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Abstract

Eukaryotic genomes are transcribed almost entirely on both strands in an interleaved manner. This
gives rise to many non-coding RNA (ncRNA) transcripts overlapping coding gene promoters. Most
ncRNAs arise from divergent non-coding transcription by RNA polymerase II or from 3’end
nucleosome depleted regions. In the compact genome of the yeast S. cerevisiae, these non-coding
transcripts end up being in antisense orientation to the upstream mRNA. Nuclear surveillance
mechanisms restrict non-coding transcription through early-termination and degradation by
Nrd1/Nab3/Senl (NNS) pathway, by recognising small Nrd1 and Nab3 binding motifs on the non-
coding RNA. NcRNAs that escape this control are rapidly degraded in the cytoplasm by the non-
sense mediated decay (NMD) pathway. Non-coding transcripts are therefore barely detectable in a
cell but the act of transcribing non-coding RNAs by itself causes gene repression by a poorly

understood mechanism of transcription interference (TI).

To resolve the transcription interference mechanism, we dynamically disrupted early-termination
by anchoring Nrd1l away from the nucleus in order to globally extend antisense transcription.
Following the changes in both mRNA and antisense ncRNA levels using RNA-seq, we identified 217
genes that are downregulated due to AS extension into their promoters after Nrd1 depletion. AS
extension lead to decreased binding of the Pre-Initiation Complex (PIC) at sense promoters
indicating that TI occurs at the level of sense transcript initiation. Given the importance of
chromatin-related factors in TI, we analysed changes in chromatin organization in coding
promoters upon Nrdl depletion. By MNase-seq and ATAC-seq, we observed a shift of -1 and +1
nucleosomes, the nucleosomes that flank the promoter Nucleosome Depleted Region (NDR),
towards the TATA-binding site (TBS). This shift is accompanied by an increase of H3K36me3 at the
TBS and a decrease of H3K18ac at the original -1/+1 nucleosome positions. The movement is also

linked to a decreased binding of RSC, the major chromatin remodeler promoting NDRs.



Sense repression, decreased PIC and RSC binding, as well as -1/+1 nucleosome sliding can be
partially alleviated by the loss of Rpd3 Histone DeACetylase (HDAC). Thus, we propose a
transcriptionm interference mechanism - AS extension into promoters deposits H3K36me3 at the
-1/+1 nucleosomes inducing their subsequent deacetylation. This decrease in acetylation reduces
RSC binding, leading to -1/+1 nucleosome sliding towards the TBS, thereby hindering PIC binding

and sense transcription initiation.

This mechanism, deciphered using an inducible system, is compatible with 20% of the S. cerevisiae

genes being regulated by antisense non-coding transcription at steady-state.

AS-mediated transcription interference occurs through changes in chromatin at the promoter
NDRs. Histone modifications act as epigenetic marks of gene expression and are independently
inheritable traits. Chromatin is divided and distributed equally to daughter cells in a position
specific manner during replication. Thus, once AS repression is established in the form of histone
PTMs, it is not known whether it would be inherited by the next generation after the removal of
overlapping AS readthrough. To address this question, we first extended AS using an Auxin-
inducible degron tagged Nrd1 strain, followed by washing the cells to restore Nrd1l and resume
early-termination. Using 4-tU-seq, we observed an instant upregulation of the sense transcription
units following removal of AS. Antisense-mediated repression (AMR) was not maintained.
Interestingly, sense transcription did not go back to its initial levels but it was hyper-activated over
30 min after removal of AS. These observations suggest that AMR may act as an activating signal for

sense transcription.

TI occurs through chromatin modifications and we therefore examined H3K18ac as well as the
MNase profile at the sense promoters during AS early-termination recovery. We observed a peak of
acetylation at 30 min consistent with the peak of sense RNA expression. Over the following time
points, we observed an oscillating pattern in RNA levels. There was also a remnant oscillating
pattern in H3K18ac while Mnase-seq data showed a rapid opening of NDRs at 150 min, which
remained open for the rest of the recovery timepoints. Importantly, the restoration of chromatin
modifications was dependent on dilution of histone marks by replication and we observed that in
G1-arrested cells, NDRs were still “closed” until the last experimental timepoint, after 180 min in
recovery. Histone acetyl transferases (HATSs) also contribute to the recovery as we observed delayed
opening of NDRs when depleting the NuA4 HAT during the recovery. Thus, we conclude that

recovery from TI depends both on PTM dilution by replication and active histone acetylation.



Résume

Les génomes eucaryotes sont pervasisement transcrits sur les deux brins, les unités de transcription
s’entrelacant. Ainsi, de nombreux ARNs non-codants chevauchent les promoteurs de genes codants.
La plupart des ARNs non-codants proviennent de la transcription divergente par I’ARN polymerase
IT ou de régions pauvres en nucléosomes en 3’ des génes. Dans un génome compact comme celui de
la levure Saccharomyces cerevisiae (S. cerevisiae), ces ARNs non-codants se trouvent étre dans une
configuration antisens vis-a-vis du gene codant en amont. Des mécanismes de surveillance
nucléaires limitent la transcription non-codante via terminaison précoce et dégradation par le
complexe Nrd1/Nab3/Senl (NNS) a travers la reconnaissance par Nrd1 et Nab3 de motifs sur ’TARN
non-codant. Les ARNs non-codants qui échappent a ce contréle sont rapidement dégradés dans le
cytoplasme. Les ARNs non-codants sont donc difficilement détectables dans une cellule mais I'acte
de transcription non-codante, par lui-méme, peut induire une répression génique par un mécanisme

encore mal compris d’interférence de transcription.

Afin de résoudre le mécanisme d’interférence de transcription, nous avons interrompu la
terminaison précoce de maniéere dynamique grice a la déplétion de Nrd1 du noyau et ainsi induit
globalement I’extension de la transcription antisens. Nous avons suivi les changements a la fois des
ARNm et des ARNs non-codants antisens par RNA-seq, révélant ainsi 217 genes réprimés par
I'extension d’antisens dans leurs promoteurs apres déplétion de Nrdl. L’extension d’antisens
entraine une diminution de recrutement du complexe de pré-initiation au niveau des promoteurs
des génes sens indiquant ainsi que l'interférence de transcription se produit au moment de
Iinitiation de la transcription. Etant donnée I'importance de facteurs chromatiniens dans
I'interférence de transcription, nous avons analysé les changements d’organisation de la chromatine
dans les promoteurs des genes codants lors de la déplétion de Nrdl. Par MNase-seq et ATAC-seq,
nous avons observé un décalage des nucléosomes -1 et +1, les nucléosomes entourant les régions
pauvres en nucléosomes, vers les sites de liaison TATA. Ce changement de position est accompagné

par une augmentation de H3K36me3 au site TATA et une diminution de H3K18ac aux positions



originales des nucléosomes -1/+1. Il est également associé a une diminution de la liaison de RSC, le

remodeleur de chromatine essentiel a la maintenance des régions pauvres en nucléosomes.

La répression des génes sens, la diminution des recrutements du complexe de pré-initiation et de
RSC ainsi que le glissement des nucléosomes -1/+1 peuvent étre partiellement atténués par la
délétion de I'histone déacétylase Rpd3. Ainsi, nous proposons comme mécanisme d’interférence de
transcription que I'extension d’antisens dans les promoteurs dépose H3K36me3 aux nucléosomes -
1/+1 induisant leur déacetylation. Cette diminution en acétylation réduit la liaison de RSC entrainant
un décalage des nucléosomes -1/+1 vers les sites de liaison TATA et ainsi bloquant la liaison du
complexe de pré-initiation et I'initiation de la transcription. Ce mécanisme élucidé dans un systeme
inductible est compatible avec le 20% des génes de S. cerevisiae régulés par transcription non-codante

antisens a I’équilibre.

L’interférence de transcription par antisens dépend de changements chromatiniens dans les régions
pauvres en nucléosomes des promoteurs. Les modifications d’histones sont considérées comme des
marques épigénétiques et peuvent étre le modele de traits hérités de maniere épigénétiques. En
considérant cela, nous avons voulu savoir combien de temps l'interférence de transcription peut étre
héritée de maniere épigénétique. En d’autres termes, combien de temps l'interférence de
transcription persiste apres la suppression de I’extension de 'antisens. Afin d’étudier cela, nous
avons tout d’abord induit I’extension d’antisens en utilisant une souche dans laquelle la dégradation
de Nrd1 peut étre déclenchée par addition d’auxine avant de rétablir la terminaison précoce par
lavage des cellules. Nous observons par 4tu-seq une absence globale de persistence de I'interférence
de transcription apres suppression de ’antisens. La transcription sens ne revient pas a son niveau
initial mais est surexprimée 30min apres la suppression de la transcription antisens indiquant que

I'interférence de transcription joue le role d’activateur pour la transcription sens subséquente.

L’interférence de transcription fait intervenir des modifications de la chromatine et nous avons donc
analysé les profils H3K18ac et de nucléosomes par Mnase-seq durant le ré-établissement de la
terminaison précoce. Nous observons un pic d’acétylation & 30min, en accord avec le pic
d’expression de 'ARNm sens. Sur les points suivants, nous observons par 4tu-seq un patron
d’expression en oscillation. Ce profil est aussi apprécié en ce qui concerne H3K18ac alors que la
région pauvre en nucléosomes s’élargit rapidement et reste ouverte jusqu’au dernier point. La
récupération de l'organisation de la chromatine dépend de la réplication puisque les cellules
maintenues en phase G1 possedent une région pauvre en nucléosomes moindre jusqu’au dernier
point expérimental. Les Histone Acetyl Transferase (HATSs) contribuent également a la récupération
car nous observons un retard d’ouverture des régions pauvres en nucléosomes quand nous enlevons
I’'HAT NuA4 durant la récupération. Ainsi, nous concluons que la réversion de l'interférence de
transcription dépend a la fois de la dilution des marques d’histones par réplication et d’'une

acétylation active.



Introduction

Eukaryotic organisms possess from 6000 protein coding genes in S. cerevisiae to 25000 in humans.
They are co-regulated by multiple mechanisms that give rise to distinct expression patterns for each
gene generating diversity. Gene expression regulation is essential for cell division, adapting to
environment, fundamental for cell differentiation and development. Transcription regulation is the
first and one of the major steps of gene expression regulation. Transcription initiation is highly
controlled both temporally over the cell cycle and spatially in an organism. Studying transcription

regulation is key to understand gene expression.

Transcription is a process in which gene sequence information is read from DNA into RNA by an
RNA polymerase (Crick, 1958). There are three major classes of RNA polymerases, namely, RNA
Polymerase I, Il and III (Roeder and Rutter, 1969) that transcribe different types of RNAs (Sentenac,
1985). RNA Pol I produces ribosomal precursor RNAs (Engel et al., 2013), RNAPII transcribes
messenger RNAs (mRNASs) and a variety of non-coding RNAs in eukaryotes (Kornberg, 2007), and
Pol ITI synthesizes transfer RNAs and small nuclear RNAs (Paule and White, 2000).

Ribosomal RNAs along with ribosomal proteins form a platform for protein synthesis called
Ribosomes (Palade, 1955). Transfer RNAs act as a translator for messenger RNA (mRNA) into
proteins, with each tRNA having an anticodon for a triplet of bases on mRNA and an amino acid
corresponding to it (Brenner et al., 1961; Hoagland et al., 1958). Later studies by Jacob & Monod and
Gilbert proposed that gene expression is controlled by transcription regulation (Jacob and Monod,
1961) and is performed by a repressor polypeptide, now known as transcription factors (TF) (Gilbert
and Muller-Hill, 1966). These studies led to a simple idea that proteins constitute the major part of
the cellular machinery and the most important functional aspect of the genetic information. RNA

was relegated to be acting just as an intermediary molecule passing the information.



These paradigms of transcription factors as gene expression regulators exist with the assumption
that the combinatorial interactions of these factors would provide an enormous range of
possibilities — enough for the very complex developmental gene expression program required in
organisms such as humans (Levine and Tjian, 2003). This turned out to be false, as there is a
mismatch between increased complexity required for human development and the observed
scaling of regulatory genes (Mattick and Gagen, 2005). The genomes from C. elegans to humans have
similar number of protein coding genes, although very different genome sizes (Liu et al., 2013). In

humans, the coding genome only constitutes 1-2% of the total genome length (Djebali, 2012).

This prompted the idea that the required increased complexity might arise from non-protein-
coding regions of the genome. However, the total transcriptional products measured at any time
majorly consist of Ribosomal RNA constituting 75%, small tRNAs form 15% and mRNAs constitute
the rest of the 10%. Transcripts from non-coding regions of the genome are not abundant but
arguably the majority of transcribing RNAPII is potentially associated with these sequences (Struhl,
2007). This suggests that the total RNA analyses only identify abundant and stable RNAs while much

of the transcriptional heterogeneity is hidden below the detection limit and is unobservable.

This view was strengthened with the advances in high throughput genome-wide techniques in the
last decade that helped identify tens of thousands of long non-coding RNAs (>200 nt) from yeast to
humans (Carninci, 2005; Fang, 2018). LncRNAs are transcribed by RNAPII and are essential for
many key processes. LncRNA expression is developmentally regulated in metazoans, shows tissue
specificity and has distinct subcellular localizations (Dinger, 2008; Mercer et al., 2008). A vast
number of IncRNAs has been associated with human diseases (Chen, 2013). LncRNAs might
contribute to the increased complexity in gene expression regulation that distinguishes humans

from unicellular organisms.

LncRNAs further consist of many subclasses based on their production site and function. Cis-acting
RNAs are functional at their site of transcription by regulating neighbouring gene expression and
local chromatin organisation. Antisense long non-coding RNAs (AS IncRNAs) represent one class of
functional IncRNAs. These non-coding RNAs are transcribed from the 3’ end of genes in the
antisense orientation towards the 5’ end. Several AS IncRNAs have already been described as gene
expression regulators, in yeast and higher eukaryotes (Gil and Ulitsky, 2020; Wu et al., 2020). In this
study, we focus on antisense IncRNAs in the yeast Saccharomyces cerevisiae. We studied their
mechanism of action on sense gene transcription and the long-term effects of their expression. I
will first describe the molecular mechanism of RNAPII transcription through chromatin focusing
on the yeast system before going to the non-coding RNAs and the specifics of antisense

transcription.



1 Chromatin and Transcription

DNA is packed around repeating units of nucleosomes that form chromatin in the nucleus
(Kornberg and Thomas, 1974). Nucleosomes were found to act as a barrier to transcription initiation
by RNAPII (Han and Grunstein, 1988; Lorch et al., 1987). Interestingly, the chromatin isolated from
yeast has been found to be better suited for transcription than naked DNA. (Kornberg and Lorch,
2020; Nagai et al., 2017). Furthermore, multiple factors such as chromatin remodelers, histone
modifying enzymes and transcription factors regulate chromatin dynamics and promote gene
expression from well-defined sites (Carey et al., 2006; Lemon et al., 2001; LeRoy et al., 1998). Hence,
the paradigm of chromatin acting as a hurdle for transcription is shifting towards chromatin
promoting transcription fidelity by specifying where to start, a process subjected to regulatory
mechanisms. Transcription itself is known to regulate chromatin architecture (Hirota et al., 2008)
and organisation (Steensel and Furlong, 2019). Together, these observations suggest that chromatin

dynamics and transcription are interlinked mechanisms that work cooperatively.

1.1 Nucleosome: Basic Chromatin unit regulating DNA

accessibility

Each nucleosome is made of two copies of each of four core histone proteins H2A, H2B, H3 and H4
and 147 bp of DNA wrapped around it in a left-handed superhelix (Fig. 1). In the histone core, H3
and H4 form a dimer through hydrophobic packing that assembles with another H3-H4 dimer using
a four-helix-bundle structure. The core (H3-H4): tetramer is flanked by two H2A-H2B dimers with
similar interactions (Luger et al., 1997). In S. cerevisiae three additional histones exist: the linker
histone H1 that plays a role in chromatin compaction (Schafer et al., 2008), the centromere specific
H3 variant Cse4 (Meluh et al., 1998) and the H2A variant H2A.Z (Santisteban et al., 2000). The

variants differ from canonical forms at certain residues mainly in the N-terminal regions.

All histones have disordered N-terminal chains about 40 amino acids in length protruding from the
nucleosome. These chains are highly conserved, especially for H3 and H4 and they have well
characterized post-translational modifications (PTMs) (Fig. 1). Histone PTMs play an important role
in chromatin packaging, and are specifically recognised by chromatin binding proteins (Talbert and
Henikoff, 2017; Zhang et al., 2015); reviewed in (Gates et al., 2017; Kouzarides, 2007; Li et al., 2007a).
The interplay of PTMs with chromatin organization and transcription is discussed throughout the
introduction. Some PTMs are mentioned in separate sections with a more detailed description of

the corresponding ‘writer’ and ‘reader’ proteins.
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Figure 1. Structure of the nucleosome

Commonly modified lysine residues are shown in light green and a few arginine residues are shown
in dark green. The inset at the top left shows the DNA wrapped around the histones in a left-handed
manner with 1.65 turns around each histone octamer.

The DNA interacts with nucleosomes through histone-fold domains which render the DNA-
nucleosome structure quite stable (Luger et al., 1997). Nucleosomes limit DNA accessibility and
constrain DNA supercoiling (Struhl, 1999). Nucleosomes on DNA are dynamic structures
undergoing conformational changes and are disassembled during transcription. Nucleosome
unwrapping could occur spontaneously to provide access to DNA binding proteins (Poirier et al.,
2008). In yeast, 30% of TF binding sites are located at the entry-exit region of the nucleosome that
may be regulated by spontaneous unwrapping (North, 2012) or TF mediated sliding of a

nucleosome.

Nucleosome disassembly involves the formation of nucleosome intermediates, which contain
partially unwrapped nucleosomes that have lost proximal or distal H2A-H2B dimers in the promoter
region (Ramachandran et al., 2017; Ramachandran et al., 2015). The nucleosomes are also able to
interact in vitro and can form dinucleosomes spontaneously. An overlapping dinucleosome contains
a hexasome lacking one H2A-H2B dimer, is associated with a canonical nucleosome, and has 250

bp of DNA wrapped around it, in three left handed turns (Engeholm et al., 2009; Kato et al., 2017).

Nucleosomes form the basis of chromatin organisation, as they arrange themselves in
tetranucleosome units (Schalch et al., 2005). They interact to form chromatin fibres as two
intertwined stacks of nucleosomes (Li et al., 2016). These units have been observed in vivo using
Micro-C, a method involving MNase digestion (see below) of intact nuclei followed by sequencing

the randomly re-ligated DNA in the close 3-dimensional vicinity (Hsieh, 2015).



1.1.1 Nucleosome Array: Format of Organisation of Eukaryotic Genomes

Nucleosomes are arranged on DNA as ‘beads on a string’. Partial chromatin digestion with the
enzyme micrococcal nuclease (MNase), that cleaves linker DNA between nucleosomes, gives a
ladder-like appearance on a DNA electrophoresis gel, illustrating the repetitive nature of the
chromatin (Kornberg, 1977). Nucleosome arrays are usually visualized by sequencing the MNase-
treated chromatin (Fig. 2). The development of sequencing technologies has provided precise
nucleosome positioning for various organisms (Mavrich, 2008; Teif, 2012; Valouev, 2011). In yeast,
nucleosomes are quite precisely mapped with ~165 bp distance between MNase peaks (Chereji et
al., 2018; Weiner et al., 2015; Yuan et al., 2005). S. cerevisiae has an absolute nucleosome occupancy
of ~90%, suggesting that almost all the nucleosome positions are occupied and there are very few

gaps in nucleosome arrays in yeast (Oberbeckmann, 2019).

Well-spaced arrays are observed in the genic regions and are known to be inhibitory to
transcription. These arrays act as a barrier and restrict search and binding of general transcription
factors (Mirny, 2010). The linker regions between the nucleosomes of an array are less than 70 bp,
which is the minimum requirement for the assembly of a transcription initiation complex. Thus,
the global role of nucleosomes is transcription inhibition (Kornberg and Lorch, 2020). Gene
expression is regulated by many mechanisms that remove or slide nucleosomes for creating a

nucleosome free accessible region.
1.1.2 Nucleosome Depleted Region: Break in the Array

Nucleosome depleted regions or NDRs are stretches of DNA that are not occupied by nucleosomes
invivo. NDRs are usually observed at the 5’ end of expressed genes. The nucleosome upstream of an
NDR is termed -1 nucleosome and the one just downstream is called +1 nucleosome. The +1
nucleosome is followed by an array of well-defined, fixed linker-length nucleosomes (nucleosome
array) throughout the gene body (Lai and Pugh, 2017; Zhang, 2011) (Fig 2). Promoter NDRs are sites

of TF recruitment and pre-initiation complex (PIC) assembly.

NDRs also occur at non-promoter sites, where other proteins tightly interact with DNA, such as the
origin-recognition complex (ORC) at replication origins (ARS) in yeast (Eaton et al., 2010). At these
sites, the -1 and +1 nucleosomes are aligned to the barrier element, such as Orc in ARS or a
transcription factor like Rap1 (Challal et al., 2018). NDR formation both at promoter and replication
origin sites occurs through similar mechanisms. In yeast, NDRs also form at the transcription

termination sites; these 3’ NDRs can be shared with NDRs of neighbouring genes due to the compact
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nature of the yeast genome and can lead to non-coding transcription in either direction. 3’ NDRs are

affected by neighbouring genes, growth conditions and transcription elongation (Fan, 2010).

In promoter NDRs, the -1 and +1 nucleosomes occupy well defined positions separated by a typical
core promoter length of 100-200 bp, depending on the gene. The NDR size influences the
recruitment of the transcription machinery. Few NDRs contain specific TF binding sites, which
were initially called upstream activating sequences (UAS). Transcription initiates from a defined
position, the transcription start site or TSS, which is located upstream of the +1 nucleosome dyad
and is usually between 40-120 bp downstream of the TATA sequence or TATA-like element (Lee,
2007; Smale and Kadonaga, 2003; Vinayachandran et al., 2018). The +1 nucleosome positioning is
important for proper TSS selection (Klein-Brill et al., 2019; Kubik, 2018; Malabat et al., 2015; Rhee
and Pugh, 2012).

In yeast, genes show bimodal distribution of NDR sizes with peaks at 30 bp and 80 bp. Wide NDRs
are usually > 150 bp in size and associated with highly transcribed housekeeping (Weiner et al.,
2010) and essential genes. Stress regulated genes usually have closed promoters with smaller NDRs
(Tirosh and Barkai, 2008). Genes that have wide NDRs have well positioned -1 and +1 nucleosomes
and are associated with TFs (Tirosh and Barkai, 2008). The stress regulated genes with small NDRs
are TATA-containing promoters. These have more fuzzy positioning for nucleosomes flanking the
NDR and they show more noisy expression in a population (Zenklusen et al., 2008). For, both types
of NDRs, the +1 nucleosome is well positioned while the gene is expressed and becomes fuzzier in
the off state. NDR sizes were shown to be a consistent property of the genes, irrespective of their
transcriptional state. The genes keep their NDR sizes even when their expression level is changing
due to changes in the media. The study concluded with the main determinants for promoter NDRs
- work in trans, namely, TFs, TBP and chromatin remodelers like RSC, Swrl (Zaugg and Luscombe,

2012). These are discussed in the following sections.

