyses of ATAC-seq in an Nrd1-AA strain treated or not for 1h with Rap. The
centers of 0-120bp paired-end fragments are depicted.

(C) Box-plots indicating the +Rap/-Rap fold-change (log2) of dyads occupancy and NDR
opening obtained through MNase-seq and ATAC-seq respectively. Statistics are generated
over the 100bp TBS-centered area.

(D) Heatmaps centered on the +1 nucleosome of MNase-seq signal in -Rap (top) and MNase-
seq +Rap/-Rap fold-change (log2) (bottom) for the AMRG. NDRs were ranked according to
their length to discriminate between “Wide” NDRs, in which additional nucleosomes can
virtually accommodate, and “Narrow” NDRs that cannot fit a 150bp DNA-covered
nucleosome.

(E) Cartoon depicting that gain of nucleosomes around the TBSs through sliding should be
accompanied by -1 and /or +1 decrease in dyads occupancy peaks.

(F) Aggregate plots aligned on the -1 dyads of MNase-seq profiles obtained in an Nrd1-AA
strain treated or not for 1h with Rapamycin. The grey box represents the 20bp -1 nucleosome-
centered area over which statistics are generated.

(G) Box-plots representing the dyad occupancy +Rap/-Rap fold-change (log2) over a 20bp
area centered on the -1 and +1 nucleosomes respectively.

(H) Snapshot of both MNase-seq and ATAC-seq profiles at the AMRG VAC7. The NDR from
which VAC7 transcription is initiated is highlighted by a rectangle.

Figure 3. H3K36me3 levels increase around TBS upon antisense induction.

(A) Metagene profiles of H3K36me3 MNase-ChIP-seq levels centered on TBSs and -1
nucleosome dyad obtained in an Nrd1-AA strain treated or not for 1h with Rap. The centers of
120-200bp paired-end fragments are represented here. The grey boxes represent the 100bp
TBS- and the 20bp -1 nucleosome-centered areas respectively.

(B) Box-plots indicating the +Rap/-Rap fold-change (log2) of increase in H3K36me3 levels
over the 100bp TBS- and 20bp -1/+1 nucleosomes-centered areas.

(C) Heatmaps centered on the +1 nucleosome as in Figure 2D.

(D) Snapshot of H3K36me3 MNase-ChlP-seq levels at the AMRG VAC?7. The NDR of VAC7
is highlighted by a rectangle.

(E) ChIP of H3K36me3 histone modification at gene promoters of AMRG, NRG and Other
genes. ChIPs were performed at 0, 30, 60, 90 and 120min after rapamycin addition.

Immunoprecipitated promoter NDRs were normalized to immunoprecipitated SP7/5 ORF
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after qPCR amplification. Primers were designed to target each promoter NDR. The fold-
change was artificially set to 1 for each gene in the -Rap condition. Error bars represent the

Standard Error of the Mean (SEM) for a set of 3 independent experiments.

Figure 4. Antisense elongation into AMRG promoters leads to decreased H3K18ac levels

at -1/+1 nucleosomes.

(A) Metagene profiles of H3K18ac MNase-ChlP-seq reads centered on TBSs and -1 dyad
midpoint in an Nrd1-AA strain treated or not for 1h with Rap. The centers of 120-200bp paired-
end fragments are represented here. The grey boxes represent the 100bp and 20bp areas
centered on the TBS and -1 nucleosome respectively.

(B) Box-plots indicating the +Rap/-Rap fold-change (log2) in H3K18ac levels over the 100bp
TBS- and 20bp -1/+1-centered areas.

(C) Metagene plots and heatmaps centered on the -1 nucleosome indicating the fold-change of
H3K18ac for both AMRG and NRG around the -1 nucleosome.

(D) Snapshot of H3K18ac MNase-ChIP-seq levels at the AMRG VAC7. The -1/+1
nucleosomes of VAC?7 are highlighted by a rectangle.

(E) ChIP of H3K18ac at gene promoters of AMRG, NRG and Other genes (n=3) normalized

as in Figure 3E.

Figure 5. RSC interaction with -1/+1 nucleosomes decreases upon antisense induction.