There are some reports that wide NDRs might be occupied by ‘fragile’ nucleosomes. The word
‘fragile’ comes from their sensitivity in the MNase digestion assay (Kubik et al., 2015). However
these nucleosomes have been difficult to confirm and such MNase sensitive particles are detected
in the NDR only when it is ~150 bp or larger, i.e., there is large enough open DNA segment to harbour
a nucleosome (Kubik et al., 2017). These nucleosomes might correspond to the destabilised
promoter nucleosomes that are undergoing remodelling (Brahma and Henikoff, 2019). This would
explain the absence of H3- or H4-DNA contacts using traditional approaches of H3 ChIP-seq or
chemical cleavage mapping at these sites respectively (Chereji et al., 2017; Henikoff et al., 2014).
‘Fragile’ nucleosomes are still under debate and discussed more in the section on chromatin

remodelers.
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Figure 2. Nucleosome Array and Nucleosome Depleted Region

(A) Histones positioned on the DNA are shown in a linear format. Two well established patterns
are observed - well spaced Nucleosome Arrays and Nucleosome Depleted Regions (NDR).

(B) Following MNase digestion of the chromatin, DNA bound by histones is protected while

DNA from NDR regions is digested

(C) The protected fragments are aligned to their positions by the sequence information and they
are observed by calculating and stacking the number of aligned reads on a given DNA sequence.

Nucleosome Dyad

It is the centeral bp of 147bp DNA wrapped around a nucleosome. In the MNase-treatment exp-
eriments the central bp of protected DNA fragment (Fig. 2B) is also known as nucleosome dyad.
The coverage profile could be calculated by either adding the coverage using the whole protected
DNA fragment which is usually termed Nucleosome Occupancy, or it is calculated using the
defined number of bp in the center of the DNA fragment from paired-end sequencing.

In the thesis and most commonly in published work, the second calculation is used. Therefore,
the MNase profile in Fig. 2C is the coverage calculated using middle 3 bp and then rolling mean
was performed for smoothing of the curve. Hence, the fragment presented at +1 dyad is covering
~72 bp of DNA on either side of it.
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1.2 Mechanisms of NDR formation

In an interesting study, when the core yeast nucleosomes were completely replaced with human
nucleosomes— the yeast survived. The overall pattern of nucleosome spacing observed on the DNA
was characteristic of yeast and not human — proving that DNA composition is an important
determinant of nucleosome positioning (Truong and Boeke, 2017). However, the -1 nucleosome
positioning was quite different from the wild-type yeast resulting in altered NDR sizes, and the cells
took longer to respond to changes in transcription. Moreover, MNase profiles showed less difference
between the peak and the valley (Fig. 2). These observations indicate that although the global
positioning is determined by the underlying DNA sequence, the precise nucleosome positions are
set by trans acting mechanisms. Indeed, because the human nucleosomes are different from their
yeast counterparts, they are not recognised by yeast chromatin factors, or they may be recruited but
cannot efficiently act on the human histones, which leads to overall reduced remodelling dynamics

(Truong and Boeke, 2017).
1.2.1 DNA sequence composition: Inherent determinant of an NDR

The yeast promoters are enriched in poly(dA:dT) sequences. These sequence tracts are intrinsically
stiff and are inhibitory to nucleosome formation (Kaplan, 2009; Suter et al., 2000). Furthermore, AT-
rich DNA is incapable of bending around an histone octamer (Segal et al., 2006) and therefore
promotes DNA accessibility and transcriptional activity (Hughes et al., 2012). Poly(dA:dT) sequences
have been shown to recapitulate a nucleosome depleted region with purified histones in vitro, but
other aspects of nucleosome positioning, such as nucleosome arrays or precise NDR flanking

nucleosome positioning were not observed (Zhang, 2011).

Manipulating the arrangement and length of these AT-rich tracks was shown to regulate
transcription levels (Raveh-Sadka, 2012). This intrinsic property has been used by organisms to
regulate distinct classes of genes. Genes having higher occurrences of poly(dA:dT) are constitutively
expressed and give rise to bidirectional transcription (Struhl, 1985). The class of genes with low
poly(dA:dT) tracts is more enriched in stress response genes. These genes exhibit higher
transcriptional regulation. Their expression is noisy and promoters have higher occupancy of
chromatin remodelers or General Regulatory Factors (GRFs), which might indicate their regulation
by competition between nucleosomes and factor binding under certain conditions (Tirosh and

Barkai, 2008).

In vitro, nucleosomes with AT-rich DNA have been shown to preferably stimulate RSC activity and

poly(dA:dT) tracts may therefore also help NDR formation by an active mechanism (Lorch et al.,
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2014). Nucleosome positioning patterns were shown to be reconstituted in vitro if yeast crude
extracts were added to purified histones. These observations support that in vivo, precise
nucleosome positioning is determined by multiple trans-acting factors. The ATP-dependent
remodelers were found to enhance depletion of nucleosomes in the cell free extract (Zhang, 2011)

and GRFs such as Rap1, Reb1, and Abf1 act in nucleosome positioning (Kubik, 2018).
1.2.2 Role of General Regulatory Factors in NDR formation

Some transcription factors can invade compact chromatin structures consisting of closed
nucleosome arrays or even tetranucleosome units (Zaret et al., 2016). They could recognize their
binding sites partially accessible on the nucleosome surface (Soufi, 2015). Their binding results in
opening of the chromatin structure making it accessible to other factors (Cirillo, 2002) leading to
changes in transcriptional programs (Meers et al., 2019). The affinity of transcription factors for
their binding sites and the position of the motif relative to the nucleosome dyad determine their

nucleosome displacing capabilities (Meers et al., 2019; Yan et al., 2018).

Six yeast factors termed nucleosome-displacing factors (NDFs) are able to bind and deplete
nucleosomes independently from a closed nucleosome array in vivo, namely the three GRFs Abf1,
Rapl and Rebl as well as Cbfl, Mecm1 and Orcl, that is part of ORC (Yan et al., 2018). General
regulatory factors (GRFs) are highly abundant factors that have strong DNA binding activity to short
but specific DNA sequence motifs throughout the genome. They play a causal role in the
establishment of NDRs and are known as pioneer factors (Hartley and Madhani, 2009; Yan et al.,
2018). Their binding sites were found to be occupied by nucleosomes when reconstituted in vitro,
but are highly nucleosome depleted in vivo (Badis, 2008; Kaplan, 2009; Tsankov et al., 2010;
Yarragudi et al., 2007).

The establishment of an NDR by Rebl was first shown by the Madhani laboratory, when they
inserted a short stretch of poly(A) adjacent to a Reb1 binding site (Hartley and Madhani, 2009). This
work suggested that GRFs might recruit the RSC chromatin remodeler to promote nucleosome
eviction. Indeed, RSC binding motif was found ~100 bp upstream of TSS and deleting RSC resulted
in increased nucleosome occupancy at these sites (Badis et al., 2008). Recently, it has been shown
that deleting either GRFs, RSC or both, the +1 nucleosome is shifted upstream into the NDR with
additive effects, indicating that they contribute independently to NDR formation (Kubik, 2018,
2019). GRFs and other TFs could also interact with histone acetyl transferases (HATs) to mediate
acetylation of the surrounding histone tails, thereby promoting chromatin remodeler recruitment

for establishment of an active NDR (Brown, 2001).
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A more complete mechanism of action was observed by Mivelaz and colleagues for Rapl GRF
binding. Rap1 is able to bind its motif both on naked DNA and on nucleosome bound DNA, although
with short residence time. Rap1 inhibits nucleosome stacking but Rap1 binding by itself does not
promote NDR formation. Rap1 recruits the RSC chromatin remodeler that generates stably bound
states by promoting nucleosome eviction (Mivelaz et al., 2020). Besides DNA binding domains (DBD),
TFs possess intrinsically disordered regions (IDR). Recent analyses using the Msn2 and Yapl
transcription factors, showed that IDR regions outside of the DBD are sufficient and necessary for

the localization of the TFs to their binding sites (Brodsky et al., 2020).

GRFs have also been shown to act as roadblocks for transcription. High resolution transcription
maps revealed that these factors act as a failsafe mechanism for transcription termination and work
independently of other termination pathways (Candelli et al., 2018). Rap1 and Rebl have been
shown independently to repress cryptic non-coding transcription from divergent promoters

thereby also increasing transcription fidelity (Challal et al., 2018; Colin et al., 2014; Wu et al., 2018).
1.2.3 Chromatin Remodelers shape NDRs

Chromatin remodelling factors are protein complexes that can assemble, slide, evict or exchange
nucleosomes on DNA (Cairns, 2005; Fazzio and Tsukiyama, 2003). Eukaryotes contain four families
of chromatin remodelers SWI/SNF, ISWI, CHD and INO80. Remodelers possess a conserved ATP-
dependent translocase subunit that slides DNA on the nucleosome surface (Saha et al., 2002) or
evicts it completely by transferring the histone to a DNA chaperone (Lorch et al., 2006). Remodeler
action on nucleosomes can give DNA binding factors access to important cis-acting DNA elements
for gene regulation (Bowman, 2010). Remodelers are also important for the recruitment and the

passage of RNA and DNA polymerases through nucleosomes (Clapier and Cairns, 2009).
1.2.3.1 SWR1 and INO80 govern -1/+1 Nucleosome Composition

The SWR1 complex contains 14 proteins and uses the ATPase/helicase domain of the Swrl subunit
to catalyse the exchange of histone H2A-H2B dimers with H2A.Z-H2B dimers (Kobor et al., 2004;
Luk et al., 2010; Mizuguchi et al., 2004; Watanabe et al., 2013). The unidirectional replacement
reaction occurs in two steps with the replacement of one H2A-H2B dimer with a H2A.Z containing
dimer resulting in an intermediate heterotypic nucleosome. The second replacement reaction

results in the formation of homotypic nucleosome containing two H2A.Z (Luk et al., 2010).

The specific targeting of H2A.Z to the acetylated promoters is performed by the Swrl subunit, Bdf1,

which via its bromodomains, binds to acetylated histones (including H3K14), at +1 and -1
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nucleosomes in the promoter NDRs (Zhang et al., 2005). The H2A.Z-specific histone chaperone Chz1
delivers the H2A.Z -H2B dimer to the Swc2 and Swrl subunits that interact directly with H2A.Z and
facilitate the exchange (Luk et al., 2007; Wu et al., 2005; Wu et al., 2009).

H2A.Z is also preferentially evicted from promoters when genes are activated (Zhang et al., 2005).
PIC assembly has been shown to be essential for the reverse reaction (Tramantano et al., 2016).
INO80 complex catalyses this reverse reaction, exchanging H2A.Z containing dimers for H2A-H2B
(Brahma, 2017; Papamichos-Chronakis et al.,, 2011). INO80 complex is one of the most
evolutionarily conserved remodelling complexes which in yeast contains 15 subunits. The INO80
actin/Arp module serves as a conformational switch that regulates its binding to the nucleosomes

(Zhang et al., 2019).

In yeast, INO80 activates inositol genes directly (Ford et al., 2008) and is a known nucleosome
spacing factor (Udugama et al., 2011). It has been implicated in prevention of non-coding
transcription invasion into silent chromatin (Xue et al., 2015). INO80 promotes efficient progression
of replication fork, stabilizes the fork under stress and provide tolerance to DNA damage (Conaway

and Conaway, 2009).
Histone variant H2A.Z

H2A.Z plays arole in the recruitment of the transcription initiation machinery - mediator, SAGA and
general transcription factor and TATA-binding protein (Marques et al., 2010; Wan et al., 2009). It is
also important in chromosome stability (Krogan et al., 2004). H2A.Z further marks the regions for
RSC mediated nucleosome remodelling along with acetylation (Cakiroglu et al., 2019). H2A.Z
acetylation by promoter associated HATs (SAGA) safeguards it from eviction by the INO80

remodeler (Papamichos-Chronakis et al., 2011).

The levels of H2A.Z are not directly related to transcriptional levels; instead, H2A.Z levels at a
promoter indicate that the promoter is poised for transcription (Li et al., 2005). H2A.Z occupies well
defined rotational settings in the promoter regions of transcription units that help in recognition of

specific DNA sequences by the transcription machinery (Albert et al., 2007).

1.2.3.2 RSCregulates NDR Width

RSC stands for Remodel the Structure of Chromatin; it is homologous to the SWI/SNF chromatin
remodelling complex but is ~10x more abundant and an essential nuclear protein complex (Cairns
etal., 1996). It is important for transcription by all three RNA polymerases (Parnell et al., 2008). RSC
contributes to the formation of NDRs in the majority of RNAPII promoters (Hartley and Madhani,
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2009; Lorch et al., 2014). RSC utilizes its catalytic subunit Sth1 to slide and evict nucleosomes. Sth1
is a DNA translocase that pumps DNA around a nucleosome (Saha et al., 2002). RSC can evict

complete nucleosomes in the presence of the histone chaperone Nap1 (Lorch et al., 2006).

RSC recruitment to DNA can be mediated by transcription factors (Badis, 2008; Hartley and
Madhani, 2009) but RSC can also interact with both DNA and histones. RSC contains five putative
DNA binding domains. The Zinc-finger domain in Rsc3 recognises a five bp motif CGCGC, although
it requires multiple binding sites for it to displace nucleosomes (Yan et al., 2018). The other DNA
binding domains are in Rsc30, an RFX domain in subunit Rsc9 and a ZZ zinc-finger domain in Rsc8
(Angus-Hill et al., 2001). The poly(dA:dT) sites were also found to act as a binding platform for the

RSC complex and promote chromatin remodelling (Lorch et al., 2014).

RSC has six domains that interact with histones; it contains a bromodomain in Sthl, two
bromodomains in Rsc2, a bromo-adjacent homology (BAH) domain that binds H3 (Chambers et al.,
2013). Rsc4 has a tandem bromodomain that is known to interact with acetylated H3K14 (Kasten et
al., 2004) and is acetylated at K25 itself. The Genb histone acetyltransferase is adding both of these
marks. Rsc4 K25ac inhibits the binding of H3K14ac suggesting that Gen5 acetylation can promote
or impair RSC activity (VanDemark et al., 2007).

RSC inactivation strongly affects the majority of NDRs in yeast. It leads to shifting of -1 and +1
nucleosomes towards each other eventually occluding NDRs. This leads to reduced RNAPII
occupancy and TSS usage at a subset of genes and therefore reduced transcription (Badis, 2008;
Hartley and Madhani, 2009; Klein-Brill et al., 2019; Kubik, 2018). RSC also plays a role after RNAPII
initiation as it is found in the gene bodies of highly transcribed genes and promotes RNAPII
elongation through acetylated nucleosomes (Carey et al., 2006). RSC works with SWI/SNF at a subset
of promoters in remodelling/eviction of nucleosomes; specifically observed at Gen4 regulated genes
(Rawal, 2018). Recovery of RSC following depletion reverses the +1 and -1 nucleosome positioning

to an open state in a replication independent manner (Klein-Brill et al., 2019).

The debated ‘fragile’ nucleosomes that could be present in the NDRs but are not found in
nucleosome IPs; could be considered as partially unwrapped nucleosomes bound by remodelling
factors. The partially unwrapped nucleosomes are defined as nucleosomes in which the DNA was
released from one or both of the symmetric locations in the entry-exit site of the nucleosome, while
central DNA gyre is attached to the DNA. They result in smaller than 147 bp DNA fragments after
digestion with MNase and are normally observed at +1 and -1 promoter positions (Ramachandran
et al., 2015) bound by RSC (Brahma and Henikoff, 2019). Recent work has provided some evidence
that RSC occupies nucleosomes but is also present at the supposed fragile nucleosome in the NDR.

This study asserted that fragile nucleosomes are not detected by histone ChIP-seq because these
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nucleosomes are bound by RSC and probably other factors that results in it having reduced DNA
contacts (Brahma and Henikoff, 2019). These ‘sub’ or ‘fragile’ nucleosomes might be highly dynamic
nucleosome-remodeler intermediates. Recently, using a variant of an MNase-seq, MNase-SSP,
subnucleosome structure was clearly detected (Ramani et al., 2019). These observations also

suggest that there is requirement for improvement in current chromatin visualization methods.

Earlier studies revealed different outcomes when histones with modified N-terminal chains were
remodelled by RSC (Somers and Owen-Hughes, 2009). A recent study supported the assertion that
RSC remodelling of partially unwrapped nucleosomes can regulate the access of TFs. This work
suggests that RSC contributes to gene regulation by specializing, i.e. RSC has evolved to recognize
both complete and sub nucleosomes with different RSC subunits forming nucleosome specific
modules (Schlichter et al., 2019). RSC has been shown to bind to sub nucleosome particles covering

180 bp of DNA in vitro, as an intermediate in its remodelling step (Shukla et al., 2010).
1.2.3.3 ISW1 and CHD1: Determinants of Nucleosome Array Spacing

Iswl (Imitation-switch) and Chdl (Chromodomain helicase DNA-binding protein 1) are the main
determinants of global nucleosome spacing (Gkikopoulos, 2011; Ocampo et al.,, 2016). These
remodelers determine linker lengths between nucleosomes in the gene bodies (Whitehouse et al.,
2007). Individual deletions of Chd1, Isw1 or Isw2 showed little changes in the overall profile of the
+1 or gene body nucleosomes, but combined deletions of Chd1 and Isw1 distorted the nucleosome

profile after +1 (Gkikopoulos, 2011; Klein-Brill et al., 2019).

Isw1 possesses a SANT domain and interacts with Ioc3 to form Iswla and Iswlb complexes (Vary et
al., 2003). Chd1 contains a double chromodomain in the N-terminal region (Quan and Hartzog,
2010). Both Isw1 and Chd1 have been shown to bind H3K36me3 nucleosomes in the gene body and
their binding prevents histone exchange in the ORF (Smolle, 2012). Functionally, in cells lacking
both Iswl and Chd1, RNAPII accumulates in gene bodies indicating that Iswl and Chd1 facilitate

elongation by separating closely packed nucleosomes (Ocampo et al., 2019).

The combined action of remodeler activities in establishing promoter nucleosome landscape has
been systematically investigated in a study with single and combined deletions of remodelers
(Kubik, 2019). In this study, RSC and SWI-SNF are described as acting redundantly as ‘pushers’
(pushing nucleosomes away from NDR) to increase NDR width, while Isw2 and INO8O0 are acting as
‘pullers’ to reduce NDR size. Their opposite activities on a same nucleosome is based on their
overlapping occupancy. The authors hypothesized that their combined action resulted in the final
+1 nucleosome position. This +1 is then used as a reference by Iswl and Chd1 for proper positioning

of downstream nucleosomes by equalizing linker lengths (Kubik, 2019).
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1.3 Importance of Histone Acetylation at -1/+1 Nucleosomes

Evolutionarily conserved e-lysine acetylation is a widespread and reversible PTM on proteins
throughout the cell and is particularly enriched on chromatin. The level of acetylation is very strictly
controlled by lysine (K) acetyl-transferases (KATs) and lysine (K) de-acetylases (KDACs), also
referred to as histone acetyl-transferases, HATs and HDACs, named after their common substrate.
HATs are found in molecular complexes that render them target specificity and capable of
interacting with other proteins and to detect histones with specific PTMs (Sheikh and Akhtar, 2019;
Wang, 2009b).

Acetylation modifications on the histone side chains neutralize the charge on the lysines, reducing
their ability to form hydrogen bonds and therefore disrupt DNA-histone binding. Acetylation of
H4K16 is known to disrupt interactions between nucleosomes. This leads to the formation of more
open chromatin structure and favourable environment for transcription (Hong et al., 1993;

Shogren-Knaak, 2006; Zhang et al., 2017).

Besides disrupting chromatin structure, acetylation is recognised by a range of chromatin binding
proteins through their bromodomains and YEATS domains, that can further modify chromatin
environment (Fujisawa and Filippakopoulos, 2017; Kanno, 2004; Li, 2014). The bromodomains of
the SWI/SNF remodelling complex and RSC identify and associate with acetylated histones in vitro,
and are found localized at acetylated -1/+1 nucleosomes in vivo (Brahma and Henikoff, 2019; Mitra
et al., 2006). The YEATS domain protein Yaf9, component of the SWR1 complex, shows affinity for
H3K14 and K3K27 acetylation residues and binds with higher affinity to histones with both
modifications (Hsu, 2018; Wang, 2009a). Histone acetylation increases remodelling by the Snf2
family of remodelling enzymes (Ferreira et al., 2007). HATs can also modify chromatin remodelers

themselves; thus acting both on factors and their substrates (Narita et al., 2018).

Histone acetylation is enriched at the promoters of highly transcribed genes, particularly H3K9ac,
H3K18ac, H2AK9ac and H3K56ac (Wang, 2008; Weiner et al., 2015). Acetylation correlates with
RNAPII occupancy and gene expression levels. H3K27ac is also known to associate with the
increased release of RNAPII into transcription elongation (Carey et al., 2006; Protacio et al., 2000;
Stasevich, 2014). Depleting histone acetyl transferases and therefore acetylation results in reduced
gene expression (Bruzzone et al., 2018). In a separate study, individual and combinatorial mutants
of all acetylated H4 lysines, showed that they work in a non-specific cumulative manner with
smaller effects for individual mutants and larger effects for the combined mutants, except for

H4K16ac, which is inhibitory to the spread of heterochromatin (Dion et al., 2005).
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In humans, inhibition of either p300/CBP HAT or HDACs activity inhibits gene expression and
reduces RNAPII activity suggesting that acetylation turnover is more important than static
acetylation (Crump, 2011). Another study has shown that transcription is actually responsible for
HAT targeting and HAT occupancy alone does not predict histone acetylation as it is regulated post-
recruitment, which might in part is mediated by transcription (Martin et al., 2019). These studies
suggest that HAT recruitment and acetylation is important for transcription and transcription in

turn regulates acetylation.
1.3.1 SAGA Histone Acetyl Transferase Complex

In yeast, GCN5 was one of the first HATSs to be identified (Kleff et al., 1995; Kuo, 1996). Genb is a non-
essential HAT in yeast and is a part of an acetylating module of the 1.8 MDa SAGA (Spt-Ada-Gcnb5-
Acetyltransferase) complex. The HAT module is composed of Genb, Ada2, Ada3, Sgf29. It acetylates
multiple lysines of nucleosomal H3 and has been shown to acetylate H3K9, 14, 18, 23 in vitro (Grant,
1997; Suka et al., 2001). SAGA is recruited to gene loci by its interaction with Tral, that forms the
recruitment module (Tral) (Brown, 2001; Grant et al., 1998).Gen5 contains a bromodomain that
interacts with acetylated histone tails (Hassan et al., 2002) and Sgf29 possess double Tudor domain
that bind H3K4me2/3, both marks of actively transcribed genes (Vermeulen et al., 2010). Gen5 and
Swil/Snf2 are required for stable occupancy of the SAGA transcription complex at promoter
nucleosomes. Its Spt3 module forms the TBP interaction unit that facilitates TBP recruitment and
promotes transcription (Mohibullah and Hahn, 2008). SAGA has an architecture module containing

Spt5, Spt7, Adal and TAF proteins (Koutelou et al., 2010).

SAGA also consists of a deubiquitinating module (DUB) containing the ubiquitin hydrolase Ubp8
that is tightly regulated by Sgf73, Sgf11 and Susl and is activated by the interaction of the four
subunits (Kohler et al., 2008; Kohler et al., 2010). Dub module and Genb localize close to each other
and form a chromatin-binding interface (Durand et al., 2014). H2B ubiquitination levels are
dynamically associated with transcription, these transiently increase during activation, while they
are lowered while the gene is being transcribed This cycle of ubiquitination and de-ubiquitination
is important for SAGA recruitment and gene activation (Henry et al., 2003). The DUB module
promotes elongation by deubiquitinating the H2BK123ub1, which benefits the recruitment of Ctk1
kinase that promotes Ser2 phosphorylation of RNAPII (Wyce et al., 2007).