(A) Metagene profiles of Sth1-ChEC in an Nrd1-AA strain treated or not for 1h with Rap
around the TBS and -1 nucleosome. The centers of 120-200bp fragments are represented here
in order to get rid of the RSC-associated Fragile-Nucleosome population covering <120bp area
(Brahma and Henikoff, 2019; Kubik et al., 2015). The grey boxes represent the 100bp and 20bp
areas centered around the TBS and the -1 nucleosome respectively.

(B) Box-plots indicating the +Rap/-Rap fold-change (log2) of increase in Sth1-ChEC levels
over the 100bp TBS- and 20bp -1/+1-centered areas.

(C) Aggregate plots and heatmaps centered on the -1 nucleosome indicating the Sth1-ChEC
fold-change for both AMRG and NRG around the -1 nucleosome.

(D) Snapshot of Sth1-ChEC levels at the AMRG VAC7. The -1/+1 nucleosomes are
highlighted by a rectangle.
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Figure 6. Loss of the Rpd3 HDAC partially rescues antisense-mediated gene repression

phenotypes.

(A) (B) (C) (D) Box-plots indicating the normalized log2 fold-change (+Rap/-Rap) for Sthl
ChEC-seq, ATAC-seq, TBP ChEC-seq and RNA-seq in an Nrd1-AA strain as compared to
Nrd1-AA rpd3A cells. Plots for the Nrd1-AA strain are already presented in Figures 5B, 2C,

IF and Figure S1C with the exception of the normalized fold-change, for which calculation is

described in Method details.

Figure 7. Model of induced chromatin-driven transcription interference and its

generalization in the steady-state genome.

(A) Model of antisense-mediated transcription interference through promoter chromatin
regulation. For a description of the model, see the Results section.

(B) Left panel: Box-plots defining the five quintiles according to their natural level of nascent
antisense transcription into gene promoters (-100 to TSS area). Each quintile contains 955
genes. RNA Polll PAR-CLIP data were taken from (Schaughency et al., 2014). Right panel:
Box-plots depicting levels of nascent coding sense transcription in an area of 100bp upstream
of the polyA site.

(C) Aggregate plot of nucleosome occupancy and H3K36me3 levels around the TBS with
respect to the different quintiles.

(D) Metagene analysis of H3K18ac (top) and RSC binding (bottom) levels around -1
nucleosome according to the different quintiles.

(E) Percentage of genes from each quintile upregulated in a rpd3 A strain (>2fold). Significance
was defined according to a hypergeometrical test.

(F) Box-plot of nucleosome occupancy fold-change in a 50bp-TBS centered region upon

anchor-away of Sthl for 1h. Data were retrieved from (Kubik et al., 2018).
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STAR Methods

Contact for reagent and resource sharing

Further information and requests for resources and reagents should be directed to and will be

fulfilled by the Lead Contact, Julien Soudet (julien.soudet@unige.ch).

Experimental model

Saccharomyces cerevisiae strains and growth

All strains were derived from the Anchor-Away genetic backgrounds (see
Supplemental Table 1) (Haruki et al. 2008). Cells were grown in YEPD medium (1% yeast
extract, 1% peptone) supplemented with 2% glucose as carbon source. All strains were grown
at 30°C and were not affected in growth by the different tags or deletions (Supplemental Table
1). Anchor-away of Nrd1-AA was induced by adding 1pg/ml of rapamycin to the medium.

Method details

RNA extraction and RNA-seq
RNAs were extracted using Glass-beads and TRIzol (Invitrogen). RNA library
preparation and single-end stranded sequencing were performed at the IGE3 genomics

platform of the University of Geneva.

MNase(-ChIP)-seq

The MNase- and MNase-ChIP-seq experiments were performed mainly as described in
(Weiner et al., 2015) with the following modifications. Nrd1-AA strain was inoculated
overnight and diluted in the morning to ODgoo=0.2 in YEPD medium. Yeast cell cultures of
100 ml was used per modification. Rapamycin treatment was performed at ODs0o=0.5 for 60
minutes on half of the culture. The cells were fixed with formaldehyde at a final concentration
of 1% for 15 minutes followed by glycine addition at a final concentration of 125 mM for 5
minutes. Cells were washed 2x with ddH»O, harvested in magnaLyser tubes (Roche) (100 mL

cell culture/tube) and frozen at -20°C .
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Chromatin extraction was performed by breaking cells in 1 mL of Cell Breaking buffer
(0.1 M Tris-HCI, pH 7.9, 20% glycerol, EDTA-free protease inhibitors) and 1 mL of acid-
washed glass beads in a magnalyser (Roche). The cell extract was then centrifuged at 19,000g
at 4 °C for 10 minutes to collect chromatin. The chromatin was resuspended in 600 pL of NP
buffer (0.5 mM Spermidine, 50 mM NaCl, ImM B-mercaptoethanol, 0.075% NP-40, 10 mM
Tris-HCl pH 7.4, 5 mM MgClz, 1 mM CaClz) per tube. The DNA concentration was measured
using Qubit dsSDNA BR assay kit (Invitrogen). Chromatin was diluted to 20 pg/mL using NP
buffer in all conditions for comparable results.