Eliminating HAT activity from the Gen5 complex results in reduced mRNA levels for 10% of genes
in the mutant strains. These genes were termed SAGA dominated genes and are positively regulated
by Spt3 (Huisinga and Pugh, 2004). The SAGA dominated genes have a characteristic TATA box and

are enriched in stress inducible genes. These genes have smaller NDRs and less well positioned
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nucleosomes around 5’ NDR (Lenstra et al., 2011). Although, at steady state expression level was
affected for a small subset of genes in SAGA mutants, SAGA binds to the promoter regions of most
genes and deubiquitinates almost all RNAPII transcribed regions (Bonnet et al., 2014). Recent study,
performed using Nascent transcription analyses using 4-thiouracil labelling of RNA and dynamic
depletion of SAGA showed that the transcription is globally reduced in Gen5 mutants but the total
RNA levels are buffered by an increased mRNA half-life. They further showed that removing the TBP
interacting Spt3 subunit reduced the TBP binding at promoters. The effect of removing both Gen5
activity and Spt3 from Gen5 complex was larger than the individual effects. The study also observed
lower H3K9ac in Gen5 mutants. This study definitively and reliably showed that SAGA is a global
regulator of gene transcription, and it acts independently of promoter architecture (Baptista et al.,
2017). Earlier studies didn’t measure this effect as it was probably masked by the global increase in
RNA stability in the mutant strains which cannot be captured by steady state RNA-seq profiles.
Although, we know that there is bimodal distribution in promoter NDRs and they possess different
architectures (discussed in section on NDRs), but the naming of the classification ‘SAGA’ and ‘TFIID’

is confusing and a misnomer.
1.3.2 Rtt109 Histone Acetyl Transferase

Rtt109 is a HAT that forms complexes with different chaperones such as Vps75 or Asf1 that activate
HAT activity and specify Rtt109 for selecting a specific substrate (Berndsen et al., 2008). The Rtt109
complex with Vps75 has been shown to catalyse acetylation on the histone H3-H4 heterodimers
(Kolonko et al., 2010). Rtt109 has a different sequence compared to earlier described HATs but has
structural homology with the human p300/CBP complex (Tang et al., 2008).

Rtt109 catalyses acetylation on H3K56 (Schneider et al., 2006). It uses free histones as substrate
(Tsubota et al., 2007) and H3K56ac is consequently enriched on newly assembled histones which
are usually promoter-proximal nucleosomes (Rufiange et al., 2007). H3K56ac enhances nucleosome
turnover events and positively correlates with RNAPII distribution (Topal et al., 2019). In Asfl
mutants, H3K56ac is absent, suggesting that Asf1 is essential for H3K56ac (Tsubota et al., 2007).

1.3.3 NuA4 Histone Acetyl Transferase Complex

NuA4 (Nucleosome Acetyltransferase of H4) forms a multimeric histone acetyl transferase complex
that is important for transcription and DNA damage repair (Squatrito et al., 2006). Esal corresponds
to the catalytic subunit and is an essential HAT in yeast, required for cell cycle progression (Clarke
et al., 1999; Smith, 1998). It is responsible for acetylation of H4, H2A and the H2A.Z histone variant
on chromatin and many non-histone proteins (Allard et al., 1999; Downey, 2015; Keogh et al., 2006).
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A recent study has shown that when Esal is dynamically anchored away from the nucleus, there is

total loss of both acetylation and transcription (Bruzzone et al., 2018).

NuA4 contains five non-catalytic subunits: Epl1, Tral, Arp4, Actl and Swc4/Eaf2, which are broadly
conserved (Doyon and Cote, 2004). NuA4 binds upstream of RNAPII transcribed genes (Kuang et al.,
2014). Tral acts as arecruitment module that is shared between NuA4 and SAGA complexes. It could
act as a scaffold for complex assembly or chromatin recruitment (Brown, 2001; Knutson and Hahn,
2011). NuA4 could also be recruited by its reader modules in the Yng2 and Eaf3 subunits. Yng2
contains a plant homeodomain (PHD) that identifies H3K4me3 and Eaf3 recognises H3K36me3
(Steunou, 2016). Eaf3 is a shared subunit with the Rpd3S HDAC (Carrozza et al., 2005). Both Gcnb
and Esal can bind promoters in the absence of a recruitment module, as HATs themselves have
acetyl-binding domains called bromodomains, resulting in self-reinforcement (Boudreault et al.,

2003; Grant, 1997; Hudson et al., 2000).

NuA4 exists in two independent complexes — piccolo-NuA4, composed of Esal, Epll, Yng2 and Eaf6
and the TINTIN complex composed of Eaf3/5/7 (Boudreault et al., 2003; Cheng and Cote, 2014; Friis,
2009). Eaf1 serves as a platform that helps assemble the four NuA4 modules: piccolo-NuA4, Tral,
Eaf3 and the Arp4 module (Mitchell, 2008). The Arp4 module containing Swc/Eaf2, Yaf9, Arp4 along
with Actl are also components of the SWR1 chromatin remodelling complex (Krogan et al., 2004).
Arp4 and Actl are also shared with the INO80 remodelling complex (Shen et al., 2000). In an
interesting study, a chimeric protein Eaf1-Swrl was shown to physically link NuA4 acetylation to
H2A.Z remodelling by the SWR1 complex, which recapitulates the human TIP60 complex (Auger,
2008).

Acetylated histone tails are recognised by protein complexes containing bromodomains like RSC
and SWI/SNF, as discussed before as well as by Bdfl, the primary bromodomain containing
component of TFIID (Filippakopoulos, 2012; Kasten et al., 2004; Matangkasombut et al., 2000;
Matangkasombut and Buratowski, 2003). This supports that NuA4 and SAGA acetylates histones
that are then identified by multiple bromodomain containing proteins including Bdf1 that helps
recruit TFIID, a component of the transcription pre-initiation complex or PIC (Durant and Pugh,
2007). Thus, most chromatin complexes collaborate on chromatin to give a precise transcriptional
state in an ‘hourglass’ model of chromatin remodelling (Clapier et al., 2017). The final chromatin
state determines the permissive or repressive regions for the assembly of a PIC and consequently

the level of transcriptional activity.
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1.4 Pre-Initiation Complex Assembly

RNA Polymerase II transcription machinery is a giant complex of 58 proteins with a total mass of
3.08 million daltons. Besides RNAPII and the mediator complex, it contains six general transcription
factors (GTFs) which bind core promoter elements. Many laboratories around the world have been
working on solving the structure and mechanism of RNAPII transcription with atomic resolution.
For the scope of this thesis — I will discuss particular aspects of this mechanism relevant for our

study.

Transcription is divided into three phases — initiation, elongation and termination. The first step in
transcription initiation is the assembly of a functional PIC. The sequential model involves the
recognition of core-promoter sequence elements and binding by TFIID, followed by the binding of
TFIIA and TFIIB, the RNAPII-TFIIF complex binds to a pre-formed TFIIB-TBP-DNA resulting in the
formation of the core initiation complex. This is followed by the binding of TFIIE and TFIIH
complexes to form a complete PIC associated with double-stranded promoter DNA (Haberle and

Stark, 2018; Sainsbury et al., 2015).
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Figure 3. Promoters for Nucleosome Depleted Region

Characteristic representation of a promoter NDR, 5’ to a gene. The nucleosome before the transcrip-
tion start site is referred to as -1 and the +1 nucleosome is located just after the transcription start
site (TSS). The +1 nucleosome contains the H2A variant Htz1 (light green) and is characterized by
H3K4me3 (blue circles), while H3K36me3 (green circles) accumulates towards the 3’ end of the gene.
Nucleosomes surrounding the NDR are acetylated (orange triangles) and promote binding of the
chromatin remodeler RSC to open the NDR. TBP binds TATA/TATA like sequences (TBS) and initiates
pre-initiation complex (PIC) assembly.
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1.4.1 TFIID DNA Binding Initiates Assembly

Promoter recognition and thus PIC assembly involves recognition of the promoter sequences by the
TATA-binding protein (TBP). TBP specifically binds to the TATA box sequence or TATA-like sites
that differ from TATA sites by two or more DNA bases (collectively termed as TBP binding sites or
TBS) (Fig. 3). TBP has a saddle shaped structure and binds to the minor groove of the TATA box. DNA
specificity of TBP binding results from A/T-rich DNA forming a hydrophobic surface (Vannini and
Cramer, 2012). TBP functions by bending the AT-rich sequence at promoters by 90° (Blair et al.,
2012).

TBP is functionally conserved from yeast to humans. TBP is present at most yeast gene promoters
and it interacts with gene specific TFs and is known to interact with SAGA complex. TBP binds
strongly to complete TATA sequences, but the transcription complex overlaps with the first
nucleosome at these sites and gene expression is regulated by acetylation, that probably promote
opening of NDRs. Most promoters in yeast have weak TATA-binding sites (~90%). The expression of
these genes depends on 14 TBP-associated factors (TAFs) which, along with TBP, form TFIID
(Cavallini, 1988; Rhee and Pugh, 2012).

Transcription is inhibited in vitro when nucleosome occludes the TBS (Lorch et al.,, 1987).
Furthermore, recent studies have shown that repositioning of the +1 nucleosome towards the NDR
results in a reduction of TBP binding. Genome-wide nucleosome occupancy changes at TBSs anti-
correlate with changes in TBP binding (Kubik, 2018). Thus, TBS accessibility and occupancy are

directly related to PIC assembly and transcription.
1.4.2 Transcription Initiation

The promoter-TBP complex interacts with TFIIB that acts as a bridge between RNAPII and the
promoter. TFIIB binds ‘dock’ and ‘wall’ domains of the polymerase to recruit the RNAPII-TFIIF
complex (Kostrewa, 2009). TFIIB functions to position the TBP-DNA complex over the RNAPII active
site, which acts as a key for PIC architecture (Miller and Hahn, 2006).

Transition of the PIC into an open complex requires a conformational change. The DNA translocase
XPB, a subunit of TFIIH, binds the DNA downstream of RNAPII and separates DNA strands. It propels
the single stranded DNA template into the polymerase active centre. This leads to the formation of

a transcription bubble (Griinberg et al., 2012; Kim et al., 2000).
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Recent observations detected open PIC ~40 bp upstream of smaller NDR (SAGA-dominated) TSSs
and about ~20 bp upstream of TFIID dominated TSSs (Vinayachandran et al., 2018). In both gene
classes, the RNAPII active site is located ~30 bp downstream of the TATA sequence. This supports
that yeast RNAPII melts DNA next to the TBS and scans downstream sequences for TSS selection
(Kuehner and Brow, 2006). A model for translocating RNAPII might involve TFIIH-mediated DNA
translocation in the form of ~10 bp bubble. Precise TSS selection is determined by the combined
action of TFIIB, TFIIH, RNAPII and nucleosome positioning (Khaperskyy et al., 2008; Klein-Brill et
al., 2019; Kostrewa, 2009).

1.4.2.1 Mediator complex: Relay of Transcription Signal

Mediator is a 25-subunit co-activator complex that regulates RNAPII initiation. Mediator is
composed of four modules — head, middle, tail and kinase. The Med14 subunit acts as a scaffold to
hold the complex together. Mediator stabilizes the PIC in vitro; it binds RNAPII and the initiation
factors TFIIB and TFIIH by its two modules — head and middle (Plaschka, 2015; Robinson, 2016;
Tsai, 2017). The tail subunit of Mediator binds TFs (Jeronimo, 2016). Mediator is able to contact
hundreds of transcription activators and transmits these signals with help of TFs (Poss et al., 2013).

Mediator can also be recruited by nascent ncRNAs (Lai, 2013).

Mediator function is required for the expression of nearly all protein-coding genes and its
interaction with RNAPII is essential (Soutourina et al., 2011). Based on in vitro data, a subset of GTFs
and Mediator were shown to act as scaffold that remains bound on promoters, that promote
transcription initiation, but this was never confirmed in vivo (Yudkovsky et al., 2000). Mediator acts
as a bridge between TFs bound at enhancers and the general transcription machinery assembled at
the promoters in higher Eukaryotes (Malik and Roeder, 2016). In yeast, Mediator interacts
simultaneously with UAS and core promoters with a short-lived association and loses its kinase

module while undergoing the compositional change in the formation of PIC (Petrenko et al., 2016).

Post-translation modifications (PTMs) of mediator subunits is highly regulated and modulates its
activity. For examples, phosphorylation of Med15 in the tails module prevent stress-induced
transcription by inhibiting mediator interaction with stress induced TFs (Miller, 2012; Soutourina,
2018) Mediator destabilizes the PIC for it to undergo ‘promoter escape’. It stimulates the
phosphorylation of RNAPII CTD at Ser5 by the Kin28/Cdk7 kinase subunit of TFIIH to facilitate the
transition of RNAPII to the elongation phase of transcription. Mediator is ejected by the XPB
translocase activity of TFIIH that makes PICs transcriptionally competent (Kim et al., 1994; Malik et
al., 2017). The +1 nucleosome is pushed downstream just after polymerase enters elongation phase

and this is directly related to the increase in transcription level (Nocetti and Whitehouse, 2016).
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1.5 Transcription Elongates with Co-conspirators

Transcription elongates at a rate of 30-40 nt/sec in yeast (Kos and Tollervey, 2010). RNAPII
transcription elongation is associated with 5’ capping, splicing, co-transcriptional changes in
histone modifications and polyadenylation of the mRNA transcripts. After RNAPII release,
promoter-proximal pausing of RNAPII is a characteristic phenomenon observed in higher
eukaryotes. It acts as a quality control mechanism and also plays a role in synchronous activation

of genes (Henriques, 2013).

Capping begins as soon as the mRNA 5’ end emerges from the RNAPII exit channel (Tome et al.,
2018). Capping of mRNA transcripts involves addition of the 5’ inverted methylguanosine cap to the
5’ most nucleotide. Capping provides protection from exonucleases. Capping enzymes bind to the
Ser5P form of RNAPII CTD (McCracken et al., 1997). S. cerevisiae has ~250 intron-containing genes,
most of which have one intron. The spliceosome identifies and completes splicing after RNAPII has
travelled 26 nt downstream of the 3’ splice site. This supports that yeast has strong intron definition

motifs to demarcate splice sites (Oesterreich et al., 2016).

RNAPII CTD is continuously undergoing phosphorylation/dephosphorylation modulating its
association with different factors. Elongating RNAPII has an impact on chromatin structure. The
mean spacing between the nucleosomes is associated with the frequency of transcription and might
be regulated by the RNAPII associated factors (Chereji et al.,, 2018; Rando and Winston, 2012;
Zentner and Henikoff, 2013).

1.5.1 RNAPII-CTD Phosphorylation Co-regulate Elongation

RNAPII contains a repeated seven-residue motif (YSPTSPS) at the C terminus of Rpb1, termed C-
terminal domain (CTD) (Buratowski, 2009). The number of CTD repeats varies from 26 in yeast to 52
in humans (Chapman et al., 2008). The residues Tyr1, Thr4, Ser2, Ser5 and Ser7 are phosphorylated
and dephosphorylated by CTD kinases and phosphatases in a regulated manner during
transcription. These changes are coupled with transitions in transcriptional stages (Jeronimo et al.,
2013) (Fig. 4). The non-phosphorylated CTD form is preferentially associated with the PIC as it has
a high affinity for the Mediator complex (Robinson, 2016).

CDK7 phosphorylates the RNAPII CTD at Ser5 and Ser7 residues of the repeats resulting in
transcription initiation. Ser5P levels peak near the promoter and drop immediately after, whereas
Ser2P, Thr4P and Tyr1P levels increase across gene bodies. Tyr1P levels decrease before the poly-

adenylation site (PAS) (Fig. 4). The phosphorylation patterns are crucial for recruitment of key
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regulatory factors, changes in chromatin modifications and RNA processing during transcription
(Harlen and Churchman, 2017) (Fig. 4). The phosphorylated form of RNAP II CTD promotes the

recruitment of PAF1 complex and transcription elongation factors, such as Spté6 (Harlen et al., 2016).
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Figure 4. Co-transcriptional changes in RNA Pol II CTD and Histone PTMs

(A) Representation of an Open Reading Frame with 5° NDR containing the TBS, TSS and +1
nucleosome with Htz1.

(B) Levels of RNA Pol II CTD Phosphorylation states during transcription initiation and
elongation, adapted from Harlen and Churchman, 2017.

(C) Transcribing RNA Pol II associates with a variety of factors and deposits different
modifications, resulting in a characteristic ORF profile of modifications.
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1.5.2 Transcription Bursts ON and OFF

Transcription occurs in short bursts, which includes groups of initiation events separated by
periods of inactivity (Chubb et al., 2006). Bursting depends on the organism and regulatory state of
the gene (Lenstra et al., 2015). It contributes to transcriptional noise and increases cell-to-cell
variability (Hornung, 2012; Tirosh et al.,, 2006). A single burst may contain between 2 — 100
transcribing RNAPII molecules (Tantale, 2016).

The stochastic nature of the transcription bursts defines the final transcriptional output in two ways
—a. Burst size, i.e. the number of RNAPII molecules per burst and b. Burst frequency. The probability
(frequency) of the burst positively correlates with the accessibility and priming of the promoter
(Chen et al., 2019). The presence of a TATA-box in the promoter favors association with a large
number of RNAPII molecules per burst (Larsson et al., 2019). The bursting frequency can be
increased by changing the promoter chromatin to more easily recruit TFs or by inducing histone

acetylation (Chen et al., 2019).
1.5.3 Transcription Runs in both Directions

The transcription that starts within the same NDR but elongates in the opposite direction is termed
“divergent transcription”. Bidirectional transcription from coding gene promoters has been
recognised to be a common phenomenon. Recent technological advances have revealed an
abundance of non-coding transcripts near promoters of well-annotated genes in yeast (Neil et al.,
2009; Xu et al., 2009). In humans, bidirectional transcription was observed at 55% of promoters by
global run-on sequencing (GRO-seq) (Core et al., 2008). In humans, functionally, divergent gene
pairs are usually the genes involved in the same pathway which mostly show positively correlated

expression, which could be achieved by the binding of single TF (Lin et al., 2007).

Bidirectional transcripts arising from the same NDR originate from two distinct PICs, one for each
transcribing direction, are associated within a relatively short region of ~120 bp, (Neil et al., 2009;
Rhee and Pugh, 2012). In this study, PIC assembly was also observed at 3’ end NDRs of mRNA
encoding genes. Furthermore, both ncRNAs and mRNAs transcribed from NDRs were observed to
have compositionally homogenous PICs with regard to GTFs. Divergent transcription is regulated in
a chromatin-dependent manner by CAF-1 and H3K56ac, and is promoted by the nucleosome

remodeler SWI/SNF (Marquardt et al., 2014).

A recent study using native elongating transcript sequencing (NET-seq) observed transcription

initiation upon introduction of a naive DNA sequence from a closely related species into the S.
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cerevisiae genome. Transcription initiation was observed to be bidirectional originating from either
sides of randomly distributed yeast TF sequence motifs that were present in the DNA sequence.
These observations support that new promoter regions are inherently bidirectional and that

unidirectionality is an acquired trait (Jin et al., 2017).
1.6 Elongating polymerase re-write Chromatin Code

A variety of chromatin modifications are associated with different regions on the gene (Fig. 4).
RNAPII CTD interacts with different factors co-transcriptionally to read/write the chromatin
landscape in the gene bodies. This gives rise to an RNAPII CTD phosphorylation linked chromatin
PTM landscape and to the different stages of transcription. Chromatin modifications also influence
the speed of elongating RNAPII and the extent to which co-transcriptional factors could bind. It
works as if RNAPII marks the transcription unit for the ‘next’ cycle of transcription; that in turn

regulates the RNAPII binding and passage in the ‘next’ cycle.

Modifications can be broadly divided into two classes — a. modifications that are localised on
repressed genes or transcriptionally inactive chromatin also known as heterochromatin.
Heterochromatin modifications such as H3K9me and H3K27me localize to the transcriptionally
inactive regions of the genome in higher organisms; b. modifications associated with active

chromatin, which are referred to as euchromatin modifications.

The actively transcribed gene bodies are enriched with H2B ubiquitination (ub), methylations of
H3K36, H3K79 and H3K4 (Fig. 4). Histone PTMs also present a high level of cross-talk among
readers and writers. In steady state condition, the combinatorial complexity is reduced because of
the co-occurrence of many modifications and a few strict non-occurring modifications. An analysis
of the time resolved changes in modifications revealed changing kinetics of different modifications
in response to transcriptional upregulation and revealed new combination states (Weiner et al.,

2015). I will discuss few co-transcriptionally deposited modifications relevant for this work.
1.6.1 H3K4 Methylation marks Active Promoters

Active promoter regions have H3K4me besides multiple acetylated H3 and H4 Lysine residues.
H3K4 monomethylation is enriched towards the 3’ end of the genes, dimethylation peaks in the
middle of the gene body. Trimethylation occurs at the promoter regions of the gene, around the TSS
and 5’ end of the open reading frame (ORF) (Pokholok et al., 2005; Weiner et al., 2015) (Fig. 4). Over
successive transcription cycles, Set1 converts monomethylated into demethylated and finally into

trimethylated residues. This methylation gradient depends on the transcription elongation rate,
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frequency and time Setl spends near a nucleosome (Soares et al.,, 2017). H3K4me3 provides a
memory of recent transcriptional activity and helps maintain an active chromatin state (Ng et al.,

2003).

In yeast, H3K4 is methylated by the Set1/COMPASS complex. Set1l N-terminal region and COMPASS
subunit Swd2 interaction is required and are both needed for the recruitment of the complex to
chromatin via RNAPII CTD Ser5 (Bae et al., 2020). PAF/RTF is a multi-subunit, evolutionarily
conserved, elongation complex loaded onto the Ser5P form of RNAPII CTD (Qiu et al., 2006). PAF is
critical for extending Rad6/Brel histone ubiquitin ligase binding to RNAPII into the ORF, where
Rad6 performs H2BK123 ubiquitination. H2BK123 ubiquitination is required for di- and
trimethylation of H3K4 (Kim et al., 2009; Shahbazian et al., 2005). Therefore, PAF directly regulates
both H2B ubiquitination and H3K4 methylation (Krogan et al.,, 2003a; Wood et al., 2003). PAF
dependent H2Bub also facilitates FACT function, a complex involved in the destabilization of
nucleosomal H2A/H2B and H3/H4 tetramers, thereby promoting transcription elongation (Fischl et

al., 2017; Hou et al., 2019; Pavri et al., 2006).

H3K4 methylation is recognised by PHD domain-containing complexes and can help in their
recruitment to activate/repress transcription. H3K4me3 has been shown to stimulate activator-
dependent transcription in vitro, it increases TFIID occupancy as well as PIC formation and
stabilisation (Lauberth et al., 2013). H3K4me3 also recruits the CHD1 remodeler, which in turn
maintains H3K4 and H3K36 trimethylation and promotes transcription elongation with RNAPII CTD
(Sims et al., 2007; Vermeulen, 2007). H3K4me3 is recognised by the Gen5 containing HAT complex
SAGA, that promote H3K9ac (Bian, 2011). H3K4me3 is also recognised by the Yng1 subunit of NuA3
HAT, that acetylates H3K14 (Taverna et al., 2006).

H3K4me?2 is recognised by the Set3C complex via its PHD domain. Set3C contains Hos2 and Hst1
HDACSs that deacetylate nucleosomes in the gene body near the 5’ end. This was shown to result in
promoting efficient elongation of RNAPII as defects in Set1-Set3 pathway results in altered RNAP II
levels and the strains showed increased sensitivity to chemical agents (Kim and Buratowski, 2009).
Set3C binding also represses cryptic transcription originating closer to the 5’ end of yeast ORF (Kim
et al., 2012). H3K4 trimethylation was also shown to promote efficient termination by Nrd1-Nab3-

Senl (NNS) complex (Terzi et al., 2011) (Discussed on page 38).
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1.6.2 H3K36me: Closing Chromatin after Polymerase

Set2 is a H3K36 histone methyl transferase (HMT) that preferentially binds to the RNAPII CTD
phosphorylated at both Ser5 and Ser2. Set2 travels with RNAPII and therefore mediates H3K36 di-
and trimethylation within gene bodies (Kizer et al., 2005; Krogan et al., 2003b). The levels of
H3K36me2/3 increase towards the 3’ end of the genes and the pattern is highly conserved in

eukaryotes (Fig. 4) (Weiner et al., 2015).

One role of H3K36me3 is to suppress histone exchange within the ORF of transcribed genes
(Venkatesh et al.,, 2012). H3K36me3 reduction or loss of Set2 decreases FACT occupancy on
chromatin and FACT-mediated H2B histone exchange during transcription in the gene body
(Carvalho et al., 2013). H3K36me3 also recruits Rpd3S to prevent spurious intragenic transcription
in yeast. In humans, H3K36me3 further promote DNA methylation to restrict intergenic

transcription (Carrozza et al., 2005; Neri, 2017).

Loss of Set2, gives rise to improper resetting of the chromatin after transcription, resulting in
transcription initiation from within protein coding genes generating non-coding transcripts
(Venkatesh et al., 2016). Perturbed levels of H3K36me also result in reduction in life span (Sen et al.,
2015).The study supports that H3K36me promotes longevity by suppressing cryptic transcription
and that in old yeast cells, upregulated genes lose this mark in the gene bodies. This study further

showed that H3K36me3 also increases lifespan in C. elegans (Sen et al., 2015).

H3K36me3 is repressive towards transcription. Indeed, when Set2 is mistargeted to promoter
regions through artificial recruitment, it represses transcription (Landry et al., 2003; Strahl et al.,
2002). Upstream overlapping non-coding transcription has been shown to direct Set2-Rpd3S to the
promoters of the Set2-repressed genes (Kim et al., 2016). These observations support that Set2
deposits H3K36me co-transcriptionally, which results in the resetting of chromatin to a repressive

state after the passage of RNAPII in genes.
1.6.2.1 Rpd3 Histone Deacetylase recognises H3K36me3

Transcription elongation is promoted by acetylation of multiple histones. After RNAPII passage,
deacetylation occurs to re-establish repressed chromatin. Set2-mediated H3K36me3 promotes the
subsequent recruitment of Rpd3S to remove transcription coupled histone acetylation and restore
nucleosome positioning after transcription. H3K36me3 in gene bodies recruits the Rpd3S HDAC
complex through a chromodomain in its Eaf3 subunit and a PHD domain in the Rpd3 complex.

Increased acetylation in the ORF was observed upon loss of Set2 (Keogh et al., 2005; Li et al., 2007b).
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The Rpd3 HDAC exists in two forms: Rpd3S (small) and Rpd3L (Large). Yeast Pho23 and Rxt1 are two
components of Rpd3L that recognise H3K4me3 and H3K36me3 respectively via their PHD finger
domain and bind the modification present in promoters (Lee et al., 2018a; Shi et al., 2007). Rpd3 and
Set3 binding is further enhanced by their interaction with phosphorylated RNAPII CTD, although
H3K36me3 is required for the deacetylation activity of Rpd3 (Govind et al., 2010).

Rpd3 is also targeted to the promoters when yeast cells are shifted to glucose depleted medium and
when cells entre quiescence (Q). Rpd3 helps maintain a repressive chromatin by deacetylating the
promoter chromatin, increasing histone density in the promoter regions of the repressed genes.
Rpd3 is essential for Q entry and yeast cell survival (McKnight et al., 2015). Further studies from the
lab showed that the chromatin remodeler SWI/SNF activates Q specific genes and is required for Q
entry. Snf2 works with the Gisl TF that is phosphorylated and localised to Q specific upregulated
genes. They also showed that Rpd3 binding to the promoters is mediated by Snf2 prior to diauxic
shift (DS) (Spain et al., 2018).

1.7 Termination: pushing the break

The RNAPII termination process is highly regulated. It consists of — polyadenylation of the mRNA
transcript after cleavage, slowing down of RNAPII, release of the mRNA for nuclear export and
eviction of the RNAPII from the DNA. RNAII density is increased as it reaches the cleavage and
polyadenylation sites as observed in nascent RNA sequencing methods - GRO-seq, PRO-seq, mNET-
seq (Kwak et al., 2013; Mayer et al., 2015). After processing and releasing the transcript, RNAPII
continues transcribing before eventually dissociating from DNA. Two models for RNAPII
termination have been proposed — a. allosteric hindrance, in which RNAPII interacts with other
factors that destabilise it or b. torpedo model, in which a 5’ to 3° RNA exonuclease chases down

RNAPII to trigger termination (Proudfoot, 2016).

Knocking down RNA processing and cleavage factors reduces RNAPII accumulation at the
polyadenylation site (PAS), which indicates a functional connection between RNAPII pausing at PAS
and RNA processing during cleavage. Depletion of cleavage factors and 5’- 3’ exoribonuclease also
increases RNAPII accumulation near the TSS, suggesting that many transcripts are cleaved at an
early stage of transcription (Nojima et al., 2015). Different cleavage factors function in different
termination processes; for example the Integrator complex cleaves enhancer RNAs in humans (Lai
et al.,, 2015). In yeast, the cleavage and polyadenylation factor (CPF) performs transcription
termination at protein coding genes whereas snoRNAs and non-coding RNA early-termination is

mediated by the NNS complex discussed in detail in the non-coding section.
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2 Transcription of Non-Coding RNASs

The mechanisms of RNAPII transcription as described above is true for a ‘gene’. While reading the
literature about the transcription, it is natural to think that it is applicable to protein-coding genes,
as most research before the dawn of sequencing has been performed on this set of DNA sequences.
Currently, ‘Gene’ is defined as a basic physical and functional unit of heredity, that might code for
protein while most do not - from the NIH website. A few functional evolutionary studies have
proposed that promoters are initially just fortuitous and produce transcripts, which might turn out
to be beneficial for the cell and are subsequently selected. The fortuitous promoters acquire
canonical promoter architecture after selection (Hughes et al., 2012; Jin et al., 2017). These
observations suggest that coding transcription is not the rule; rather, coding RNAs are selected.

Thus, in the beginning, both forms of ‘genes’ are transcribed by RNAPII in a similar fashion.

In yeast, almost the whole genome is transcribed in an interleaved manner (Mellor et al., 2016).
Pervasive transcription gives rise to a complex organisation of the transcriptome with many
overlapping transcription boundaries on the same or opposite strands of the DNA. These
transcripts, coding or not, could act on the non-strand specific component of the DNA i.e.
chromatin, thereby influencing neighbouring transcription by modifying nucleosome PTMs, DNA
supercoiling and recruiting chromatin associated factors. Thus, pervasive transcription plays an

important role in gene regulation.
2.1 Long non-coding RNAs

Long non-coding RNAs are defined as RNAs of >200 nt in length that are independently transcribed
by RNAPII. They resemble mRNAs as they are capped and polyadenylated just as coding RNAs
(Quinn and Chang, 2016). Originally, the 200 nt cut-off corresponds to the retention threshold of
long RNA purification protocols. These exclude most canonical ncRNAs like small nucleolar RNAs

(snoRNAs), small nuclear RNAs (snRNAs) and tRNAs.

In yeast, the first IncRNAs were identified using DNA microarrays to examine total RNA in a mutant
lacking the 3’-5’exonuclease Rrp6, a component of the nuclear exosome. They identified
polyadenylated RNA species arising from intergenic regions, which are rapidly degraded by the
nuclear exosome (Wyers et al., 2005). Transcripts stabilized in the rrp6 mutant were termed cryptic
unstable transcripts (CUTs). Recent methods measuring nascent transcription such as NET-seq or

precision run-on sequencing (PRO-seq) identified a large number of unstable IncRNA transcripts.
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The number of these transcripts is increasing with the sequencing depth (Churchman and

Weissman, 2011; Neil et al., 2009; van Dijk et al., 2011).

Non-coding transcripts have a very short half-life and hence are detectable only after mutating
components of the degradation machinery and therefore in yeast, they are classified based on their
detection in the specific mutant. Steady state strand specific total RNA analyses identified stable
non-coding RNAs that were referred to as stable unannotated transcripts (SUTSs). Those in antisense
orientation to the coding ORF were termed natural antisense transcripts (NATs) (Castelnuovo and
Stutz, 2015; Khorkova et al., 2014; van Dijk et al., 2011; Xu et al., 2009). Finally, the transcripts
stabilized when inhibiting the cytoplasmic 5’-3’ exonuclease Xrnl are called Xrnl-sensitive

unannotated transcripts (XUTS).

Presently, over 200’000 unique IncRNAs have been annotated in humans and their expression is
usually tissue specific (Xu et al., 2017). One type of IncRNA classification is based on the site of
function relative to its transcription site. Cis-acting IncRNAs are defined as the ones whose activity
is based on the loci from where they are transcribed and are generally working or influencing the

genome through chromatin-related processes (Gil and Ulitsky, 2020).

Trans-acting IncRNAs depend on the sequence and level of IncRNA produced. In S. pombe, C. elegans,
D. melanogaster and mammals, overlapping transcription products have been shown to give rise to
dsRNAs that are processed by dicer in the nucleus to produce siRNAs that work with argonaute
proteins and histone methyl transferases to convert active chromatin into a heterochromatin state
via H3K9 or H3K27 methylation (Castel and Martienssen, 2013; Gullerova and Proudfoot, 2012). S.
cerevisiae lacks the machinery for RNA-mediated heterochromatin formation. In A. thaliana, the
COOLAIR antisense transcript mediates the replacement of H3K36me, a mark of active
transcription, with H3K27me3 and promotes transient polycomb-mediated heterochromatin

silencing (Csorba et al., 2014).
2.2 Cis-acting LncRNAs

Cis-acting IncRNAs are known to be of low abundance, usually a few molecules per cell. The sites of
IncRNA transcription are more highly conserved than the sequence of the IncRNA itself and they
are usually enriched in the chromatin fraction (Pang et al.,, 2006). Furthermore, the act of
transcription itself has been recognised to provide it with regulatory capacity. This supports the
view that IncRNAs are evolving to work in a position specific manner. Most commonly, it has been
observed that overlapping transcription of ncRNAs results in activating of repressive effect on the

chromatin and hence associated transcripts (Kaikkonen and Adelman, 2018; Ulitsky, 2016).
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The emerging idea in higher eukaryotes is that in the pre-formed chromatin loops place IncRNA
transcription and product in the vicinity of target genes, where it exerts its effects. Apart from
transcription itself; mechanism of action of IncRNAs are known to involve sequestering of certain
factors, binding to different proteins and repelling binding of specific proteins at a site (Gil and

Ulitsky, 2020; Sun et al., 2013).
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Figure 5 Origins of non-coding RNAs and mRNA relative to an ORF.

Promoter associated RNAs (PAR) originate from the 5’ NDR in either direction. Rapidly degraded
ncRNAs are termed Cryptic Unstable Transcripts or CUTs and stable ncRNAs are termed Stable
Uncharacterized Transcripts or SUTs. A typical mRNA or coding transcript originates from the
transcription start site (TSS); there can be more than one TSS, giving rise to different 5’ end
transcripts. Intragenic cryptic transcripts are usually repressed but originate within coding regions
in mutants of Set2, Spt6 or Spt16. NcRNAs originating from 3’ end NDRs also give rise to ncRNAs in
either direction; the one transcribed towards the Sense promoter and encoded by the opposite
strand is termed Antisense ncRNA. Figure adapted from Berretta and Morillon 2009.

2.2.1 Transcription Interference

Transcription interference (TI) can be defined as the direct suppressive effect of RNAPII
transcription in cis from one transcription passing over another (Shearwin et al., 2005). IncRNA
transcription can enter into a transcription unit coming from upstream and running into a
downstream promoter region in the case of genes in tandem; alternatively IncRNA transcription
could enter from the 3’ end direction while transcribing on the antisense strand. This results in
interdependent transcriptional units with transcription itself regulating initiation of another

transcript (Churchman and Weissman, 2011; Mellor et al., 2016; Nguyen et al., 2014).

The upstream transcription entering into a transcription unit could originate as a non-coding
transcript or arise from read-through transcription from an upstream gene in tandem. The initial
study that revealed the interference process was in humans where a duplicated second copy of the

o-globin gene becomes repressed by transcription from an upstream copy (Proudfoot, 1986).
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Transcript isoform sequencing (TIF-seq) in S. cerevisiae revealed that about 1/4™ of 2747 tandem
gene pairs express overlapping long isoforms, that have the potential to regulate the downstream
gene. Furthermore, 6.7% of gene products are part of bi-cistronic or tri-cistronic transcripts which

could also potentially repress the second or third transcripts (Pelechano et al., 2013).
2.2.2 Chromatin Mediates Transcription Interference

One mechanism of TI mediated chromatin remodelling is the transcribing RNAP II that could
produce supercoils in the DNA. RNA transcription generates negative supercoils behind and
positive supercoils in front of RNAPII. These supercoils could alter nucleosome occupancy in the
region; these combined effects may change chromatin structure and affect gene activation

(Naughton, 2013; Teves and Henikoff, 2014).

Negative supercoils favour the transient separation of the DNA strands. These negative supercoils
generated behind a transcribing RNAPII could result in the formation of R loops (Roy et al., 2010). R
loops are structures formed by annealing of RNA to its genomic template, either during its
transcription just behind RNAPII or after maturation. This generates a DNA:RNA hybrid and a
displaced single stranded DNA (Costantino and Koshland, 2015). In mammals, R loops are found to
associate with Polycomb complexes resulting in the formation of repressive chromatin (Skourti-

Stathaki et al., 2014).

Some non-coding transcripts repress the downstream transcripts by increasing the density of
nucleosomes in the canonical promoter architecture of the repressed genes. SRG1 IncRNA is located
upstream of the SER3 gene required for serine synthesis. When yeast is grown in rich medium, SRG1
IncRNA is elongated and SER3 is repressed by FACT complex-mediated nucleosome assembly at the

SER3 promoter (Hainer et al., 2011; Martens et al., 2005).

The act of transcription from upstream of a gene might trigger the displacement of TFs from the
compacted promoter region of the downstream gene (Bumgarner et al., 2009). This was observed in
Zapl-induced intergenic RNA transcripts that represses ADH1 and ADH3 by displacing

transcription activators (Bird et al., 2006).

Extension of IncRNAs or transcripts from upstream into ORFs could also result in the deposition of
elongation specific PTMs in the downstream promoters that repress transcription initiation.
LncRNA expression deposits Set2-mediated H3K36me3 marks co-transcriptionally, which recruit
HDACSs that repress RNAPII initiation (Ard and Allshire, 2016). Two IncRNAs control IME1 gene
expression in yeast. IME1 controls mating in yeast. Transcription of the IncRNA IRT1 represses IME1

expression by inducing methylation and deacetylation. The second IncRNA IRT2, upstream of IRT1,
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represses IRT1 and therefore alleviates IME1 repression (Moretto et al., 2018; van Werven et al.,

2012).

Overlapping IncRNAs have been shown to repress downstream transcription via two different
mechanisms depending on the distance between the IncRNA and the promoter. Upstream IncRNAs
that are close to the downstream promoter deposit Setl-dependent H3K4me2 marks at the
promoter which recruit the Set3 HDAC thereby inducing deacetylation of the gene 5’-transcribed
regions (Kim et al., 2012). When the distance between IncRNA and promoter is large, IncRNA
transcription will preferentially deposit Set2-dependent H3K36me3 at the promoter, which will
recruit the Rpd3 HDAC (Kim et al., 2016). Both studies elegantly follow the co-transcriptional PTM
deposition by IncRNAs as Set1 is interacting with RNAPII CTD at the beginning of transcription while
Set2 is travelling with RNAPII more towards the end of transcription (Fig. 4).

Enhancer RNAs (eRNAs) were also proposed to interact with Mediator to activate transcription (Lai,
2013). The homeobox specific eERNA HOTTIP, transcribed from the HOXA locus, mediates long range
interactions and chromosomal looping. It also binds the WDR5/MLL complex that drives H3K4me

at close by genes thereby activating transcription (Wang, 2011).

2.3 Antisense LncRNAs act in Cis

Antisense (AS) RNAs are transcripts in inverse orientation from the 3’ end of coding genes
(Pelechano and Steinmetz, 2013). In yeast, many AS transcripts originate from bidirectional
promoters, which might be a consequence of genome density (Neil et al., 2009; Xu et al., 2009). AS
transcripts are widely expressed in all organisms and current analyses place AS transcripts at 30%
of all human annotated transcripts (Ozsolak et al., 2010). AS transcripts mostly localize in the
nucleus and associate with chromatin. The expression level of AS transcripts is on average 10-fold

less than the coding transcripts (Neil et al., 2009; Xu et al., 2009).

Sense-AS transcript pairs have potential to form self-regulatory circuits in which an equilibrium
between their expression exists. Expression of one is mutually inhibitory to the other. This
organisation confers interdependent regulatory advantages independent of an action of a TF. Cells
can switch faster between an on/off state. This organisation is further known to provide yeast with
different transcriptional states within a cell population, that might provide it with survival or

evolutionary advantages (Mellor et al., 2016; Pelechano and Steinmetz, 2013; Xu et al., 2011).

AS transcription regulates sense expression through chromatin-based mechanisms. AS

transcription has been shown to repress sense transcription at the PHO84 locus by recruitment of
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the HDAC Hdal (Camblong et al., 2007). Using single-molecule FISH analyses, AS was shown to
repress sense transcription upon extension of PHO84 AS RNA into the promoter of the gene. The
study also showed that cell to cell variability exists and PHO84 mRNA was expressed in only 20% of
the cells while the remaining 80% cells exhibit low level of AS expression probably in association

with the inactive PHO84 gene (Castelnuovo et al., 2013).

It has been suggested that AS transcription will deposit histone modifications in the mirror image
to the ones deposited by sense transcription. This in turn will lead to promoter closing and
repression (Castelnuovo and Stutz, 2015; Castelnuovo et al., 2014; Xue et al., 2014). By contrast,
evidence has been presented that AS producing genes have markedly different chromatin states in

the ORF and therefore AS transcription is inherently different (Murray et al., 2015)..

Interestingly, AS-mediated repression occurs only when AS transcription reaches the promoter of
the sense genes (Castelnuovo et al., 2014; Nevers et al., 2018; Schulz et al., 2013). AS transcription
has been further shown to modulate sense transcription by changing the chromatin state over the
promoter and gene body, which would then influence sense transcript dynamics and stability. AS
results in genes having a bimodal two-state chromatin. This type of chromatin is typical of highly
regulated, bursting and noisy genes, that results in transcript variability in a population
(Weinberger et al., 2012; Zenklusen et al., 2008). Genes subjected to AS transcription at steady state
are characterized by high nucleosome occupancies in the sense promoter (Brown et al., 2018;

Murray et al., 2015) and is also associated with increased nucleosome turnover (Murray et al., 2015).

Some studies have proposed that AS transcription can also lead to activation of transcription (Uhler
et al., 2007). AS-mediated R-loop formation has been proposed to prevent chromatin compaction
and hence support transcription factor recruitment and gene expression (Boque-Sastre et al., 2015).
However, a complete mechanism does not exist that could explain AS-mediated Transcription

Interference.

2.3.1 Nrd1l-Nab3-Senl termination

To avoid unintentional transcriptional interference, AS IncRNAs are subjected to early-termination
dependent on the Nrd1-Nab3-Sen1 complex (Porrua and Libri, 2015). In S. cerevisiae, the Nrd1-Nab3-
Senl (NNS) complex is implicated in transcription termination of snRNAs, snoRNAs and cryptic
unstable transcripts (CUTs) as well as AS transcripts (Arigo et al., 2006; Schulz et al., 2013; Steinmetz
etal., 2001) (Fig. 5). Nrd1 and Nab3 are two RNA-binding proteins and Sen1 is an ATPase dependent
5’ to 3’ RNA/DNA and DNA helicase. Nrd1 and Nab3 recognise the short sequence motifs GUAA/G

and UCUUG on the nascent RNA, respectively (Creamer et al., 2011). This recognition is crucial for
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the specific targeting of the NNS complex, however these motifs are abundant and are insufficient
to drive NNS binding (Webb et al., 2014). These motifs are more enriched on promoter divergent
transcripts or at the 5’ end of antisense transcripts starting from the 3’end of coding genes (Porrua

etal., 2012).

Nrd1lis recruited to transcribing genes through its CID domain that interacts with the Ser5P form of
RNAPII CTD, which is abundant over the first ~100 bp of transcription (Milligan et al., 2016; Vasiljeva
et al., 2008). Termination by NNS is further promoted by interactions with H3K4me3 marks (Terzi
etal.,2011). RNAPII CTD Tyr1 has also been shown to be important for NNS recruitment. It promotes
efficient termination in its dephosphorylated form, while phosphorylation inhibits Nrd1 binding.
Tyrl was also shown to increase the residence time of RNAPII at the beginning of transcription
facilitating the physical interaction and thus recruitment of Nrd1-Nab3 (Collin et al., 2019; Mayer,
2012; Webb et al., 2014).

Once recruited, Nrd1-Nab3 can engage Senl, a highly conserved ATP-dependent 5’ to 3° RNA and
DNA helicase belonging to the superfamily 1 of helicases (Han et al., 2017). Sen1 does not exhibit
sequence-specific RNA-binding capability (Creamer et al., 2011; Porrua and Libri, 2013). To perform
transcription termination, Senl translocates along the nascent RNA towards the transcribing
RNAPIL In vitro, it has been shown that its central helicase domain is sufficient for transcription
termination (Han et al., 2017; Leonaite et al., 2017). Sen1 specificity for transcription termination is
provided by its interactions with Nrd1-Nab3 and RNAPIIL. The Sen1 C-terminal domain is recognised
by Nrd1 CID and its N-terminal domain promotes interaction with RNAPII CTD. Interaction with
RNAPII is necessary for its termination activity (Han et al., 2020) (Fig. 6). Sen1 also acts to prevent
R-loop formation (Mischo et al., 2011). Sen1 is also associated with replication forks and therefore

might play a role in coordinating replication and transcription (Alzu et al., 2012).

The NNS complex physically associates with the nuclear RNA exosome and the TRAMP activator
complex (Vasiljeva and Buratowski, 2006). This couples NNS dependent termination and
degradation of the transcripts. NNS recruits the TRAMP complex through a direct interaction of its
Trf4 component with the Nrd1 CID domain (Tudek et al., 2014). The TRAMP complex consists of and
got its name from three proteins — a poly(A) polymerase (either Trf4 or Trf5), a zinc knuckle RNA
binding protein (Airl or Air2) and the RNA helicase Mtr4. Trf4/5 adds a short oligo(A) tail to the 3’end
of the NNS-terminated RNAs.

The addition of an oligo(A) tail to the 3’end of the RNA primes the transcript for degradation by
nuclear exosome. The RNAs are degraded by the nuclear exosome that contains the Rrp6
exonuclease, which catalyses 3’ end maturation of snoRNAs or completes degradation of antisense

transcripts (LaCava et al., 2005; Vanacova et al., 2005; Wyers et al., 2005). The non-coding RNAs that
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escape early termination by NNS are extended and exported to the cytoplasm, where they are
targeted by the cytoplasmic surveillance machinery non-sense mediated decay (NMD) pathway

(Malabat et al., 2015; Wery et al., 2018).
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Figure 6. Nrd1/Nab3/Senl mediated Antisense early termination

(A) Recruitment of Nrd1-Nah3 by sequence specific binding motifs on Antisense (AS) RNA and
Nrd1 CID interaction with RNA Pol II CTD phosphorylated on Ser5.

(B) Nrd1-Nab3 mediated recruitment of Sen1 helicase that travels along the RNA to reach RNA
Pol Il and induce termination.