MNase treatment was performed using 0.2 pL of MNase (ThermoScientific 100
units/uL) / 12 pg of chromatin in 600 uL reaction mixture for 14 minutes at 37 °C. To perform
all the modifications for one replicate from one cell culture the reaction was scaled 10x. The
reaction was stopped by adding EDTA (final concentration 20 mM) in the reaction mixture.

For MNase-seq, an equal amount of elution buffer (10 mM Tris-HCI, pH 8.0, 1% SDS,
150 mM NaCl, 5 mM DTT) was added. The further steps for MNase-seq are same as the ones
performed after MNase-ChlIP elution.

For MNase-ChIP, the buffer of the MNase reaction mixture was adjusted to be
compatible to FA-lysis buffer (50 mM HEPES-KOH, pH 7.5, 140 mM NaCl, 1 mM EDTA,
1% Triton X-100, 0.1% sodium deoxycholate, EDTA-free protease tablet). The following salts
were added to the MNase reaction tube: 80 uL of 0.5 M HEPES-KOH, pH 7.5, 22.4 uL of 5
M NaCl pre-mixed with protease inhibitors. This was followed by the addition of detergents,
6.4 pL of 12.5% sodium deoxycholate and 80 pL of 10% Triton X-100 per 600 uL. MNase
reaction.

The protein-G dynabeads (ThermoFisher Scientific) were pre-incubated with the
antibodies for one hour at 4°C on a rotor, 85 puL beads/reaction. The antibodies used were anti-
H3 (Abcam ab1791):12 ulL per reaction; anti-H3K36me3 (Abcam ab9050): 6 uL. per reaction;
anti-H3K18ac (abcam ab1191): 7 uLL per reaction; H4ac (Merck Millipore 06-598): 10 uL. per
reaction. The beads were washed in FA-lysis buffer twice, followed by incubation with the
MNase-treated chromatin for 4 hours at 4°C on a rotor. The beads were sequentially washed
with 1 mL of FA-Lysis buffer, 1 mL FA500-lysis Buffer (FA-Lysis Buffer + 500 mM NaCl),
I mL of Buffer IIT ( 10 mM Tris-HCI, pH 8.0, 1 mM EDTA, 250 mM LiCl, 0.5% NP-40, 0.05%
sodium deoxycholate), I mL of Tris-EDTA pH 8.0. For elution, the beads were incubated in
150 uL of elution buffer at 65 °C for 15 minutes.
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The crosslinking was reversed by incubation of the eluate at 65°C overnight followed
by the addition of 150 uL of TE (10 mM Tris-HCI, pH 8.0, 1 mM EDTA). The eluate was then
treated with proteinase K (1 pg/uL final concentration) for 3 hours at 42°C. The DNA was
purified using the NucleoSpin Gel and PCR clean-up kit (Macherey-Nagel) using the SDS
protocol provided in the manual. The DNA concentration was measured using Qubit dsDNA
HS assay kit (Invitrogen) and the libraries were prepared using NEBnext Ultra DNA library
prep kit for [llumina (NEB). Finally, samples were paired-end sequenced at the iGE3 genomics

platform of the University of Geneva.

ChEC-seq

The experiment was performed as described in (Zentner et al., 2015) after some
modifications. The yeast strains were cultured the day before in YEPD medium. They were
diluted to ODs00=0.2 in YEPD medium in the morning. The 60 min rapamycin treatment was
performed at ODg0o=0.4.