(C) AS RNA bound Nrd1-Nab3 interacts with the Tramp complex that adds Poly-A to the RNA
promoting its degradation by Rrp6, a component of the nuclear exosome.Figure adapted
from Porrua and Libri 2015.
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2.3.2 Physiological Antisense Regulation

The individual mutants of the three proteins are known to regulate different but overlapping subsets
of AS transcripts. This could be harnessed by the cell to promote rapid remodelling of the
transcriptome in response to external stimuli or different physiological conditions. The Nrd1-Nab3
termination pathway has been shown to counteract the Ras signalling pathway and to participate in
the response to nutrient depletion (Darby et al., 2012). This study shows that Nrd1 is functional in
the rapid suppression of some growth and glycolysis related genes when transferred to the poor
growth conditions. Glucose depletion leads to dephosphorylation of Nrdl that forms nuclear
speckles with Nab3 (Darby et al., 2012). Transcription termination in nutrient depletion conditions
has been studied using PAR-CLIP. Nrd1-Nab3 have been found to associate with 30% of protein-
coding transcripts (Webb et al., 2014).

The glucose depletion response was further characterized by observing the binding of NNS and the
nuclear RNA decay machinery on the genome following nutrient depletion. It was shown that Nab3
becomes associated with many downregulated growth related genes, while stress induced genes
bypass NNS surveillance (Bresson et al., 2017). The NNS pathway selectively targets mRNAs that
code for energy usage or cell growth (Bresson et al., 2017). Nrd1 and Nab3 have also been found to
bind snoRNA and tRNA transcripts under glucose deprivation (Jamonnak et al., 2011). The complete
understanding of physiological regulation of NNS complex under nutrient stress conditions require

further investigation.

The Senl helicase protein levels have been shown to vary through the cell cycle. Reduced Senl
correlates with reduced Senl-mediated termination, while overexpression of Senl leads to
excessive termination and reduced cell viability (Mischo et al., 2018). Sen1 levels are regulated, as it
is involved in the last step of early-termination after Nrd1-Nab3 binding, and could therefore
determine the level of early-termination in the cell. AS transcripts are also observed to be
upregulated in quiescence phase (Go). These changes could either be due to the regulation of one of
the three NNS factors, or the consequence of global downregulation of sense transcription leading

to an upregulation of AS transcription (Nevers et al., 2018).
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3 Objectives

Our lab was one of the first to discover AS-mediated gene regulation (Camblong et al., 2007). We also
know that it occurs through a chromatin-related mechanism. However, the precise sequence of
molecular events leading to transcription interference is not known. AS and sense transcripts make
a co-transcriptional pair: perturbing the expression of an individual AS transcript can affect the
level of the sense transcript (Guttman et al.,, 2011; Xu et al.,, 2011). Therefore, dissecting the
functional properties of AS transcripts using classical approaches of overexpression or systematic
knockdown is not possible. To disentangle and study the consequences of AS transcription,
dynamic analyses following perturbation have been successful (Castelnuovo et al., 2014; Kim et al.,
2012; Schulz et al., 2013). These studies provided a dynamic method to induce AS transcription and
were successful in reporting direct effects of AS extension. My thesis work is based on these former

studies and can be divided into three parts addressing specific questions:

1. Antisense-Mediated Interference Mechanism. The aim was to perturb the system dynamically
and to follow the changes in both sense and antisense transcription. We planned to measure on a
genome-wide scale the dynamics of transcription output and occupancy of various factors in
response to induction of AS by removing AS early-termination. These studies were complemented
by dynamically measuring the transcription output in the absence of a key factor. This work was

performed to solve the mechanistic details of AS-mediated repression.

2. Recovery of Antisense-Mediated Repression. The second aim derives from the observations of

the first study. AS is able to repress sense through chromatin-related mechanisms and this occurs
naturally in the environment when cells encounter harsh conditions, such as limited nutrient
(Bresson et al.,, 2017). The next question was to address the long-term effects of AS mediated
repression, by recovering the AS early-termination. This work was performed by dynamically
following both transcription and chromatin first when establishing the marks by inducing AS, and

then by observing the persistence of transcription and chromatin effects in the absence of AS.

3. Non-coding Transcription Regulate the Replication Program in Cis. This study was performed to

address the role of non-coding transcription readthrough over autonomously replication sequences
(ARS). The hypothesis was that non-coding transcription readthrough may modify and thus close
the ARS NDRs. This was performed by measuring dynamically the changes in replication program
and chromatin features after inducing non-coding transcription through ARS. The study entitled
“Noncoding transcription influences the replication initiation program through chromatin
regulation” is published in Genome Research and is part of Appendix B of the thesis (Soudet et al.,

2019) (page 154).



Results

1 Antisense-Mediated Interference Mechanism

One aim of my thesis was to more precisely define the molecular mechanism by which AS
transcription represses sense expression. This question was addressed by dynamically depleting
Nrd1 using the anchor away system (Haruki et al., 2008). This leads to rapid AS induction and
elongation into the sense promoter, which was followed by performing RNA-seq. We observed 217
genes that were repressed by at least 20% or more after 60 mins of anchoring away of Nrd1. These
genes were termed antisense-mediated repressed genes (AMRG). Genes showing an increase in AS
but no decrease in sense expression were termed non-responsive genes (NRG). The rest of the non-

affected genes were termed Other genes.

AMRG showed reduced TBP occupancy after AS induction, supporting that AS extension represses
sense at the PIC formation stage. AMRG were also characterized by an increase in nucleosome
occupancy and H3K36me3 at the sense promoters in response to AS induction. AMRG further
showed a decrease in H3K18ac and RSC chromatin remodeler occupancy at the promoter regions.
This resulted in closing of the sense promoter at these genes with an observed shift in -1 and +1
nucleosomes towards the NDR. Importantly, the AS-mediated transcription interference was
observed to occur naturally at 1/5™ of yeast genes presenting the highest AS RNA levels at steady

state.

The study entitled “Fine Chromatin-Driven Mechanism of Transcription Interference by Antisense
Noncoding Transcription” is published in Cell Reports (Gill et al., 2020). My contribution to the work

was to perform experiments and analyse data for most figures in the publication.
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SUMMARY

Eukaryotic genomes are almost entirely transcribed by RNA polymerase Il. Consequently, the transcrip-
tion of long noncoding RNAs often overlaps with coding gene promoters, triggering potential gene
repression through a poorly characterized mechanism of transcription interference. Here, we propose a
comprehensive model of chromatin-based transcription interference in Saccharomyces cerevisiae (S.
cerevisiae). By using a noncoding transcription-inducible strain, we analyze 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 the deacetylation of a subpopulation of — 1/+1 nucleosomes associated
with increased H3K36me3. Reduced acetylation results in the decreased binding of the RSC chromatin
re-modeler at — 1/+1 nucleosomes and subsequent sliding into the nucleosome-depleted region
hindering pre-initiation complex association. Finally, we extend our model by showing that natural
antisense non-coding transcription significantly represses ~ 20% of S. cerevisiae genes through this

chromatin-based transcription interference mechanism.

INTRODUCTION

Recent techniques monitoring eukaryotic nascent transcription
have revealed that the RNA polymerase Il (RNAPII) landscape
extends far beyond the sole transcription of mMRNA (Churchman
and Weissman, 2011; Core et al., 2008; Mayer et al., 2015; No-
jima et al., 2015). If 1%-2% of the human genome is devoted
to coding genes, >80% is transcribed into >200-nt long noncod-
ing RNAs (IncRNAs) (Djebali et al., 2012). Thus, ~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 func-
tion is still under debate, it raises a new concept in which RNAPII
transcribes nearly the whole genome as closely interleaved
transcription units (Mellor et al., 2016). Consequently, the tran-
scription 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 molec-
ular basis underlying transcription interference remains poorly
characterized.

In Saccharomyces cerevisiae, noncoding transcription often
originates from a NDR, also referred to as bidirectional pro-
moters, transcribing a coding gene in one orientation and a non-
coding 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 transcrip-
tion into sense paired promoters and to limit transcription inter-
ference, INcRNAs are usually subjected to early termination in
a process that is dependent on the Nrd1-Nab3-Sen1 complex,
followed by degradation (Porrua and Libri, 2015). Early termina-
tion 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 im-
plies that some IncRNAs will be cleared through early termina-
tion, 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; Wery
et al., 2018). The artificial loss of early termination through
Nrd1 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, 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).

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
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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 1 h 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 (Bioconductor) 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 an NRG (MSGS5). Antisense induction in +Rap leads to the
elongation of NUT1367 noncoding RNA into the VAC7 promoter and to the subsequent transcription interference of the VAC?7 transcript.

(C) 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 —100 bp to
transcription start site (TSS) region for antisense and over the whole transcript for the sense.

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

(E) Metagene analysis of TBP-ChEC induced for 30 s in an Nrd1-AA strain treated or not with Rap for 1 h. Colored curves represent (+Rap/—Rap) fold-change of
the TBP-ChEC for the different classes of genes. The gray profile depicts the position of the nucleosomes as obtained with MNase-seq (see Figure 2A) for the
average gene. The gray box represents the 50-bp area around the TBS over which statistics are generated. The center of the 0- to 120-bp paired-end fragments is

represented for the plots and statistical analyses.

(legend continued on next page)
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et al., 2018). The more a gene is transcribed, the more the dis-
tance between nucleosomes decreases. Second, RNAPII elon-
gation is associated with the concomitant deposition of histone
modifications. The carboxy-terminal domain (CTD) of RNAPII in-
teracts with histone methyl transferases (HMTs) catalyzing the
transfer of methyl groups to histone H3. Among them, the trime-
thylation of H3 at lysine 36 (H3K36me3) by Set2 follows a specific
pattern over coding genes, being enriched at mid-gene to the
end of genes. This modification is a recruitment platform for
the Rpd3S histone deacetylase (HDAC) complex, which can de-
acetylate 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 SET2 or RPD3 leads to intragenic
cryptic transcription, associated with an increase in 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 a locking
mechanism, limiting spurious transcription initiation events.
Noncoding transcription-mediated transcription interference
usually requires RNAPII-dependent nucleosome modifications.
The loss of Set2 or HDACs leads to a rescue of coding gene
expression when noncoding transcription elongates into pro-
moter 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). These
data suggest that antisense-mediated transcription interference
probably occurs through a nucleosome-based mechanism.
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, Spt15in S. cerevisiae) at TATA (or TATA-like)-binding sites
(TBSs) (Kubik et al., 2018; Rhee and Pugh, 2012). Genome-wide
NDR opening and the subsequent ability to recruit the PIC mainly
depends on the RSC (remodeling the structure of chromatin)
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 vari-
ety of genome-wide approaches. We use a strategy in which
antisense noncoding early termination can be turned off, leading
to inducible transcription interference of >200 genes. Systematic
analyses of transcription initiation, NDR chromatin structure, and
transcription-associated histone modifications reveal the chore-
ography 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 influ-
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enced by this chromatin-based transcription interference at
steady state.

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 defined the list of coding
genes that are repressed upon the abrogation of RNAPII early
termination. To do so, we performed RNA sequencing (RNA-
seq) of the Nrd1-Anchor Away (AA) strain in which Nrd1 can be
artificially depleted from the nucleus upon rapamycin (Rap) addi-
tion (Figure 1A; Haruki et al., 2008; Schulz et al., 2013). We then
classified the genes into 3 categories: (1) the antisense-mediated
repressed genes (AMRGs, 217 genes), showing an at least 2-fold
increase in antisense and a >20% sense repression, (2) the
nonresponsive genes (NRGs, 469 genes), with a minimum
2-fold increase in antisense but a <20% decrease in sense
expression, and (3) the others (4,089 genes), showing a <2-fold
increase in antisense (Figures 1A and 1B). With these 3 groups,
we observed a prominent correlation between the fold increase
of antisense levels over the paired sense promoter and the fold
decrease in sense transcription, as already described (Figure 1C;
Schulz et al., 2013). AMRGs are significantly more repressed
than the others, while the NRGs present a mild phenotype. To
directly assess nascent transcription, we took advantage of
published datasets monitoring RNAPII photoactivatable ribonu-
cleoside-enhanced crosslinking and immunoprecipitation (PAR-
CLIP) in an Nrd1-AA strain (Schaughency et al., 2014). The same
trend as that obtained with RNA-seq is observed, although with a
lower amplitude, supporting the idea that sense repression may
occur at the nascent transcription level (Figure 1D; Schaughency
et al., 2014). Consistently, we also observed a highly significant
overlap between the whole set of genes repressed by >20% in
sense and the genes presenting a >2-fold increase in antisense
upon Nrd1 depletion (Figure S1A), further supporting that the
decrease in gene expression may be a direct consequence of
paired antisense extension. Of note, the vast majority of anti-
sense IncRNAs extended upon Nrd1-AA appear as full antisense
to the paired coding gene (Figure S1B).

Since sense repression may be 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 TBP (Spt15 in
S. cerevisiae) in the Nrd1-AA strain treated or not with Rap to
visualize PIC recruitment (Zentner et al., 2015). With ChEC, we
observed the expected distribution of the PIC as peaks around
the TBSs (Figure S1C; Rhee and Pugh, 2012). AMRGs present
a stronger decrease in PIC binding upon antisense induction
as compared to the others, while NRGs again exhibit a milder

F) Heatmap of (+Rap/—Rap) fold-change of TBP-ChEC for the AMRGs and NRGs from —500 to +500 bp around the TBS.

H) Snapshot depicting the AMRG class-coding gene VAC? repressed in +Rap by induction of NUT1367 antisense transcription. The rectangle indicates the PIC

(
(G) Box plots indicating the (+Rap/—Rap) fold-change of TBP-ChEC in the Nrd1-AA strain as measured 50 bp around the TBS.
(
i

nvolved in VAC? transcription.
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Figure 2. Antisense Induction Leads to Paired Sense Promoter Closing
(A) Metagene analysis of MNase-seq obtained in an Nrd1-AA strain treated or not with Rap for 1 h. Colored curves represent (+Rap/—Rap) fold-change of the
MNase-seq for the different classes of genes. The gray profile depicts the position of the nucleosomes as obtained for the average gene. The gray box represents
the 50-bp area around the TBS over which statistics are generated. The center of the 120- to 200-bp paired-end fragments is represented for the plots and
statistical analyses.

(legend continued on next page)
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phenotype (Figures 1E-1H, S1D, and S1E). The almost perfectly
overlapping PIC peaks in —Rap/+Rap at the others demonstrate
the precision of the measurement and validate the experimental
accuracy (Figure S1D).

Hence, as inferred by the lower binding of the PIC at coding
gene promoters, sense repression by antisense noncoding tran-
scription occurs at the transcription initiation step.

Antisense Induction into Promoters Increases
Nucleosome Occupancy over the TBS through —1/+1
Sliding

As mentioned above, antisense-mediated transcription interfer-
ence involves a chromatin-based mechanism. An interesting sce-
nario 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 over-
lapping with the TBSs, we plotted nucleosome dyads and quanti-
fied the occupancy over a 100-bp TBS-centered region. We de-
tected a highly significant increase in nucleosome occupancy at
the AMRG TBSs as compared to the NRGs and the others (Figures
2A, 2B, 21, S2A, and S2B). To rule out the possibility that this mea-
surement may be artifactual due to near-background values, we
performed a complementary technique, assay for transposase-
accessible chromatin sequencing (ATAC-seq), to convert the “val-
ley” 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 2C, 2D, and 2I). Even <150-bp NDRs, in which an
additional nucleosome cannot fit, demonstrate this increase in
nucleosome occupancy, suggesting —1 and/or +1 sliding rather
than incorporation of new nucleosomes (Figure 2E).

If —1 and/or +1 nucleosomes were sliding, one would expect a
decrease in the occupancy when centering the analysis on their
dyads (Figure 2F). This is what we observe for the —1 and +1 of
AMRGs upon antisense induction (Figures 2G, 2H, and S2A).
This AMRG-specific decrease is subtle in terms of fold-change,
but it nicely anticorrelates with the fold increase gained over
TBSs. When performing chromatin immunoprecipitation (ChIP)
of H3 with sonicated extracts (with ~300-bp resolution) at
AMRG promoters, we do not detect any change in H3 content
upon antisense induction, justifying the need for near-base pair
resolution to visualize antisense-mediated chromatin changes
(Figure S2C).
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PIC depletion does not lead to —1/+1 sliding at AMRGs (Fig-
ures S2D and S2E). This strongly suggests that decreased PIC
binding is a consequence of nucleosome repositioning rather
than the opposite.

These data show that antisense induction into AMRG promoters
leads to the repositioning of a subpopulation of —1/+1 nucleo-
somes over the TBSs, thereby competing with the recruitment of
the PIC. Of note, the increase in nucleosome occupancy at AMRGs
is not restricted to the NDRs as it also appears to increase in be-
tween +1/+2, +2/+3, and soon (Figures 2G and 2I). Thus, antisense
induction leads to not only promoter rearrangement but also
phasing changes of the gene body nucleosomal array.

H3K36me3 Absolute Levels Increase over AMRG TBSs
upon Antisense Induction
Since H3K36me3 by the Set2 HMT is known to be involved in
IncRNA-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 nucle-
osome resolution using MNase-ChlP-seq (Weiner et al., 2015).
Upon antisense elongation, we detected an increase in absolute
levels of H3K36me3 over TBSs, but not when measuring at —1
and +1 nucleosome dyads (Figures 3A, 3B, 3G, S3A, S3B, and
S3E). This increase in H3K36me3 is not biased toward large
NDRs, suggesting that this modification corresponds to a de
novo modification induced by noncoding transcription associ-
ated with —1/+1 sliding (Figure 3E). In agreement, H3K36me3
ChlIP at individual gene promoters indicates an increase in this
modification at AMRGs with longer incubation times in Rap,
strengthening the model that antisense elongation into pro-
moters induces de novo H3K36me3 deposition (Figure 3F).
Thus, the —1/+1 nucleosome repositioning correlates with the
appearance of H3K36me3 over the TBSs induced by antisense
transcription, suggesting that newly modified H3K36me3 nucle-
osomes undergo a sliding event.

H3K18ac Absolute Levels Decrease at —1/+1 AMRG
Nucleosomes upon Antisense Induction

HDACSs have previously been shown to be involved in antisense-
mediated transcription interference (Camblong et al., 2007; Cas-
telnuovo et al., 2013). Hence, we analyzed the H3K18ac
modification landscape by MNase-ChIP-seq in the Nrd1-AA
strain. In contrast to H3K36me3, H3K18ac absolute levels spe-
cifically decrease at —1/+1 nucleosomes but do not change
over the TBSs following antisense induction (Figures 3C-3E,
3G, and S3C-S3E).

(
(
(
(

B) Box plots indicating the +Rap/—Rap fold-change of dyad occupancy. Statistics are generated in the 50-bp area around the TBS.

C) Metagene analyses of ATAC-seq in an Nrd1-AA strain treated or not for 1 h with Rap and represented as in (A).

D) Box plots indicating the +Rap/—Rap fold-change in NDR accessibility as measured with the ATAC-seq. Statistics are generated as in (B).

E) Heatmaps centered on the +1 nucleosome of MNase-seq signal in —Rap (top) and MNase-seq +Rap/—Rap fold-change (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 150-bp DNA-covered nucleosome.

(F) The gain of nucleosomes around the TBSs through sliding should be accompanied by a —1 and/or +1 decrease in dyad occupancy peaks.
(G) Metagene analysis of MNase-seq as in (A) but centered on the —1 and +1 nucleosomes, respectively. The gray box represents the 10-bp area around —1

and +1 dyad centers in which statistics are generated.

(H) Box plots representing the dyad occupancy (+Rap/—Rap) fold-change in a 10-bp area around the —1 and +1 dyad centers, respectively.
() Snapshot of both MNase-seq and ATAC-seq profiles at the AMRG VAC7. The NDR from which VAC? transcription is initiated is indicated by a rectangle

magnified on the right-hand side.
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Thus, H3K36me3 and H3K18ac present an opposite pattern of
changes. When H3K36me3 levels increase over the TBSs,
H3K18ac levels decrease at —1/+1 nucleosomes. Since
H3K36me3 is a platform to recruit an HDAC and H3K36me3
and H3K18ac are largely anticorrelated, it is tempting to specu-
late that antisense elongation into promoters may lead to de
novo H3K36me3 of the —1/+1 nucleosomes, triggering deacety-
lation and subsequent sliding (Carrozza et al., 2005; Keogh et al.,
2005; Sadeh et al., 2016; Weiner et al., 2015).

Induced Antisense Transcription Reveals Different
Positioning of H3K36me3- and H3K18ac-Containing
Nucleosomes

The different behaviors of H3K36me3 and H3K18ac at AMRG
NDRs prompt us to propose that H3K36me3- and H3K18ac-
containing nucleosomes may be differentially repositioned
upon antisense induction and that MNase-seq recapitulates
the sum of these changes. We reasoned that since antisense
is expressed all along the gene bodies upon Nrd1-AA, the
same trend may be observed within the nucleosomal array of
gene bodies. We therefore performed a metagene analysis of
the nucleosomes +1-+8 for the different gene classes using
both MNase-seq and H3K36me3 and H3K18ac MNase-ChlP-
seq data (Figure 4A). This approach increases the robustness
of our measurements since 1,223, 2,981, and 19,899 nucleo-
somes are taken into account in our analysis for AMRGs,
NRGs, and others, respectively. We find that for AMRGs,
H3K36me3 levels do not significantly change at the peak but
increase upstream and downstream of the peak, while
H3K18ac levels decrease at the peak without any change on
either side (Figures 4A and 4B). The MNase-seq appears as
the sum of these two events since nucleosome occupancy
significantly decreases at the peak and increases downstream
of the peak.

Thus, our data converge toward a model in which antisense
induction leads to de novo H3K36me3, associated H3K18 de-
acetylation, and the subsequent repositioning of nucleosomes
(Figure 4C). It implies that H3K18ac-containing nucleosomes
may be restricted to the peaks, while H3K36me3-containing nu-
cleosomes may occupy a larger territory by generating several
subpopulations: those at the peak that are both H3K36me3
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and H3K18ac, and those around the peak that are only
H3K36me3. Accordingly, at steady state, H3K36me3 nucleo-
somes are less well positioned than H3K18ac nucleosomes
(Figure 4D).

Decreased 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
the 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; Kasten et al.,
2004).

Consistently, when the recruitment of the Sth1 catalytic sub-
unit of the RSC complex was examined by ChEC-seq in the
Nrd1-AA strain, a specific decrease in RSC interaction with —1
and +1 AMRG nucleosomes was detected in the presence of
Rap (Figures 5A-5C, S4A, and S4B). RSC recruitment into the
NDR of AMRGs shows no significant change when analyses
are centered on the TBSs (Figure 5A, left panel). These observa-
tions suggest a link between the decreased acetylation of NDR-
flanking nucleosomes and the loss of interaction with the essen-
tial RSC chromatin remodeler.

Loss of Rpd3 HDAC Partially Rescues Transcription
Interference-Associated Phenotypes

If decreased —1/+1 acetylation directly affects RSC recruitment,
then a mutant in which the deacetylation step is defective may
rescue RSC binding. This question was addressed by the dele-
tion of RPD3 in the Nrd1-AA background. Rpd3 is the HDAC
component of the Rpd3S/L complex that maintains H3K18ac
levels low in the cell (Rundlett et al., 1996).

We first examined the fold-change in H3K18ac levels by ChIP
upon antisense induction at selected AMRG promoters in the
presence or absence of Rpd3 (Figure S5A). As expected, upon
Rap addition, RPD3 deletion leads to limited deacetylation of
AMRG NDR-flanking nucleosomes as compared to the wild-type
(WT) strain.

Figure 3. Antisense Elongation into AMRG Promoters Leads to Increased H3K36me3 Absolute Levels around TBS and Decreased H3K18ac
Absolute Levels at —1/+1 Nucleosomes

(A) Metagene profiles of H3K36me3 MNase-ChlP-seq centered on TBSs and +1 nucleosome dyad centers obtained in an Nrd1-AA strain treated or not for 1 h with
Rap. Colored curves represent (+Rap/—Rap) fold-change of the H3K36me3 modification for the different classes of genes. The gray profile depicts the position of
H3K36me3 nucleosomes as obtained for the average gene in the absence of Rap. The gray boxes represent the 50-bp area around the TBS and the 10-bp area
centered around +1 peak over which statistics are generated. The center of the 120- to 200-bp paired-end fragments is represented for the plots and statistical
analyses.