For each condition, 50 mL cell cultures were harvested at room temperature. The cells
were washed twice in 1 mL Buffer A (15 mM Tris-HCI pH 7.5, 80 mM KCI, 0.1 mM EGTA,
0.2 mM spermine, 0.5 mM spermidine and protease inhibitor tablet (Sigma-Aldrich). Cells
were resuspended in 594 pL of buffer A and 6 pL. of 10% digitonin (0.1% final concentration)
were added to permeabilize the cells during 5min at 30°C. CaCl, was added (final
concentration 5 mM) to activate the MNase cleavage. 200 uL were collected at 30s for SPT15-
MNase or 20s for STHI-MNase and were immediately mixed with 200 uL of 2X Stop solution
(400 mM NaCl, 20 mM EDTA, 4 mM EGTA, 1% SDS).

The cells were treated with Proteinase K (0.4 pg/pL final concentration) and incubated
at 55°C for 30 minutes. The DNA was extracted using phenol:chloroform:isoamyl extraction,
and precipitated by adding 30 ng glycogen, 500 pL of 100% ethanol and incubated at -20°C
for one hour. RNAse treatment was performed by adding 34.5 puL of Tris, pH 8.0 and 10 pg of
RNAse per reaction.

For size selection of DNA fragments, 75 pL of solid phase reversible immobilization
beads (SPRI, AmpureXP Beckman Coulter) were added in 25 puL. of RNAse treated DNA and
the reaction was mixed by pipetting up and down 10 times. The beads were incubated at room
temperature for 5 minutes. The tubes were placed in the magnetic rack and supernatant was
transferred to the new tube containing 10 mM Tris and 0.2 M NacCl for each reaction. The DNA

was extracted with phenol:chloroform:isoamyl solution and precipitated with 100% ethanol.
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The pellets were washed with 70% ethanol and resuspended in 29 uL of Tris, pH 8.0. DNA
concentration was measured using Qubit dsDNA HS assay kit (Invitrogen) using 4 uL sample.
The remaining 25 pL were used to prepare sequencing libraries using NEBnext Ultra DNA
library prep kit for Illumina (NEB). The samples were sequenced in the paired-end mode at the

iGE3 genomics sequencing platform in Geneva.

ATAC-seq

The experiment was performed after combining the protocols from (Buenrostro et al.,
2013; Buenrostro et al., 2015; Schep et al., 2015) and (Au - Grbesa et al., 2017). The yeast
strains were inoculated the day before in YEPD. Cultures were diluted to ODgoo=0.2 and
allowed to reach ODs0o=0.4. Half of the culture was then treated with Rapamycin for 1h at
30°C.

I mL of the cell culture was harvested from all conditions and strains. Cells were
washed twice in 1 mL sorbitol buffer (1.4 M Sorbitol, 40 mM HEPES-KOH, pH 7.5, 0.5 mM
MgClz) and were resuspended in 190 pL of sorbitol buffer and 10 pL of 10 mg/mL Zymolyase
(20T Zymolyase, AMSBIO) and incubated at 30°C shaking at 200 rpm for 30 minutes. The
cells were washed twice in sorbitol buffer and the incubated in 95 pL of 1x TD buffer and 5
pL of the TD enzyme (Illumina). The reaction was incubated at 37 °C at 500 rpm for 30
minutes. DNA was then extracted with 3x SPRI beads (AmpureXP Beckman Coulter) and
eluted in 28 pL 10 mM Tris-HCI, pH 8.0.

Initial PCR amplification was performed with 4 pL of transposed DNA to check the
transpositions and cycles required. Final amplification was performed with NEBNext High-
Fidelity 2x PCR Master Mix (NEB) using Nextera Primers (Illumina). 12 cycles were
performed.

The size selection was performed by sequential SPRI beads precipitation. First, the
DNA was mixed by pipetting in 0.5x beads followed by incubation for 5 minutes at room
temperature. The supernatant was used for the next DNA precipitation with 2.5x SPRI beads.
The supernatant was discarded and the beads were washed with 70% ethanol twice before the
DNA was extracted using 28 pL of 10 mM Tris-HCI, pH 8.0. The DNA concentration was
measured and the samples were paired-end sequenced at the iGE3 genomics platform of the

University of Geneva.
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ChIP-qPCR

The experiments were performed as described in (Kuras and Struhl, 1999; Strahl-
Bolsinger et al., 1997) after some modifications. For both S. cerevisiae and S. pombe (used
here for spike-in), the cultures were grown to exponential phase until ODgo0=0.5, after which
they were treated with Rapamycin for different time points. Cells were fixed and chromatin
was extracted as in the MNase(-ChIP)-seq section with the exception of the breaking step
performed in FA-lysis buffer (50 mM HEPES-KOH, pH 7.5, 140 mM NaCl, 1 mM EDTA, 1%
Triton X-100, 0.1% sodium deoxycholate, EDTA-free protease tablet). Chromatin was sheared
to 300 bp fragments through sonication (Bioruptor, Diagenode).

2/3" S. cerevisiae chromatin was mixed with 1/3% of S. pombe chromatin. The ChIP
was performed with the mixture using on average 200 pL of the ChIP chromatin at a
concentration of 20 pg/mL. The rest of the experiment was performed as in the MNase(-ChIP)-
seq section. After elution and clean-up, DNA fragments were amplified with the different
oligos of Suppl. Table 2 using the SYBR Green PCR Master Mix (Applied Biosystems) and a
Real-Time PCR machine (Bio-Rad).

List of genes, TBS and -1/+1 nucleosomes

The list of gene coordinates from TSS to poly-A was kindly provided by the Mellor
Lab (Fischl et al., 2017). Among them were picked the ones considered as “Verified” genes in
the Saccharomyces Genome Database (SGD) giving a complete list of 4,775 coding genes. For
the TBS coordinates, our list was crossed with the data from the Pugh lab (Rhee and Pugh,
2012). -1/+1 coordinates were extracted from DANPOS2 analysis with default settings (Chen
et al., 2013) from our bigWig profile of H3K18ac in -Rap.

RNA-seq analysis

Single-end reads were aligned to sacCer3 genome assembly using Bowtie2 (Langmead
and Salzberg, 2012; Langmead et al., 2009) with options '-k 20 --end-to-end --sensitive -X
800". PCR duplicates were removed from the analysis. BigWig coverage files were generated
using Bam2wig function. Differential expression analysis was performed using the
R/Bioconductor package DEseq on mRNA annotations Ensembl
(Saccharomyces_cerevisiae.EF4.65.gtf). Antisense transcripts with a fold-change of at least 2

and multiple testing adjusted p-value lower than 0.05 were considered differentially expressed.

31


https://doi.org/10.1101/649434
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/649434; this version posted May 24, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Among them, AMRG were defined as the genes showing a <0.8 fold-change with an adjusted
p-value < 0.05.

MNase(-ChIP)-seq mapping

Paired-end reads were aligned to sacCer3 genome assembly using Bowtie2 (Langmead
and Salzberg, 2012; Langmead et al., 2009) with options '-k 20 --end-to-end --sensitive -X
800'. PCR duplicates were removed from the analysis. Then, deepTools 2.0 (Ramirez et al.,
2016) was used through the bamCoverage function with size selection of fragments (120-200bp
to visualize only proper nucleosomes and not “fragile nucleosomes” (Brahma and Henikoff,

2019; Kubik et al., 2015)) and counting of only the 3 bp at the center of fragments.

ChEC-seq and ATAC-seq mapping

Paired-end reads were aligned to sacCer3 genome assembly using Bowtie2 (Langmead
and Salzberg, 2012; Langmead et al., 2009) with default options from the Galaxy server (Afgan
et al., 2018). PCR duplicates were removed from the analysis. DeepTools 2.0 (Ramirez et al.,
2016) was then used through the bamCoverage function with size selection of fragments (0-
120bp, 0-120bp and 120-200bp for TBP-ChEC, ATAC-seq and Sth1-ChEC respectively) and

counting of only the 3bp at the center of fragments.

Metagene analyses

Bigwig files of independent duplicates generated via mapping were then averaged in
deepTools 2.0 using the bigWigCompare command (however, results of each duplicate are
shown in Suppl. Figures). Metagene plots were produced using computeMatrix followed by
plotProfile commands. +Rap/-Rap fold-changes around TBS or -1/+1 nucleosomes were
calculated adding no pseudo-count for ATAC-seq, TBP-ChEC and Sth1-ChEC, a pseudo-
count of 1 for RNAPII PAR CLIP and a pseudo-count of 0.01 for MNase-seq, H3K36me3,
H3K18ac and H4ac marks.