(B) Box plots indicating the +Rap/—Rap fold-change in H3K36me3 levels in the 50-bp area around the TBS and the 10-bp area around —1/+1 peaks.

(C) Metagene profiles as in (A) but for the H3K18ac levels. The gray profile represents the position of H3K18ac nucleosomes for the average gene in the absence
of Rap.

(D) Box plots as in (B) for the H3K18ac modification.

(E) Heatmaps of H3K36me3 MNase-ChlP-seq signal in —Rap (top) and of H3K36me3 and H3K18ac fold-change centered on the +1 nucleosome dyad at AMRG.
(F) ChIP of H3K36me3 and H3K18ac histone modifications at gene promoters of AMRG, NRG, and other genes. Primers were designed to target each promoter
NDR. ChlIPs were performed at 0, 30, 60, 90, and 120 min after Rap addition. Immunoprecipitated promoter NDRs were normalized to immunoprecipitated SPT15
open reading frame (ORF) after gPCR amplification. 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.

(G) Snapshot of H3K36me3 and H3K18ac MNase-ChlP-seq absolute levels at the AMRG VAC?7. The NDR of VAC?7 is indicated by a rectangle and magnified in the
right-hand panels.
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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 1

h with Rap around the TBS and +1 nucleosome. Colored curves represent

(+Rap/—Rap) fold-change of the Sth1-ChEC for the different classes of genes. The gray profile depicts the position of Sth1-ChEC as obtained for the average
gene in the absence of Rap. The gray boxes represent the 50-bp area around the TBS and the 10-bp area around +1 peak area over which statistics are
generated. The center of the 120- to 200-bp paired-end fragments is represented for the plots and statistical analyses.

(B) Box plots indicating the (+Rap/—Rap) fold-change in Sth1-ChEC levels in the 50-bp area around the TBS and the 10-bp area around —1/+1 nucleosomal peaks.
(C) Snapshot of Sth1-ChEC levels at the AMRG VAC?7. The —1/+1 nucleosomes are indicated by a rectangle magnified in the right-hand panel.

We then plotted the +Rap/—Rap fold-change of RSC binding
at the +1 nucleosome, as assayed by Sth1 ChEC-seq (Figures
6A and 6E). When comparing to WT cells, we observed a partial
rescue of RSC binding in rpd34 at AMRGs. 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
rpd34 may inhibit the nucleosome sliding, as compared to WT
cells. As revealed by ATAC-seq, the increase in nucleosome oc-
cupancy over the TBS observed in WT cells upon antisense in-
duction is partially abrogated in rpd34 (Figures 6B and 6E).
Consequently, the loss of PIC binding and transcription interfer-
ence at AMRG observed in WT are also alleviated in rpd34 (Fig-
ures 6C-6E). The level of antisense accumulation in AMRG is not
globally affected in Nrd1-AA rpd34 as compared to Nrd1-AA
cells, indicating that the observed rescue is not an indirect effect
of decreased antisense transcription (Figure S5B).

Thus, the acetylation level of —1/+1 nucleosomes, through its
ability to recruit the RSC chromatin remodeler, appears as a cen-

tral regulator of the transcription interference mechanism.
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

Our results suggest the following model (Figure 7A). Under
normal conditions (—Rap), noncoding transcription early termi-
nation prevents the entry of antisense transcription into the
NDRs of promoters, keeping them open and favoring gene
expression. When Nrd1 is anchored away, antisense elongation
extends into the paired promoter NDR, resulting in H3K36me3 of
the —1 and +1 nucleosomes, which are subsequently deacety-
lated through a process involving the Rpd3 HDAC. The loss of
acetylation leads to decreased RSC recruitment and subsequent
sliding of the —1/+1 nucleosomes toward the TBSs. These
events result in a steric hindrance for PIC binding and, conse-
quently, in gene repression.

(B) Box plots indicating the (+Rap/—Rap) fold-change in MNase-seq, H3K36me:

3, and H3K18ac levels in the 10-bp area around the nucleosomal peak (+1-+8

peaks) and in the 10-bp area located at +75 bp downstream of the nucleosomal peak.
(C) Model recapitulating the observed differences in positioning. Nucleosomes depicted represent the same nucleosome in 4 different cells upon antisense

induction.

(D) Fuzziness score of H3K36me3 and H3K18ac nucleosomes at steady state (—

Rap).
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Our model is limited to only 4.5% of the genes in this
nonphysio-logical 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 transcrip-tion interference model could be
generalized under steady-state conditions. We ranked the
coding genes into five quintiles accord-ing to the natural levels
of nascent antisense transcription over their promoters (Figure
7B). The genes of the first quintile, presenting
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as expected from our model, the genes
showing the highest levels of antisense tran-
scription into promoters are less sensitive to RSC depletion
because they already present a higher nucleosome occupancy
within the NDR at steady-state resulting from the decreased inter-
action of the NDR-flanking nucleosomes with RSC.

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 signif-
icance up to 20% of the genes. These observations support the
view that gene regulation through interleaved noncoding
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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 bp to TSS area).
Each quintile contains 955 genes. RNAPII 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 100 bp upstream of the polyA site.

(C) Aggregate plot of nucleosome occupancy (top) and H3K36me3 (bottom) 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 rpd34 strain (>2-fold). Significance was defined according to a hypergeometrical test.
(

F) Box plot of nucleosome occupancy fold-change in a 50-bp area around the

transcription is a major player in global chromatin shaping of pro-
moters and gene expression in S. cerevisiae.

DISCUSSION

A Chromatin-Driven Transcription Interference Model
Derived from an Antisense-Inducible System

Based on our results, we propose an antisense-mediated tran-
scription interference mechanism through chromatin regulation
(Figure 7A). The rescue of the different molecular phenotypes
observed at AMRGs in the absence of the Rpd3 HDAC enables

TBS upon AA of Sth1 for 1 h. Data were retrieved from Kubik et al. (2018).

us to validate such a chromatin-driven model (Figure 6). Howev-
er, the rescue is only partial and other parameters must be taken
into consideration.

Antisense-mediated transcription interference may also impli-
cate other HDACs, as suggested by different earlier reports indi-
cating the involvement of Set3 through recruitment by H3K4me2
or of Hda1 (Camblong et al., 2007; Kim et al., 2016). Another
component of transcriptional interference may be the physical
eviction of the sense PIC by the RNAPII traveling in antisense di-
rection. However, we believe that this is unlikely since many
DNA-binding proteins behave as roadblocking factors in front

Cell Reports 37, 107612, May 5, 2020 11
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of which RNAPII stalls (Candelli et al., 2018; Colin et al., 2014;
Mayer et al., 2015). Additional mechanisms such as possible
RNAPII collisions (Cinghu et al., 2017; Hobson et al., 2012; Pre-
scott and Proudfoot, 2002) or secondary promoter structures
induced by antisense expression such as R-loops (Lim et al.,
2017; Mischo et al., 2011; Pefanis et al., 2014) may complete
our model of transcription interference and remain to be thor-
oughly 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 the others. However,
we do not expect drastic changes, mainly because AMRGs pre-
sent relatively high levels of natural antisense transcription into
promoters and are consequently already lowly expressed at
steady state (Figure S6B). Their chromatin is therefore already
partially closed before antisense induction, and Nrd1-AA only re-
sults in a subtle additional gain in repressive chromatin or a weak
loss of active chromatin (Figures 1, 2, 3, 4, 5, and S6C). If we
observe a magnitude of changes from 5%-15% at the chromatin
level for the AMRGs (Figures 1, 2, 3, 4, 5), then this ultimately
leads to a 40% decrease in mRNA as measured by RNA-seq (Fig-
ure 1C). Thus, low-amplitude phenotypes at the chromatin level
have important consequences on the cellular RNA content.

Subpopulations of H3K36me3 and H3K18ac
Nucleosomes Are Differently Positioned

The induction of antisense into AMRG promoters leads to an in-
crease in nucleosome occupancy over the TBSs, correlating with
a loss of occupancy at —1/+1 (Figure 2). Concomitantly, a sub-
population of de novo H3K36me3 nucleosomes appears over
the TBS, while H3K18ac nucleosomes decrease at —1/+1 (Fig-
ure 3). These considerations are not restricted to AMRG pro-
moters but are applicable to all nucleosomes undergoing forced
antisense (Figure 4). These data strongly suggest the existence
of subpopulations of H3K36 and H3K18ac nucleosomes that
show different positioning.

Based on these observations, we propose a simple model in
which the transcription-associated H3K36 methylated nucleo-
somes prevent transcription initiation while acetylated nucleo-
somes are pushed aside, allowing PIC binding. Thus, gene
expression would depend on the metastable state of the pro-
moter oscillating between a closed and an open conformation.
Antisense transcription frequency may promote NDR closing
by modulating the de novo 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). In
agreement with our model, gene expression is maximal when
—1/+1 nucleosomes are pushed aside in a movement mainly
driven by H3K9ac and H3K18ac maodifications (Hughes et al.,
2012; Nocetti and Whitehouse, 2016; Sanchez-Gaya et al.,
2018; Weiner et al., 2010).

We do not detect a shift in the nucleosome peaks themselves
upon antisense induction at AMRG (Figure 4A), most likely
because we are analyzing regions in which transcription occurs
on both strands in the population but is dominated in frequency
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by sense transcription. Thus, nucleosome phasing is mainly
dictated by sense transcription, and the relative low frequency
of antisense production displaces only a subpopulation and
not the whole peak. In other words, antisense induction may in-
crease cell-to-cell variability in nucleosome positioning at AMRG
promoters and gene bodies within a chromatin structure mainly
imposed by sense transcription.

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 anticorre-
lation between sense and antisense transcription is low (Fig-
ure S6D; 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 pro-
moter 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 se-
quences or transcription factors, the presence of roadblock-
ing proteins, or the recruitment of chromatin remodelers and
histone modifiers.

We show that gene promoters with high levels of natural anti-
sense tend to be more closed as compared to the others, a
finding that is in agreement with published data (Dai and Dai,
2012; Murray et al., 2015). However, our results contradict the
observation that high levels of antisense into promoters correlate
with low levels of H3K36me3 and high levels of histone acetyla-
tion 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 corre-
sponding to the promoter is more sensitive to the background,
increasing the probability of a biased result.

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 pro-
moter. 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 vari-
ety of configurations.

Our analyses were performed only in rich medium. Early termi-
nation of INcRNA can be regulated in response to growth condi-
tions, leading to different patterns of noncoding transcription
elongation (Bresson et al., 2017; van Nues et al., 2017). Thus, a
different framework of transcription interference may be ex-
pected, depending on external conditions.
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Itis worth noting that ~100 coding genes are less expressed in
mRNA orientation than in IncRNA orientation at the nascent tran-
scription level (data not shown). Thus, in some cases, the mRNA
may appear as a spurious transcript undergoing IncRNA-medi-
ated transcription interference. 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 initi-
ates, mainly through the accessibility of the origin recognition
complex (ORC) to the autonomously replicating sequence
(ARS) consensus sequence (ACS) (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). 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 obser-
vations and the present ones tend to converge in a unique model
that may be applicable to all types of NDRs (Soudet and Stutz,
2019).

In higher eukaryotes, several antisense INcRNAs are already
described as being regulators of gene expression through chro-
matin-mediated regulation (Gil and Ulitsky, 2020; Wu et al,,
2020). In mammalian cells, replication mainly initiates within
gene promoters (Chen et al., 2019; Miotto et al., 2016). Replica-
tion initiation efficiency nicely correlates with transcription initia-
tion strength, which itself correlates with the accessibility of the
NDR (Brown et al., 2018; Chen et al., 2019). Similar 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 read-
through 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 consequences of noncoding
transcription readthrough on the chromatin structure of en-
hancers that 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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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-H3K18ac Abcam ab1191; RRID:AB_298692
Anti-H4ac Merck Millipore 06-598; RRID:AB_2295074

Anti-H3K36me3

Abcam

ab9050; RRID:AB_306966

Chemicals, Peptides and Recombinant Proteins

Micrococcal Nuclease Thermo Scientific 88216

Critical Commercial Assays

TD Buffer lllumina #15027866

TDE1 enzyme lllumina #15027865
Nextera Index Kit lllumina #FC-121-1011
NEBnext Ultra | DNA Library preparation kit NEB E7645

Deposited Data

Raw and analyzed data This paper GEO: GSE130946

RNAPII PAR-CLIP in Nrd1-AA
MNase-seq in Sth1-AA
MNase-seq in TBP-AA

(Schaughency et al., 2014)
(Kubik et al., 2018)
(Tramantano et al., 2016)

GEO: GSE56435
GEO: GSE98260
BioProject ID: PRINA271808

Experimental Models: Organisms/Strains

S. cerevisiae AA (FSY4885)

S. cerevisiae Nrd1-AA (FSY5065)

S. cerevisiae Nrd1-AA rpd34 (FSY7015)

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

S. cerevisiae Nrd1-AA rpd34 TBP-MNase
(FSY8164)

S. cerevisiae Nrd1-AA STH1-MNase
(FSY8254)

S. cerevisiae Nrd1-AA rpd34 STH1-MNase
(FSY8255)

(Haruki et al., 2008)

(Castelnuovo et al., 2014)

This study

This study

This study

This study

This study

MAT a, tor1-1, for14::NAT, RPL13A-2 X
FKBP12::TRP1

MAT «, tor1-1, for1 4::NAT, RPL13A-2 x
FKBP12::TRP1, NRD1-FRB::KanMX6

MAT o, tor1-1, for1::NAT, RPL13A-2 x
FKBP12::TRP1, NRD1-FRB::KanMX86,
rpd34::HIS3

MAT o, tor1-1, for1::NAT, RPL13A-2 x
FKBP12::TRP1, NRD1-FRB::KanMX6,
TBP-3xFLAG-MNase::HPHMX6

MAT a, tori-1, for1::NAT, RPL13A-2 X
FKBP12::TRP1, NRD1-FRB::KanMX6,
rpd34::HIS3, TBP-3xFLAG-MNase::HPHMX6
MAT o, tor1-1, for1::NAT, RPL13A-2 X
FKBP12::TRP1, NRD1-FRB::KanMX6,
STH1-3xFLAG-MNase::HPHMX6

MAT a, tor1-1, for1::NAT, RPL13A-2 x
FKBP12::TRP1, NRD1-FRB::KanMX6,
rpd34::HIS3, STH1-3xFLAG-MNase::HPHMX6

Oligonucleotides

See Table S2 N/A

Software and Algorithms

Bowtie (Langmead and Salzberg, 2012) http://bowtie-bio.sourceforge.net/bowtie2/
index.shtml

deepTools (Ramirez et al., 2016) https://deeptools.readthedocs.io/en/develop/
index.html

Danpos2 (Chen et al., 2013) https://sites.google.com/site/danposdoc/

Galaxy (Afgan et al., 2018) https://usegalaxy.org/

Prism 8 GraphPad N/A
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr. Julien
Soudet (julien.soudet@unige.ch).

Materials Availability
Yeast strains generated in this study are available upon request without restrictions.

Data and Code Availability
The accession number for the data reported in this study is GEO: GSE130946.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All Saccaromyces cerevisiae strains were derived from the Anchor-Away genetic backgrounds (see Table S1) (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 (Table S1). Anchor-away of Nrd1-AA was
induced by adding 1 pg/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(-ChlP)-seq

The MNase- and MNase-ChlP-seq experiments were performed mainly as described in Weiner et al. (2015) with the following mod-
ifications. Nrd1-AA strain was inoculated overnight and diluted in the morning to ODggo = 0.2 in YEPD medium. Yeast cell cultures of
100 mL was used per modification. Rapamycin treatment was performed at ODggog = 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.

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
19,000 g 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, TmM B-mercaptoethanol, 0.075% NP-40, 10 mM Tris-HCI pH 7.4, 5 mM MgCl,, 1 mM CaCl,) per tube. The DNA con-
centration was measured using Qubit dsDNA BR assay kit (Invitrogen). Chromatin was diluted to 20 pg/mL using NP buffer in all con-
ditions for comparable results.

MNase treatment was performed using 0.2 uL of MNase (ThermoScientific 100 units/uL) / 12 pg of chromatin in 600 plL 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 the same as those performed after MNase-ChlIP elution.

For MNase-ChlP, 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 pL 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 pL
MNase reaction.

The protein-G dynabeads (ThermoFisher Scientific) were pre-incubated with the antibodies for one hour at 4°C on a rotor, 85 pL
beads/reaction. The antibodies used were anti-H3 (Abcam ab1791):12 uL per reaction; anti-H3K36me3 (Abcam ab9050): 6 uL per
reaction; anti-H3K18ac (abcam ab1191): 7 uL 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), 1 mL of Buffer ll|
(10 mM Tris-HCI, pH 8.0, 1 mM EDTA, 250 mM LiCl, 0.5% NP-40, 0.05% sodium deoxycholate), 1 mL of Tris-EDTA pH 8.0. For
elution, the beads were incubated in 150 pL of elution buffer at 65°C for 15 minutes.

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 png/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
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DNA concentration was measured using Qubit dsDNA HS assay kit (Invitrogen) and the libraries were prepared using NEBnext Ultra
DNA library prep kit for lllumina (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) with some modifications. The yeast strains were cultured the day
before in YEPD medium. They were diluted to ODggo = 0.2 in YEPD medium in the morning. The 60 min rapamycin treatment was
performed at ODggg = 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 KClI, 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 uL 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 30 s for
SPT15-MNase or 20 s for STH1-MNase and were immediately mixed with 200 L 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/uL final concentration) and incubated at 55°C for 30 minutes. The DNA was ex-
tracted using phenol:chloroform:isoamyl extraction, and precipitated by adding 30 pg glycogen, 500 uL of 100% ethanol and incu-
bated at —20°C for one hour. RNase treatment was performed by adding 34.5 L of Tris, pH 8.0 and 10 ng of RNase per reaction.

For size selection of DNA fragments, 75 puL of solid phase reversible immobilization beads (SPRI, AmpureXP Beckman Coulter)
were added in 25 pL of RNase treated DNA and the reaction was mixed by pipetting up and down 10 times. The beads were incu-
bated 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 NaCl for each reaction. The DNA was extracted with phenol:chloroform:isoamyl solution and
precipitated with 100% ethanol. The pellets were washed with 70% ethanol and resuspended in 29 L of Tris, pH 8.0. DNA concen-
tration was measured using Qubit dsDNA HS assay kit (Invitrogen) using 4 pL sample. The remaining 25 pL were used to prepare
sequencing libraries using NEBnext Ultra DNA library prep kit for lllumina (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 modifying the protocol from Schep et al. (2015). The yeast strains were inoculated the day before
in YEPD. Cultures were diluted to ODggg = 0.2 and allowed to reach ODggg = 0.4. Half of the culture was then treated with Rapamycin
for 1h at 30°C.

1 mL of the cell culture was harvested from all conditions and strains. Cells were washed twice in 1 mL sorbitol buffer (1.4 M Sor-
bitol, 40 mM HEPES-KOH, pH 7.5, 0.5 mM MgCl,), 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
resuspended in 95 pL of 1x TD buffer and 5 pL of the TD enzyme (lllumina). The reaction was incubated at 37°C at 500 rpm for 30 mi-
nutes. DNA was then extracted with 3x SPRI beads (AmpureXP Beckman Coulter) and eluted in 28 uL 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 ampli-
fication was performed with NEBNext High-Fidelity 2x PCR Master Mix (NEB) using Nextera Primers (lllumina). 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.

ChIP-qPCR

The experiments were performed as described in Kuras and Struhl (1999) after some modifications. For both S. cerevisiae and
S. pombe (used here for spike-in), the cultures were grown to exponential phase until ODggo = 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 table

t). 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(-ChlP)-seq section. After elution and clean-up, DNA fragments were amplified with the different oligos of Table S2 using
the SYBR Green PCR Master Mix (Applied Biosystems) and a Real-Time PCR machine (Bio-Rad).
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QUANTIFICATION AND STATISTICAL ANALYSIS

List of genes, TBS and nucleosomes

The list of gene coordinates from TSS to poly-A was kindly provided by the Mellor Lab. 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 co-
ordinates, our list was crossed with the data from the Pugh lab (Rhee and Pugh, 2012). —1/+1 coordinates were extracted from
DANPOS?2 analysis with default settings (Chen et al., 2013) from our Wig profile of H3K18ac in -Rap. Figure 4A was obtained using
the coordinates of the nucleosome atlas from the Friedman lab (Weiner et al., 2015).

RNA-seq analysis

Single-end reads were aligned to sacCer3 genome assembly using Bowtie2 (Langmead and Salzberg, 2012) 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. Among them, AMRG were defined as the genes showing a < 0.8 fold-
change with an adjusted p value < 0.05.

MNase(-ChlP)-seq mapping

Paired-end reads were aligned to sacCer3 genome assembly using Bowtie2 (Langmead and Salzberg, 2012) 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)), counting only the 3bp at the center of fragments
and cpm normalization.

ChEC-seq and ATAC-seq mapping

Adapters were first removed from the paired-end reads using the TrimGalore! Tool with default options from the Galaxy server (Afgan
etal., 2018). Paired-end reads were then aligned to sacCer3 genome assembly using Bowtie2 (Langmead and Salzberg, 2012). 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 for TBP-ChEC and ATAC-seq, and 120-200bp for Sth1-ChEC) 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 deepTools2.0 using the bigWigCompare com-
mand (however, results of each duplicate are shown in Figures S1-S4). Metagene plots were produced using computeMatrix
followed by plotProfile commands. +Rap/-Rap fold-changes over 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 and H3K18ac.
Fuzziness was calculated with DANPOS2 (Chen et al., 2013) using H3K18ac -Rap and H3K36me3 -Rap Wig files. Only peaks
showing > 15cpm were taken into account in the analysis (7°929 and 9’899 peaks for H3K36me3 and H3K18ac, respectively).
Figures 6A-6D were normalized as follows: the mean of +Rap/-Rap fold-change was normalized to 1 in both WT and rpd34 strains
giving a normalization factor for each strain. These normalization factors were then applied to the different classes to correct the raw
fold-changes.

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-6D based on paired tests). t 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.
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2 Recovery of Antisense-Mediated Repression

Adaptation to the environment in yeast and cell specialization in multicellular organisms leads to
changes in transcription and programming of a specialised transcriptome for the particular cell.
This is accomplished by changes in chromatin organisation and transcription by reinforcing signals
from TFs, ncRNAs and histone modifications. This complex pattern of transcription has to be

passed-on to each successive generation for better survival (Bonasio et al., 2010).

The cells have molecular machineries to generate memory of the past events in the form of
epigenetic states, besides changes in the DNA sequence itself. Histone PTMs, prions and DNA
methylation form the basis for epigenetic states. Epigenetic inheritance is the transmittance of a
specific state of gene expression to the next generation that does not involve a change in DNA
sequence, provided the progeny is not exposed to the stimuli that caused the change (Henikoff and
Greally, 2016; Ptashne, 2007). The establishment of a modification is then partly dependent on the
PTM being copied by enzymes that recognize these pre-existing histone modifications and catalyse

the same on newly incorporated neighbouring histones (Moazed, 2011).