Figures 6A, B, C and D were normalized as follows: the mean of +Rap/-Rap fold-
change was normalized to 1 in both WT and rpd3A strains giving a normalization factor for
each strain. These normalization factors were then applied to the different classes to correct the

raw fold-changes.
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Statistical analyses

All plots and statistical analyses of this work were performed using Prism 8.0
(Graphpad). All tests are nonpaired tests (with the exception of Figures 6A-D based on paired
tests). z-tests or Mann—Whitney U tests were used according to the normality of the data
analyzed, which was calculated using a d'Agostino-Pearson omnibus normality test. * if p-

value < 0.05, **< 0.01, *** <0.001, ****<0.0001.

Data and Software availability

The accession number for the data reported in this study is GEO: GSE130946. RNAPII PAR
CLIP data in Nrd1-AA were retrieved from (Schaughency et al., 2014). Nucleosome profiles
in the Sth1-AA strain were generated by (Kubik et al., 2018).

Key Resources Table
REAGENT or SOURCE IDENTIFIER
RESOURCE
Antibodies
Anti-H3 Abcam ab1791
Anti-H3K18ac Abcam ab1191
Anti-H4ac Merck 06-598

Millipore

Anti-H3K36me3 Abcam ab9050
Critical Commercial
Assays
TD Buffer [llumina #15027866
TDE1 enzyme [llumina #15027865
Nextera Index Kit [llumina #FC-121-1011
NEBnext Ultra Il DNA | NEB E7645
Library preparation kit
Chemicals, Peptides
and Recombinant
Proteins

33


https://doi.org/10.1101/649434
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/649434; this version posted May 24, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

Micrococcal Nuclease Thermo 88216
Scientific
Deposited Data
Raw and analyzed data | This paper GEO: GSE130946
RNAPII PAR-CLIP in | (Schaughency | GEO: GSE56435
Nrd1-AA et al., 2014)
MNase-seq in Sth1-AA | (Kubik et al., GEO: GSE98260
2018)
Software and
Algorithms
Bowtie2 (Langmead http://bowtie-bio.sourceforge.net/bowtie2/index.shtml
and Salzberg,
2012)
deepTools (Ramirez et https://deeptools.readthedocs.io/en/develop/index.html
al., 2016)
Danpos2 (Chen et al., https://sites.google.com/site/danposdoc/
2013)
Galaxy (Afgan et al.,, | https://usegalaxy.org/
2018)
Prism 8 GraphPad N/A

Experimental Models:

Organisms/Strains

S. cerevisiae AA

(Haruki et al.,

MAT o, torl-1, fpriA::NAT, RPL13A4-

(FSY4885) 2008) 2xFKBPI12::TRP1
S. cerevisiae Nrd1-AA (Castelnuovo MAT &, torl-1, forl A=-NAT, RPLI3A-
(FSY5065) etal.,2014) | 2xFKBP12::TRPI, NRDI-FRB::KanMX6
S. cerevisiae Nrd1-AA N d MAT q, torl-1, fpri::NAT, RPLI13A4-

This study 2xFKBPI12::TRP1, NRDI-FRB::KanMXO6,
rpd3A (FSY7015) rpd3A: HIS3
S. cerevisiae Nrd1-AA ) MAT q, torl-1, fpri::NAT, RPL13A4-

This study 2xFKBPI2::TRPI, NRDI-FRB::KanMX6, TBP-

TBP-MNase (FSY8162)

MNase:: HPHMX6
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S. cerevisiae Nrd1-AA

) MAT q, torl-1, fpri::NAT, RPLI13A4-
rpd3A TBP-MNase This study 2XFKBPI2::TRPI, NRDI-FRB::KanMX6,
(FSY8164) rpd3A::HIS3, TBP-MNase:: HPHMX6
S. cerevisiae Nrd1-AA

) MAT q, torl-1, fpri::NAT, RPLI13A4-
STHI-MNase This study 2xFKBP12::TRPI, NRDI-FRB::KanMX6, STHI-
(FSY8254) MNase::HPHMX6
S. cerevisiae Nrd1-AA

) MAT q, torl-1, fpri::NAT, RPLI13A4-
rpd3A STH1-MNase This study 2XFKBPI2::TRPI, NRDI-FRB::KanMX6,
(FSY8255) rpd3A::HIS3, STHI-MNase:: HPHMX6
Oligonucleotides

See Suppl. Table 2

Supplemental Information

Supplementary Figures 1-7

Supplementary Table 1 - Strains and growth of the strains used in this study

Supplementary Table 2- Oligonucleotides used in this study
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Supplementary Figure Legends

Supplementary Figure 1. Related to Figure 1

(A) Box-plots showing the +Rap/-Rap fold-change for the RNA-seq in the Nrd1-AA strain.
Fold-change is calculated based on the coverage in the -100bp to Transcription Start Site (TSS)
region for antisense and over the whole transcript for the sense.