We observed that upon induced extension of AS transcripts into the promoters of sense ORFs, the
repression was mediated by a change in the chromatin state. The H3K36me3 modification is
increasing with an increase in nucleosome occupancy accompanied by a decrease in H3K18ac (Gill
et al., 2020). AS transcripts are regulated physiologically as well, when the early-termination is
naturally abrogated under nutrient depletion (Bresson et al., 2017; Darby et al., 2012; Webb et al.,
2014). Therefore, it is possible that repression by AS transcription might be preserved with the
modifications as an epigenetic memory. To study the changes or persistence in PTMs upon
abrogation of AS-mediated repression, we first established AS-repressed promoters and then
reintroduced AS early-termination followed by the analysis of both transcription and chromatin

states over time.
2.1 Introduction

Chromatin state is a key determinant of transcription levels. A specific chromatin state is achieved
by the interplay of various chromatin modifying factors, which take input from various signalling
pathways, the induction of TFs or a network of feedback loops (Diehl and Muir, 2020). The achieved
state should therefore be maintained through cell divisions to have accurate expression but also
needs to be plastic enough to respond to programmed cell cycle changes or to the environment.

Therefore, molecular mechanisms acting on an epigenetic state could be divided into two classes —
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mechanisms that help in maintaining the state and mechanisms involved in erasure of the

chromatin state.
2.1.1 Mechanisms of Epigenetic Memory Maintenance

The mechanisms by which an epigenetic process is inherited could be divided into three categories.
The first involves certain non-coding RNAs that are described to sequester complexes in order to
maintain a chromatin state. The second involves chromatin complexes that bind histone PTMs and
deposit the same modification on a new nucleosome, or factors, that copy modified DNA base onto
areplicated strand. The third is based on chromosome 3D organization and the observation that the
compartments in an active or repressive state influence the epigenetic marks deposited on new

histones (Iglesias et al., 2018; Reinberg and Vales, 2018; Yu et al., 2018).
2.1.1.1 Non-coding RNAs Sequester Chromatin Regulators

In fission yeast and higher eukaryotes small RNAs target nascent chromatin-bound ncRNAs and
recruit chromatin modifying complexes. RNA interference (RNAi) in S. pombe involves an RNA-
dependent RNA polymerase (RDRC), Dicer cleaving double stranded RNA (Dcrl), and Argonaute
(Ago) that is loaded with small double stranded RNAs to form the RNA-induced transcriptional
silencing (RITS) complex. RITS binding to homologous nascent RNAs promotes the recruitment of
the H3K9 methyl transferase. Deletion of either of these components results in loss of
heterochromatin silencing at pericentromeric DNA repeat regions and H3K9me is reduced (Volpe,
2002). Chpl was identified as another component of the RITS complex, which has a chromodomain

that binds methylated H3K9 stabilizing the complex (Noma et al., 2004; Partridge et al., 2002).

The stabilized RITS complex in turn promotes siRNA amplification as it interacts with RDRC and
Dcrl and act on ncRNAs to generate siRNAs (Motamedi et al., 2004). H3K9me also helps to recruit
RDRC via the HP1 homologue Swi6 (Motamedi et al., 2008). In the absence of RDRC, primal
heterochromatic RNAs (priRNAs), that are random degradation products of the bidirectional
transcription occurring at DNA repeats, associates with Ago1l. This triggers siRNA amplification and
heterochromatin assembly, suggesting the existence of feedback loops that involve small RNAs and

chromatin modifications (Halic and Moazed, 2010; Yu et al., 2014).

The XIST IncRNA represses a whole X chromosome in mammalian females by directing the
Polycomb repressive complex 2 (PRC2) to chromatin, to catalyse H3K27me3 (Zhao et al., 2008).
LncRNAs such as HOTAIR and HOX can also recruit PRC2 both in cis and trans (Pandey, 2008; Rinn,

2007). Thus, depending on the interacting protein nascent ncRNAs can reinforce a repressive state.



65

2.1.1.2 Reader-Modifier Reestablishment of Epigenetic Marks

In S. cerevisiae, the presence of H4K16ac functions to establish euchromatin after replication to
facilitate transcription (Shogren-Knaak, 2006). Deacetylation of H4K16ac by silent information
regulator (Sir2) is necessary for the establishment of condensed chromatin. It is maintained through
generations at ribosomal DNA repeat sequences, mating-type loci and telomeres (Allshire and

Madhani, 2018; Dodson and Rine, 2015).

In the SIR pathway, the DNA-binding proteins are recruited in a sequence-specific manner. There
are four Sir proteins (Sir1-Sir4). Sir2 is a NAD*-dependent histone deacetylase (HDAC) that acts on
H4K16ac on a neighbouring nucleosome and makes it possible for the complex Sir3-Sir4 to bind
that nucleosome and thus the cycle progresses (Armache et al., 2011). In this pathway, Sir3 is
defined as the ‘reader’ protein that recognise the modification, while Sir2 is the ‘eraser’ that erases

the mark. The SIR pathway is restricted to S. cerevisiae (Hanson and Wolfe, 2017).

In S. pombe and higher eukaryotes, Clr4 performs H3K9me. Clr4 has an N-terminal chromodomain
and a C-terminal SET domain, thereby coupling both the reader and modifier in the same protein.
It has been shown that once H3K9me is established, it could be maintained through epigenetic
mechanisms based on the direct interaction of Clr4 with pre-existing H3K9me in an RNAi

independent manner (Ragunathan et al., 2015).

HP1 proteins Swi6 and Chpl contain both a chromodomain and a chromoshadow domain (CSD)
(Brasher, 2000; Cowieson et al., 2000). CSD dimerization forms a binding platform for SHREC
(Snf2/HDAC-containing repressor complex) that promotes deacetylation of H3K9 and therefore
allowing its methylation (Fischer et al., 2009; Motamedi et al., 2008). The Swi6 dimer binds a
modified H3K9me3 nucleosome and provides the paired Swi6 to bind the neighbouring nucleosome
thus bridging two nucleosomes (Canzio, 2013). In higher organisms, feedforward loops also exist
with 5meC DNA methyltransferase, which can be recruited to H3K9me sites and the two

modifications can therefore promote each other (Hashimshony et al., 2003; Jackson et al., 2002).

In Drosophila, methylation of H3K27me3 is performed by PRC2. PRC2 is composed of four subunits
including suppressor of zeste homolog 12 (SUZ12), enhancer of zeste homolog 2 (EZH2) and
embryonic ectoderm development (EED). EED binds H3K27me3 which activates the SET domain of
EZH2. PRC2 is required for its epigenetic transmission. PRC2 promotes binding of the PRC1
complex to chromatin (Cao, 2002; Margueron, 2009).PRC1 recruitment acts a restricting
mechanism and inhibits remodelling by SWI/SNF, PRC2 requires sequence-specific recruitment to

DNA using PRE elements in Drosophila for long term inheritance (Laprell et al., 2017). H3K37me3 is
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shown to be inherited at the HOX gene loci in Drosophila, and plays a causal role in its repression

(Coleman and Struhl, 2017).

H3K20me is another repressive modification that leads to compaction of the chromatin and the
methylated K20 is antagonistic towards the activating mark H4K16ac (Kuzmichev et al., 2002;
Trojer et al., 2007).

2.1.1.3 Influence of Chromatin Domains on Epigenetics

Chromatin is further packed into a higher order structure in the nucleus which forms 3D domains
called topologically associated domains (TADs) which can be several megabase pairs in size (Dixon,
2012). They exist in two types — active A and inactive B domains (Lieberman-Aiden et al., 2009).
These domains are largely lost during cell division but are established again after metaphase
(Earnshaw and Laemmli, 1983; Gibcus et al., 2018). At a smaller scale, chromatin looping and long-
range interactions of genes have been observed (Rao, 2014; Sanyal et al., 2012). In S. cerevisiae, self-
associating domains exist in smaller configurations that involve on average four genes (Hsieh,
2015). This organisation helps regulate gene expression by maintaining active or repressive states

in spatially defined domains.

Presently, there is little information about the role played by the formation of domains in the
spreading of H3K9me and H3K27me in S. pombe or higher eukaryotes. In Drosophila, Chromobox 2
(Cbx2) protein binds to H3K27me3 and promotes nucleosome compaction, resulting in the
formation of domains and Cbx2-mediated compaction is essential for silencing (Lau et al., 2017).
Based on the observed changes in H3K27me and H3K36me over generations, a recent study in
mESCs computationally showed that domains with different states of these modifications exist, and
that the pre-existing state of a domain influences the final state of a modification on a nucleosome
(Alabert et al., 2020). Another study showed that PRC1 helps to form chromatin loops that maintain
domains containing transcriptionally active genes during development in Drosophila (Loubiere et

al., 2020).
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2.1.2 Mechanisms of Erasure of Epigenetic Marks

If a chromatin state defines the transcriptional level in the cell, it needs to be malleable enough to
respond to programmed cell cycle, nutrient conditions or other stimuli. The changes acquired
during such a response might be beneficial for survival so that the cell maintains it for longer
durations as discussed above. The second scenario is that the chromatin state was transiently
achieved for a response and then it needs to be abolished. The most common mechanism deployed
for this would be dilution of a chromatin mark during cell division. The active mechanisms include

targeted removal of a modification from a histone and active histone replacement.
2.1.2.1 Replication

DNA replication requires dismantling the nucleosome structure from the DNA followed by
nucleosome reassembly on the newly replicated DNA (Alabert and Groth, 2012). The newly
established nascent chromatin contains both recycled histones from the parent DNA strand and
naive histones. Parental histones are mixed with new histones on both strands. New histones have
H3K56ac, H4K5ac and H4K12ac (Annunziato, 2015). Each daughter DNA strand receives two-fold
diluted parent PTMs (Alabert, 2015). The parental histones preserve their pre-replication PTMs
during chromatin assembly (Petryk, 2018; Reveron-Gémez, 2018). Most of the parental H3-H4
histones are recycled as intact tetramers (Xu, 2010; Yu, 2018). They are positioned within 250 bp of
their pre-replication site (Reverén-Gémez, 2018). The histone recycling from parent to daughter
strands is slightly biased towards the lagging strand in yeast (Yu, 2018). Accurate repositioning of
PTMs forms the basis of epigenetic inheritance. If the new histones are not modified post-
replication, the PTMs will be lost by successive replication cycles. Accurate recycling per position
also defines the template for new histones and restricts the deposition of inhibitory modifications

that does not co-occur (Alabert et al., 2020)

The nascent chromatin has half of the total nucleosomes that are modified and different
mechanisms exist for different modifications to reach the pre-replication state. H3K9me3,
H3K27me3 can recruit enzymes and are potentially self-propagated continuously throughout the
cell cycle (Alabert, 2015; Audergon, 2015). The active chromatin marks H3K4me, H3K36me, and
H3K79me are shown to be restored completely within a cell cycle both in mouse and in yeast (Petryk,
2018). A possible mechanism might involve active deposition of these marks with transcription
(Stewart-Morgan et al., 2019). Passing of a chromatin state could be a selective process based on the

presence or absence of specific factors (De and Kassis, 2017; Stewart-Morgan et al., 2020).
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2.1.2.2 Replication Independent Histone Exchange

Besides the systematic disruption of chromatin during DNA replication, the chromatin within each
cell cycle is very dynamic (Luger et al., 2012). Histone exchange is used by the cell to swap complete
or parts of nucleosomes on chromatin with new nucleosomes. This exchange could lead to changes
in the stability and thus its residence time on the DNA. This mechanism could also be used to
remove nucleosomes containing pre-existing PTMs and thus erase the epigenetic memory. This

could be used to reset transcriptional programmes.

Histone exchange is more abundant at open chromatin and nucleosomes flanking NDRs (Dion et al.,
2007; Mito et al., 2007). For example, acetylation of H3K56ac and H3K122ac on the nucleosome
surface promote nucleosome disassembly (Tropberger, 2013; Williams et al., 2008). Acetylation also
enhances nucleosome exchange of H2A with the H2A.Z variant, mediated by the SWR complex
(Kusch, 2004), which might enhance RNAPII promoter escape. Transcription elongation also
requires removal of one H2A-H2B dimer from the nucleosome in vitro. This is facilitated by the
presence of H2BK123 ubiquitination and is performed by the FACT histone chaperone complex

(Belotserkovskaya, 2003; Kireeva, 2002; Kulaeva, 2009; Pavri et al., 2006).

On the other hand, the Snf2 chromatin remodeler represses histone exchange to stabilize chromatin
and promote replication mediated inheritance (Taneja, 2017). Similarly, the H3K36me3 mark
restricts histone exchange over coding regions post-transcription (Dion et al., 2007), and the Isw1b
complex is proposed to identify H3K36me3 nucleosomes (Maltby, 2012). The chaperone Asfl was
also shown to decrease the accumulation of new, acetylated nucleosomes over the coding regions,

suggesting a role in the stabilization of coding regions (Venkatesh, 2012).

2.1.2.3 Active Modification of PTMs

Epigenetic chromatin states are most frequently achieved and characterized by depositing histone
methylations and maintaining a repressive state rather than acetylation and active states. Although
there are proteins with bromodomains that bind acetylated histones, these marks have never been
observed to have a feedback mechanism for their propagation (Reinberg and Vales, 2018).
Therefore, epigenetics is currently restricted to repressive states and active demethylation is one of

the mechanisms for targeted reversal of this state.

In S. pombe, Epel has been shown to be the demethylase for H3K9me. After removal of the initial
signal to establish heterochromatin, H3K9me is maintained in the Epel demethylase mutant cells
(Ragunathan et al., 2015). In S. cerevisiae, the H3K4me demethylase Jhd2 was shown to genetically
inhibit the FACT and NNS complexes. Jhd2 also opposes the Spt6 positioning of nucleosomes near
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the TSS (Lee et al., 2018b). In S. cerevisiae, H3K36me is removed by Jhdl and Rphl. Jhdl
demethylates H3K36mel and H3K36me2, while H3K36me2 and H3K36me3 are removed by Rph1l
(Kim and Buratowski, 2007). Rphl-mediated demethylation has been shown to oppose Rpd3S
function, consistent with it demethylating H3K36me3 (Lee et al., 2018c).

2.1.3 Antisense Transcription Modifies Chromatin PTMs

Antisense transcription, when extended into the promoters of the sense transcripts, results in the
repression of the coding gene promoter. We showed that this repression is mediated by deposition
of H3K36me3 marks over sense promoters (Gill et al., 2020). H3K36me3 is deposited co-
transcriptionally by the Set2 methyltransferase (Li et al., 2003). H3K36me3 is enriched over coding
regions and has one of the longest half-lives in yeast (Weiner et al., 2015). In coding regions, the
H3K36me mark restricts histone exchange and helps maintain the old methylated nucleosomes in
the gene body thereby preventing intragenic cryptic transcription initiation (Venkatesh et al., 2016;
Venkatesh et al., 2012). H3K36me3 was also proposed to recruit the Iswlb chromatin remodelling
complex that helps to maintain the chromatin and nucleosome spacing (Smolle, 2012). We showed
that H3K36me3 is able to recruit Rpd3 to the promoter regions, inducing chromatin deacetylation
and making it repressive. Thus, once deposited on a nucleosome, H3K36me3 is linked to
mechanisms that help maintain the repressed state. Based on this, we asked whether the antisense-
mediated repression may persist after removal of the cause of repression, i.e. AS transcription

readthrough.

2.2 Antisense Mediated Repression primes Sense

Transcription for Activation

This study was performed using an auxin-inducible degron system where the Nrd1 is degraded
upon addition of auxin (Nishimura et al., 2009). Antisense is first extended to the promotor by
degrading Nrd1, so that there is repression. The auxin is then washed away resulting in rapid
synthesis of Nrd1 and therefore AS early-termination is resumed. We followed sense and AS nascent

transcript expression and chromatin kinetics upon depletion and recovery of Nrd1.

The following work is in preparation with last part of analyses still to be performed. My contribution
to the work is to perform experiments, analyse data and make figures for the findings presented. I

plan to write the final manuscript with input from both F.S. and J.S.
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Antisense-Mediated Repression primes the Sense
Transcript Promoter for Activation by Inducing

Acetylation

Jatinder Kaur Gill, Jose Manuel Nunez, Francoise Stutz and Julien Soudet

SUMMARY

Eukaryotic genomes are transcribed in an interleaved manner and often on both strands. The
complex interlinked transcription programs often involve switches between neighbouring genes on
the same or opposite strands that arise from transcription interference (TT). TI is mediated through
deposition of histone PTMs. Histone PTMs have the potential to be maintained and inherited after
replication. To observe what happens after Antisense-mediated repression (AMR), in the absence of
the initial signal, we dynamically induced antisense (AS) non-coding transcription to mediate
repression of hundreds of coding genes, followed by reversal to recover AS early-termination. We
observed rapid reversal and activation of the sense transcription, the moment AS readthrough is
off. Sense transcription recovered in an oscillating manner, with peaks and troughs of expression.
H3K18ac was immediately recovered with the first peak of RNA and the nucleosome occupancy in
the promoter was reduced within 30 minutes. The recovery is replication dependent, as the
nucleosome occupancy in nucleosome depleted region (NDR) decreased slowly in G1-arrested cells.
Opening of the NDR was also delayed in the absence of the histone acetyl transferase Esal,
suggesting that NuA4 plays a role in sense transcription recovery. Importantly, this study
recapitulates some of the previously observed contradictory consequences of overlapping
transcription events, described to have repressive but also activating effects. AS transcription into
the sense promoter clearly results in the downregulation of the corresponding gene. However, once
readthrough transcription is stopped, a majority of downregulated transcription units are rapidly

reactivated, which may explain the different phenotypes observed before.
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INTRODUCTION

Advances in nascent transcript analysis and increasing resolution in sequencing technologies have
mapped active transcription to >80% of the human genome although only 2% corresponds to
protein-coding mRNAs. In S. cerevisiae, the RNAPII landscape covers 75% of the genome (Carninci,
2005; Churchman and Weissman, 2011; Djebali, 2012). The current picture of the genome consists
of overlapping and co-dependent transcription units (Mellor et al., 2016). One class of non-coding
RNAs that are produced are long non-coding RNAs (IncRNAs) >200 nt in length, comprising
transcripts from intergenic regions, enhancer RNAs and antisense transcripts (AS) (Derrien, 2012).
A transcribing RNAPII running into the promoter of a neighbouring transcription unit results in
transcription interference (Camblong et al.,, 2007; Proudfoot, 1986; Schulz et al.,, 2013). AS
transcription starting at the 3’ end of the gene, or transcription from upstream into the NDR of a
promoter, results in co-transcriptional deposition of H3K4 and H3K36 histone methylation marks
by Setl or Set2. H3K4 and H3K36 methylation leads to repression by the recruitment of histone
deacetylases that makes sense chromatin repressive (Castelnuovo et al., 2014; Gill et al., 2020; Kim

etal, 2016; Kim et al., 2012).

Local changes in chromatin environment determine the level of gene expression (Allis and
Jenuwein, 2016; Halley-Stott and Gurdon, 2013). Furthermore, expression pattern is inherited
across generations as nucleosomes are accurately and symmetrically transmitted to both daughter
cells during replication, almost exactly to their pre-replication positions. Thus, the histone post-
translational modifications’ (PTMs) identity on a DNA sequence is preserved through cell division,
which is a form of epigenetic inheritance (Alabert, 2015; Petryk et al., 2018; Reveron-Gomez et al.,
2018). Transcriptionally repressive chromatin, that depends on H3K9me3 and H3K27me3 in higher
eukaryotes, and Sir complex-mediated repression in yeast, is identified by enzymes on older
histones and reproduced on neighbouring new ones by self-propagating read-write and read-erase

mechanisms respectively after replication (Reinberg and Vales, 2018).

AS transcription modifies the sense promoter NDR by deposition of the H3K36me3 mark (Gill et al.,
2020). H3K36me3 is deposited co-transcriptionally by the Set2 methyltransferase (Li et al., 2003)
and has one of the longest half-lives in yeast (Weiner et al., 2015). H3K36me1/2/3 has been shown
to be a stable modification in mESCs and in cells lacking H3K27me1/2/3 deposition; H3K36me1/2/3
spreads to the repressive domains that originally had H3K27me and higher H3K36me3 levels are
inherited before being diluted by the deposition of naive histones during replication over 3
generations (Alabert et al., 2020). Nucleosome turnover is one way of changing chromatin PTM
composition. H3K36me marks restrict histone exchange and help maintain old nucleosomes in the

gene body (Venkatesh et al., 2012). H3K36me3 is also known to recruit the Rpd3 HDAC. Consistently,
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AS-repressed promoter NDRs present increased Rpd3 occupancy leading to a hypoacetylated
chromatin environment (Carrozza et al., 2005; Gill et al., 2020). H3K36me3 could also recruit the
Iswlb and Spt6 chromatin remodelling complexes that preserve chromatin by restricting histone
exchange; they also maintain nucleosome spacing thereby inhibiting cryptic transcription within

gene bodies (Kaplan et al., 2003; Smolle, 2012; Venkatesh et al., 2016).

In contrast, H3/H4 histone exchange is prevalent over promoters and highly transcribed genes
(Dion et al., 2007; Thiriet and Hayes, 2005). Rtt109 is a histone acetyl transferase that mediates
H3K56ac deposition in the globular core domain of the nucleosome together with Asfl. The
H3K56ac modification has been shown to promote chromatin disassembly during transcription
(Williams et al., 2008) and is one of the main causes of histone exchange (Rufiange et al., 2007). Esal
is an essential histone acetyltransferase (HAT) required for cell division and is a component of NuA4
(Allard et al., 1999; Clarke et al., 1999). Esal mediates acetylation of nucleosomal H4 and H2A, that
promotes the retention of the H2A variant H2A.Z at the +1 nucleosome, facilitating transcription

initiation (Watanabe et al., 2013).

AS transcription works opposite to these mechanisms and promotes deacetylation and closing of
the NDR by decreasing occupancy of the RSC chromatin remodeler (Gill et al., 2020; Murray et al.,
2015). Therefore, the passage of AS transcription results in changes in sense promoter chromatin
towards increased H3K36me3, decreased acetylation and possible recruitment of different sets of
chromatin factors. Histone modifications are known to co-occur in a limited number of
combinations, usually distinct for genic regions and promoters (Kharchenko et al., 2011; Rando,
2012). This is predicted to arise from the modification ‘cross-talk’ between enzymes that identify
one modification and act on another (Suganuma and Workman, 2008). Therefore, after the passage
of the AS transcribing RNAPII through an NDR, the induced repressed chromatin state could either

be maintained by feed-forward loops or be reconverted to an active promoter.

In this study, we aim to decipher what happens to the AS-induced chromatin state once it has been
established. AS ncRNAs are early-terminated by Nrd1/Nab3/Senl (NNS) complex followed by
degradation (Porrua and Libri, 2015). To address this question, we optimised an auxin inducible
degradation protocol for the NNS early termination complex, which allowed us to first rapidly
deplete NNS to induce AS extension into sense promoters, followed by rapid recovery of early
termination to its initial status. The changes in chromatin states and transcription levels were

examined at different time points along these depletion and reactivation steps.
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RESULTS

Alleviation of overlapping antisense transcription leads to immediate upregulation of sense

transcription

The level of transcription as measured by RNA-seq is the net result of RNA synthesis rate, stability
and degradation rate. The cell acclimates to the changes in RNA production by changing the stability
and degradation rates (Das et al., 2017). Therefore, to measure the close to real level of RNA
transcription at any time in a cell, we used the 4-thiouracil labelling and sequencing approach
(Baptista and Devys, 2018). To dynamically modulate antisense (AS) transcription, we tagged the
Nrdl component of the Nrdl/Nab3/Senl nuclear RNA surveillance complex with the auxin-
inducible degron (AID) system, and the Nrd1 promoter was replaced with the methionine promoter
(pmet) (Bresson et al., 2017; Morawska and Ulrich, 2013). Nrd1 was rapidly down-regulated and
degraded by adding Auxin and Methionine to the medium, leading to AS elongation and ncRNA
expression (Figure S1C and S1D). Two hours following depletion, Nrd1 was recovered by washing
the cells with normal medium (Figure 1A). Nrd1 decreased by more than 50% in one hour and was
undetectable at 120 minutes (Figure S1A). The nascent RNA levels were measured after 4 minutes

of 4-tU labelling per time point (Figure 1A).