(B) Metagene analysis and heatmap depicting the TBP-ChEC profile in the Nrd1-AA in the
absence of Rap. Results are centered on the TATA-Binding Site (TBS).

(C) Box-plots of the two independent replicates of TBP-ChEC fold-change related to Figure
1D. The fold-change is measured over a 100bp region centered on the TBS.

Supplementary Figure 2. Related to Figure 2

(A) Box-plots of the two independent replicates of MNase-seq fold-change related to Figure
2C. The fold-change is measured over a 100bp region centered on the TBS.

(B) Metagene of MNase-seq in Nrd1-AA treated or not for 1h with Rap. Midpoint of 120-
200bp paired-end fragments are represented. Results are centered on the +1 nucleosome.

(C) ChIP of H3 at gene promoters of AMRG, NRG and Other genes. ChIPs were performed at
0, 30, 60, 90 and 120min after rapamycin addition. Immunoprecipitated promoter NDRs were
normalized to immunoprecipitated SP7/5 ORF after qPCR amplification. Primers are designed
to target promoter NDRs. The fold-change was artificially set to 1 for each gene in the -Rap
condition. Error bars represent the Standard Error of the Mean (SEM) for a set of 3 independent

experiments.

Supplementary Figure 3. Related to Figure 3

(A) Metagene plot of H3K36me3 MNase-ChIP-seq related to Figure 3A and centered on the
+1 nucleosome. Midpoint of 120-200bp fragments are represented.

(B) Box-plots of the fold-change related to Figure 3B for the two independent replicates of
H3K36me3 MNase-ChlP-seq. The fold-change is measured over a 100bp region centered on
the TBS.
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Supplementary Figure 4. Related to Figure 4

(A) Metagene plot of H3K 18ac MNase-ChlP-seq related to Figure 4A and centered on the +1
nucleosome. Midpoints of 120-200bp fragments are represented.

(B) Box-plots of the fold-change related to Figure 4B for the two independent replicates of
H3K18ac MNase-ChlP-seq. The fold-change is measured over a 20bp region centered on the
-1 nucleosome.

(C) Metagene profiles of H4ac MNase-ChlIP-seq levels centered on TBSs and -1 nucleosome
obtained in an Nrd1-AA strain treated or not for 1h with Rapamycin. The centers of 120-200bp
paired-end fragments are represented here. The grey boxes represent the 100bp and 20bp areas
centered on the TBS and -1 nucleosome respectively.

(D) Box-plots indicating the +Rap/-Rap fold-change in H3K 18ac levels in the 100bp TBS- and
20bp -1/+1-centered areas.

Supplementary Figure 5. Related to Figure 5

(A) Metagene plot of Sth1-ChEC centered on the +1 nucleosome. Midpoint of 120-200bp
fragments are represented.

(B) Box-plots of the +Rap/-Rap fold-change related to Figure 5B for the two independent
replicates of Sth1-ChEC. The fold-change is measured over a 20bp region centered on the -1

nucleosome.

Supplementary Figure 6. Related to Figure 6

(A) ChIP of H3K18ac levels at the promoters of AMRG, NRG and Other genes. S. pombe
chromatin was used as a spike-in control and mixed with S. cerevisiae chromatin before
immunoprecipitation. S. cerevisiae results are normalized to S. pombe ACTI1 ORF. All results
are expressed as fold-change with respect to -Rap which value was set to 1.

(B) RNA-seq of AMRG antisense in Nrd1-AA +Rap vs Nrdl1-AA rpd34 +Rap. Results are
depicted in rpkm. The +Rap condition was chosen to have an accurate measurement of
antisense production. r indicates the Pearson correlation. Even in the absence of Rpd3,
antisense RNAs are globally well produced at AMRGs and the rescue of AMRG sense

expression (Figure 6) is not a consequence of a lack of antisense production.
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Supplementary Figure 7. Related to Figure 7

(A) Box-plots of expression by RNA-seq according to the quintiles defined in Figure 7.

(B) Metagene analysis of H4ac levels around the -1 nucleosome according to the quintiles
defined in Figure 7.

(C) Natural nascent antisense levels in promoters and natural nascent sense levels of AMRG
as compared to the quintiles defined in Figure 7.

(D) Metagene plot of MNase-seq profile at steady state for the AMRG as compared with the
high and low antisense quintiles defined in Figure 7. Results are centered on the TBS.

(E) Cartoon explaining the molecular basis of the weak changes in the antisense inducible
system in a model in agreement with our measurement.

(F) Global correlation between nascent antisense transcription into promoters (-100bp to TSS
area) and nascent sense transcription (100bp area upstream of the poly-A site). The correlation
coefficient r corresponds to the Pearson correlation.

(G) Metagene plot of H3K36me3 and H3K18ac dyads profiles in the Low antisense quintile at
steady state (-Rap).
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Figure 2
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Figure 4
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H3K18ac levels at promoters RNA-seq in Nrd1-AA
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Suppl. Table 1

Experimental Models:

Organisms/Strains
S cerevisiae AA Haruki et al.

cerevisiae (Hamkde MAT @, torl-1, for] A::NAT, RPL134-
(FSY4885) 2008) 2xFKBPI2::TRPI

S. cerevisiae Nrd1-AA | (Castelnuovo MAT g, tor1-1, fpr1 A::NAT, RPLI3A-

(FSYS5065) et al. 2014) 2XFKBPI12::TRP1, NRDI-FRB::KanMX6
S. cerevisiae Nrd1-AA T P MAT q, torl-1, fpri::NAT, RPL134-
1s study 2XFKBPI12::TRP1, NRDI1-FRB::KanMX6,
rpd3A(FSY7015) rpd3 A--HIS3
S. cerevisiae Nrd1-AA . MAT q, torl-1, fprl::NAT, RPL134-
This study 2xFKBPI2::TRP1, NRDI-FRB::KanMX6, TBP-

TBP-MNase (FSY8162)
S. cerevisiae Nrd1-AA

MNase::HPHMX6

) MAT a, torl-1, fpri::NAT, RPL134-
rpd34 TBP-MNase This study 2xFKBPI2::TRP1, NRDI1-FRB::KanMXG,

(FSY8164) rpd3A::HIS3, TBP-MNase:: HPHMX6

S. cerevisiae Nrd1-AA
MAT q, torl-1, fpri::NAT, RPL134-

SH]-MNass This study | >xFKBP12:-TRPI, NRDI-FRB::KanMX6, STHI-
(FSY8254) MNase::HPHMX6

S. cerevisiae Nrd1-AA
MAT «a, torl-1, fpri::NAT, RPL134 -

rpd34 STH1-MNase This study 2xFKBPI12::TRP1, NRDI -FRB::KanMXG6,
(FSY8255) rpd3A::HIS3, STHI-MNase:: HPHMX6

- Rapamycin + Rapamycin
AA

Nrdl-AA

Nrd1-AA rpd3A
Nrd1-AA TBP-MNase

Nrd1-AA TBP-MNase rpd3A

Nrdl-AA STH1-MNase

Nrd1-AA STHI1-MNase rpd3A

2 days, 30°C
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Suppl. Table 2
Oligos used

TAX4 Forward ATAGATGGCGCAAGGGAGTT
Reverse AAACGTCAGGGCGTGTATTC

VAC7 Forward TGTAAGTCTTCCTGGCCACTC
Reverse GATCATTATGCAAAATCGAAGG

EPL1 Forward GGAACGCGATGTGGTGTAAT
Reverse CACGATCCGACCACAAAAT

ELP3 Forward CACTGGATAATTTGAGATGAGCTA
Reverse TTCAAAAGTCAATACTGCCACTG

LEO1 Forward AAGCTTTGCCATATTCAATCG
Reverse GCTTTCGTATTCACTTCTATGAGC

ENT4 Forward CGCTGACACGTTTGTACTTTC
Reverse CCTCAATTTTCGTTTTCTCATTC

ACT1 S.pombe Forward TCTTTTCCATATCATCCCAGTTG

Reverse CTCAAAGCAAGCGTGGTATTT

SPT15 Forward TCGGGTTTGCTGCTAAATTC
Reverse ACACAATTTTCGGCTTCACC
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