The levels of AS transcripts increased in the absence of Nrd1. At 120 minutes, we observed 435
genes that were significantly repressed in response to AS elongation (Figure 1B and S1C). AS RNA
was reduced to its original levels within the first two time points of recovery. Sense transcription
was downregulated during depletion but rapidly upregulated when Nrd1 and AS early termination
were restored (Figure 1C, S1B and second panel in Figure 1B). Genes with increase in AS though
below cut-off of 1.5 fold also showed repression and recovery behaviour as compared to control

genes and untagged strain (Figure S2D).

During recovery, sense transcription was observed to behave in an oscillating manner with peaks
and valleys in the levels of expression. The peaks and valleys were not synchronous between the
repressed genes, therefore we divided the 435 genes based on the RNA expression pattern during
recovery using Kmeans (Figure 1D, see Experimental Procedures). The repressed genes were
divided into 5 clusters. RNA expression was significantly upregulated for 3 clusters at the 150 min
time point on average, and then repressed at different times, before coming back again. Cluster 1
recovers to initial levels at 150 min. The expression of cluster 5 also oscillated but at a two-fold lower
level, and mostly remained repressed at all observed time points. The different recovery response
to overlapping AS transcription is partly based on the basal expression levels of the different
clusters (Figure 1E). The pattern of RNA expression recovery is not related to the changes in AS

levels. Indeed, AS was observed to be decreasing linearly over time for all the clusters (Figure 1F and
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S1G). To confirm that the observed fluctuations in RNA levels were not due to the medium changes,
we performed the same experiment in an untagged strain and the oscillating patterns of RNA
expression recovery were not observed (Figure S1E, S1F and S2C). Also, genes repressing and
recovering in expression by TF absence or presence didn’t result in this expression pattern either

(Figure S2B).

We then compared the levels of nascent RNA expression between the control genes (5081) and all
the clusters at each time point to observe the recovery pattern (Figure 1G). While the individual
genes can be seen as upregulated at either the 150 min or 180 min time point (Figure 1D, first panel),
cluster 1 (111 genes) is on average below the control set of genes at these time points. However it
recovers at 240 min and is non-distinguishable from the control genes at 300 min. Cluster 2 genes
are well above the control genes at 150 min and stay above the basal expression level until 240 min.
Cluster 3 genes were individually upregulated at the 150 min time point (Figure 1D and 1G), but they
reached their basal level at 180 min and their expression level reduced again at the last two time
points. Cluster 4 consists of only 13 genes, but it shows a very distinct pattern with upregulation at
150 min and then recovery to the mean followed by upregulation again (Figure 1D and Figure 1G).
Cluster 5 is expressed at a level below the global average; while the genes are repressed by AS in the
same manner, their expression level oscillated 2-fold below their mean expression (Figure 1D, last

panel) and never recovered until the last time point of the experiment.

These observations suggest that the recovery pattern in RNA expression is not related to AS
transcription per se. We also know that AS mediates its effect on sense transcription through changes

in H3K36me3 and H3K18ac levels as well as RSC recruitment, and that AS-mediated repression is

Figure 1. Recovery of Antisense Early Termination Leads to Rapid Upregulation of Sense
Transcription.

(A) Outline of the experimental scheme. At time 0, Auxin (IAA) and methionine were added to the
cells to deplete AID*-Nrd1 for 2 hours, followed by washing of cells to remove Auxin and Methionine.
4tU-seq was performed at the indicated time points.

(B) Scatter plots showing the AS repressed genes in red and others in blue at all time points
compared to 0 min.

(C) Line plot showing 4 genes for fold changes in AS (red) and Sense (green) transcription.

(D) Kmeans divided subclasses of AS repressed genes are shown with the changes in Sense
expression during recovery. The number of genes present in each class is shown at the top right.
(E) Log phase expression levels for both AS and Sense at time O for the 5 clusters.

(F) Changes in AS expression during recovery for repressed genes (red) and for the rest of the genes
(blue). The significance test was performed between repressed and control genes at each time point
using Wilcox test and a p-value of <0.0001 is indicated with ****,

(G) Each sub-panel in the figure compares the expression level of repressed genes from each cluster
at different time points.

Legend continues on next page.
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with the control genes for the indicated time points. Significant difference was calculated using Wilcox
test and the indicated stars corresponds to as follows: * for p-value <0.01, ** for <0.001,

*** for <0.0001 and **** for <0.00001.



76

partially alleviated in the absence of the Rpd3 histone deacetylase (Gill et al., 2020). Expression
recovery may therefore be mediated by acetylating the +1 nucleosome after AS early termination is
restored. Considering the links between chromatin modifications, nucleosome positioning and AS

expression, we also investigated chromatin state changes during the recovery phase.

H3K18ac levels at +1 nucleosome closely mirrors the nascent RNA recovery

To measure the acetylation levels, we performed MNase ChIP-seq of H3K18ac using the same time
points as in Figure 1A. The acetylation levels at the +1 nucleosome were reduced at 120 minutes for
all the repressed genes in the 5 clusters as compared to control (Figure 2A and Figure S3A).
Interestingly, the recovery in H3K18 acetylation at +1 reached levels similar to those observed for
the control set of genes (Figure S3A, second panel). At 150 min, the acetylation level was recovered
for all the clusters, including cluster 5 (Figure 2B). This might suggest a coherent mechanism of
sense recovery by immediate acetylation to promote transcription. These patterns of acetylation

were not observed in the untagged control strain (Figures S3B and S3C).

After the initial recovery, the levels of acetylation decreased. At 180 minutes they are below the peak
levels observed at 150 min (Figure 2B) and not very different from the control set of genes (Figure
S3A). Overall, the acetylation levels of cluster 3 reached a maximum at 150 min, but decreased soon
after compared to the control, and were below the global average at all later time points. This is
exactly the same pattern as observed for nascent RNA levels. Thus, acetylation might be a major

signal for sense transcription recovery.

It is known that AS transcription extension into the promoters leads to deacetylation and results in
nucleosome shifting and closing of the promoters (Gill et al., 2020). Our data therefore suggest that

the increase in acetylation would result in the opposite and promotes NDR opening during recovery.

Legend continues from previous page.

(C) NDR sizes as measured for all the clusters at time 0 min using -1 and +1 nucleosome dyad centres
for every gene from H3K18ac ChIP-seq data.

(D) Nucleosome occupancy as measured by MNase-seq for clusters 1, 4 and 5. Depletion time points
are shown with red shades (left) and recovery time points are indicated with green shades (right), as
in (A).

(E) The +1 nucleosome distribution as compared to TSS represented at time 0 minute and the
changes observed at 120 min depletion and first recovery time point at 150 min.

(F) Fold change in +1 nucleosome distribution as compared to O min. Times are indicated at the top
of the panel. The P-value is calculated using Wilcox test.

(G) and (H) RNA (AS - red, Sense — green), MNase and H3K18ac normalised profiles for SYF1 and
VAC7 respectively
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Figure 2. Changes in sense gene expression is closely mirrored in dynamic chromatin changes at

the 5’ end.

(A) MNase-ChIP-seq of H3K18ac at the same time points as in Figure 1 (A). The top panel shows the
changes in coverage at +1 nucleosome for 0 (red) and 120 min (Orange) for depletion. The bottom

panel shows the recovery from very light green for 150 min to dark blue for the last time point.
(B) Fold change in the acetylation levels was compared to depleted levels at 120 min. Each panel

represents the changes in fold change acetylation per cluster. The indicated p-value is calculated

using paired t-test.

Legend continues on next page.
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Nucleosome occupancy over promoters is rapidly reduced during reactivation

To measure the changes in nucleosome occupancy over the promoter, we performed MNase-seq
using the same time points as in Figure 1. The different clusters were observed to have distinct 5’
NDR sizes (Figure 2C). Clusters 1 and 2 are comparable to the average control set, while cluster 3
has a larger NDR size and clusters 4 and 5 have small NDR sizes compared to the control (Figure 2C
and 2D). Thus the clusters also correspond to different sets of genes based on promoter features,

which are known to possess different gene expression profiles (Tirosh and Barkai, 2008).

Nucleosome occupancy in the NDR was increased upon AS extension into the promoters in all the
clusters as compared to control (Figure 2C, 2E and Figure S3D). The clusters 4 and 5 show a shift of
the +1 nucleosome peak towards the NDR region during Nrd1 depletion. However, the NDR is open
again and the +1 peak fully shifted back at the 150 min time point; the changes we see are
measurable but the characteristics of promoters that define specific expression patterns between
gene types are not affected (Figure 2D and 2C). This in accordance with previous study showing that

promoter configuration is maintained during expression changes (Zaugg and Luscombe, 2012).

We then examined the changes in the +1 nucleosome distribution at the open (clusters 1, 2 and 3)
and closed (clusters 4 and 5) promoters by establishing the ratio of the MNase-seq reads between
the -100 to TSS (x) and the TSS to +100 (y) areas (See experimental procedures for calculation)
(Figure 2E). The distribution is high if the +1 nucleosome is occupying the closed NDR position
before the TSS site. The lower the distribution value, the more open the NDR, as can be seen from
the first panel in Figure 2E. The distribution value is quite low for clusters 2 and 3 and very high for
clusters 4 and 5, relating to their NDR sizes (Figure 2E). The +1 nucleosome distribution increases
upon Nrd1 depletion, although to different extents depending on the cluster, indicating different
responses to the overlapping AS based on the type of promoter. The increase specific to the tagged
strain (Figure S3G). The +1 distribution is back to its original level for all clusters at the first recovery
time point (150 min). The fold change (FC) in the +1 distribution compared to the 0 min also showed
an increased value at 120 min mostly for clusters 1 to 3, which rapidly resets during recovery at 150

min compared to Others (Figure 2F, S3E and S3F).

To define the correlation between nucleosome occupancy, acetylation and expression level, the
different values were plotted for two individual genes, SYF1 and VAC7. In the first panel of Figures
2Gand 2H, AS is plotted with acetylation and MNase fold change profiles. At 120 min, we can observe
that ASisincreased during depletion, leading to an increase in nucleosome occupancy and decrease
in acetylation. In contrast, at 150 min and during recovery, there is coherent increase in sense
transcription and acetylation and the decrease in +1 distribution (Figures 2G and 2H, right panels).

Hence, rapid recovery in sense transcription is closely associated with the changes in chromatin.
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Figure 3. Chromatin recovery from Antisense-repressed state is replication dependent.
(A) Experimental scheme outline. Log phase growing cells were synchronised by adding K-factor at -120
min. Auxin was added at time O to deplete Nrd1 and was washed away at 120 min. MNase-seq was
performed at the indicated time points.
(B) MNase-seq profile of nucleosome occupancy is shown with the indicated time points for cluster 1, 4
and 5. The coverage was averaged around the TSS.
(C) The +1 nucleosome distribution around the TSS is shown between unsynchronised and synchronised
samples in the experiment.
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P-value is calculated using Wilcox test.
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Changes in acetylation and +1 distribution could be mediated by histone exchange and chromatin
factors. Replication is one of the major programs in the cell that might help dilute the deposited
methyl marks and it also promotes deposition of new histones that are actually acetylated (Alabert,

2015; Alabert et al., 2017; Petryk et al., 2018; Reveron-Gomez et al., 2018).

Replication promotes recovery from Antisense-mediated repression

To measure the recovery of sense transcription independently of the dilution of chromatin marks
by replication, the same experiment was performed in the presence of a-factor (Figure 3A). The cells
were synchronised for 2 hours before Nrd1 depletion and washing of auxin was also performed in
the presence of the a-factor. Under these conditions, nucleosome occupancy was observed to be
increased from 0 min to 120 min of depletion for all the clusters (Figure 3B and S4A). Notably,
clusters 4 and 5 show a change in the +1 nucleosome position away from the NDR going from
unsynchronised to the synchronised state, in both tagged and untagged strains (Figure 3B and S4B).
Nonetheless, these clusters closed upon depletion of Nrdl. The changes in the +1 nucleosome

distribution during synchronization were comparably small (Figure 3C).

The +1 nucleosome increased during depletion but in contrast to the recovery observed in log phase,
there was no recovery in the nucleosome distribution during G1 (Figure 3D and 3E). The increase
in +1 distribution towards the NDR was specific for the tagged strain and was not present in the
untagged strain (Figure S4C and S4D). Comparing recovery in the +1 distribution during log phase
and in G1 arrested cells, we observed a clear increase in the dots in the lower triangle at the later
time points, indicating large values in G1 (Figure 3F). Thus, replication-mediated chromatin
resetting plays a role in restoration of sense transcription. The resetting mechanism might increase
the naive nucleosomes that are acetylated. Another active mechanism that could mediate the

resetting is acetylation by histone acetyl transferases (HATS).

Legend continued for Figure 4.

absence of Rtt109.

(E) +1 nucleosome distribution profile in the 5 clusters compared to the control set (Other), in the
Rtt109-FRB strain in the presence of Rapamycin.

(F) Log FC +1 nucleosome distribution compared to O min. The profiles are comparing the -Rap and
+Rap conditions for each cluster at the indicated time points for Esal-FRB strain; +Rap is shown
with darker shades of the cluster colors.

(G) Log FC +1 nucleosome distribution to 0 min. The boxplots are comparing the distribution in
Recovery at 135 min and 150 min to the depletion timepoint of 120 min. The two separate panels
show the difference in -Rap and +Rap respectively. The p-value was calculated using Wilcox text in
the Figures 4C, 4E, 4F and 4G. All the non-indicated -/+Rap comparison values are non-significant.
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Figure 4. Histone acetylation helps to recover from Antisense mediated repression instantly.

(A) Outline of the experiment. Esal or Rtt109 were tagged with Frb in the AID*-Nrd1 strain. Nrd1 was
depleted by adding Auxin a time 0 min. Rapamycin was added at time 110 min just before washing at
120 min. The recovery was observed at indicated time points while Esal or Rtt109 are anchored away.
(B) Nucleosome occupancy profile is shown for depletion and recovery in both presence and absence
of Esal-Frb for clusters 1 and 5.

(C) Changes in the +1 nucleosome distribution in clusters as compared to control (Other) at the
indicated time points in Esal-Frb strain in presence of Rapamycin.

(D) Nucleosome coverage profile for clusters 1 and 5; the recovery is shown both in presence or
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HAT-mediated acetylation promotes immediate opening of NDR and stimulates transcription

To measure the recovery in the absence of histone acetyltransferase activity, we tagged the HAT
encoding genes ESA1 or RTT109 with FRB in the tor1-1 background allowing to anchor away the Esal
and Rtt109 proteins upon addition of Rapamycin (Haruki et al.,, 2008). These strains were
transformed with TIR1 containing construct promoting Auxin uptake and Nrd1 was tagged with
AID* with a pmet promoter (see Experimental Procedures). Thus, these strains promote double
dynamic depletion of Nrd1 and HATs when subjected to different treatments. The strains were
growing as wild-type in the absence of either treatment (data not shown). Esal was examined in
these experiments because it is an essential HAT with widespread functions. Rtt109 was chosen
because loss of this HAT leads to reduced AS and both coding and non-coding transcription more

generally (Topal et al., 2019). Moreover, Rtt109 is also involved in histone turnover.

The experiments were done as shown in Figure 4A and MNase-seq was performed at the indicated
time points. Nrd1 was rapidly depleted in the presence of the HAT. At 110 minutes, Rapamycin was
added in half the culture just before the depletion time point of 120 minutes. This was followed by
washing of the Auxin in the presence of Rapamycin. Thus, the recovery was followed both in
presence and absence of HATs. For both the Esal and Rtt109 anchor away strains, Nrd1 depletion
from O to 120 min led to increases in nucleosome occupancy similar to those observed in the log

phase MNase-seq experiments (Figure 4B, 4C, 4D and 4E).

The recovery of the Esal-FRB strain in -Rap conditions was very similar to the log phase MNase-seq
experiment (Figure S5A and S5C). However, in the presence of Rapamycin, when Esal was anchored
away, the recovery in nucleosome distribution was clearly delayed (Figure 4C and 4F). Being an
essential gene and a global H4 acetyltransferase, an effect of Esal anchor away was observed on the
control set of genes (Figure S5D). At 120 mins, there is a slight difference in -/+Rap which increases
at 135 min. The rapid opening of NDRs in -Rap occurred at the 135 min timepoint (Figure 4F, first
panel), just after the washing, but in the tagged strain there was no recovery at 135 min. Although,
there is global closing of the promoters (Figure S5D). The clusters 1, 2 and 3 had even higher
nucleosome density in the NDRs as compared to others at 135 min (Figure 4C) and had a very high

nucleosome density as compared to -Rap condition (Figure 4F).

When comparing the Recovery in -Rap conditions, the +1 distribution decreased significantly when
Esal was present, while it didn’t in the absence of the HAT (Figure 4G). The significantly opened
NDR also implies that the Esal-mediated acetylation helps clearing the NDR, which results in higher
recruitment of the PIC machinery and the immediate increase in transcription. These observations

indicate that Esal-mediated acetylation is causal in immediate sense recovery. At later time points,
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other HATs may intervene and there is compensation for Esal; alternatively there is closing of NDRs

globally and hence we start to measure indirect effects.

In the case of Rtt109, there was no change in the +1 nucleosome distribution between — and + Rap
conditions (Figure 4D, 4E and S5B). We cannot measure, but the effect of Rtt109 depletion may be
to slow down histone exchange. The HAT data are very recent and the final conclusions are still under

consideration.
ANALYSES TO DO
Making a Predictive Model

The recovery response to AS was not dependent on the pattern of AS (Figure S1G). But it is more
dependent on the inherent characteristics of the promoter. From the data presented here, we could
get the information for NDR size, acetylation levels, initial expression levels of both Sense and
Antisense and fold change in expression. The steady-state levels of other features of the promoters,
for example TF, TBP occupancy could be extracted from (Rhee and Pugh, 2012). Therefore, we could
model the pattern of expression observed in recovery based on these characteristics. We could also

determine what are the major determinants to define the clusters.

RSC, TF, Sense, TBP, NDR = f(x)

P

AS counts

X = 0or
logFCAS - F%)
-

Figure: Scheme of predictive model calculation
Analysing MNase-fragment size changes

MNase-ChIP-seq generates fragments of characteristic sizes, mainly consisting of 147 bp, but also
125 bp, 90 bp etc, which represent remodelling intermediates when DNA has lost contact with
proximal or distal parts of a nucleosome in response to transcription dynamics (Ramachandran et
al., 2017; Ramani et al.,, 2019). In our case, reduction in transcription leads to higher NDR
nucleosome occupancy. This may also result in changed nucleosome dynamics, which might be
captured in changes in the ratio of smaller DNA fragments, especially in MNase-ChIP-seq of

H3K18ac, which needs to be reanalysed.
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Measure the H3K36me3 and Recovery in Gen5 HAT

We know that the upregulation in Sense expression is specific of the AS repressed genes. However,
the major signal connecting the increase in acetylation to the moment AS readthrough is turned off
is still missing. A major hint is provided by the G1-arrest experiment, as there was clearly delayed
recovery. It is possible that either acetylation is delayed with reduced histone exchange;
alternatively, there may be increased residence time of the H3K36me3 in that state, which somehow

inhibits HAT activity.

We performed the recovery in two HAT mutants and observed that Esal is associated with a rapid
recovery by promoting the opening of the NDR. Of note, we measured an increase in H3K18ac, which
is known to be also mediated by Genb and it is therefore likely that both HATSs play a role in the
recovery by promoting acetylation. It would therefore be informative to measure recovery in a Genb
anchor-away strain as well. These possibilities could be addressed in the context of an independent

study to solve the complete mechanism.

DISCUSSION

In the discussion section of the thesis.
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EXPERIMENTAL PROCEDURES

Saccharomyces cerevisiae strains and growth

The S. cerevisiae strains used for experiments in Figures 1, 2 and 3 are derived from BY4741 (MATa,
his3, A1 leu2 A0 met15 A0 ura3 A0). The strains used in Figures 1 and 2 were kindly provided by the
Tollervey lab and are described in (Bresson et al., 2017). These strains were transformed with Leu2
with primers flanking barl to synchronise the cells in G1. For HAT anchor away, the strain with an
anchor away background (Haruki et al., 2008), was sequentially transformed with the amplified DNA
containing the TIR1 construct, followed by transformation with amplified pmet-AID*-Nrd1l
construct from the strain 1. The last was tagging the desired HAT with the FRB with an amplified

construct.

The cells were grown in 2% glucose containing Kaiser SC medium, lacking methionine. For Nrd1
depletion, Auxin was added at a final concentration of 1mM together with 670 uM of Methionine.
The washing was performed with Kaiser SC 2% glucose medium. Anchor-away of the HATSs, Esal or
Rtt109, was induced by adding 1 ug/mL final concentration of Rapamycin. G1 synchronisation was
performed by adding 100 ng/uL of a-factor and the repeated addition of half the amount every hour

after 2 hours.

Experimental Models: Organisms/Strains

REAGENT OR RESOURCE SOURCE IDENTIFIER

S. cerevisiae ySB036
S. cerevisiae ySB043

S. cerevisiae (FSY8191)
S. cerevisiae (FSY8192)

S. cerevisiae (FSY5712)

S. cerevisiae (FSY8667)

S. cerevisiae (FSY8669)

(Bresson et al., 2017)
(Bresson et al., 2017)

This study
This study

Strubin Lab (Unige)

This study

This study

BY4741 TIR1:his3

BY4741 TIR1:his3 Met15 Puzrzs-
AID*-flag-Nrd1

BY4741 TIR1:his3 barl:leu2

BY4741 TIR1:his3 Met15 Puzrzs-
AID*-flag-Nrd1 barl:leu2
MATa, torl-1, fprl :loxP-LEU2-
loxP RPL13A-2xFKBP12 :loxP
bar1:URA3

MATa, torl-1, fprl :loxP-LEU2-
loxP RPL13A-2xFKBP12 :loxP
bar1:URA3 TIR1:his3 Pugr2s-
AID*-flag-Nrd1 Rtt109-
FRB:KanMX6

MATa, torl-1, fprl :loxP-LEU2-
loxP RPL13A-2xFKBP12 :loxP
bar1:URA3 TIR1:his3 Pugr2s-
AID*-flag-Nrd1 Esal-
FRB:KanMX6
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Cell culture and 4-thiouracil labelling and Sequencing

The 4-thiouracil (4-tU) experiment was performed as described in the protocols of (Baptista and
Devys, 2018) and (Schmid et al., 2019) with the following modifications. AID*-Nrd1 and untagged
control strains were inoculated in the evening and diluted in the morning to ODe00=0.2-0.3. At each
time point, 100 mL of ODs00=0.8 was labelled with 4-thiouracil at a final concentration of 10 uM. The
labelling was performed for 4 min. The reaction was stopped by adding 100 mL of -20 °C chilled
100% ethanol. The samples were kept in the fridge until collection. Cells were collected by
centrifugating at 2000 rpm for 3 min at 4 °C. Cells were washed two times with water and the pellet

was collected and stored at -80 °C.

RNA extraction was performed using the ThermoFisher RiboPure RNA purification kit
(Cat#AM1926). The purification was performed by following the manufacturer’s protocol. RNA
concentration was measured using nanodrop and between 300-500 pug RNA was used for the
biotinylation protocol. The total RNA for each time point was diluted to the same final concentration

and amount (330 ug RNA in 140 uL).

Biotinylation was performed by first heating RNA for 10 min at 65°C followed by cooling for 2 min.
An equal volume of biotin-HPDP was then added from a stock of 1 mg/mlL biotin-HPDP in DMSO.
The mixture was completed with 1/10™ volume of Biotinylation buffer prepared in DEPC-treated
water (100 mM Tris-HCI, pH 7.5 and 10 mM EDTA). The reaction was incubated for 3 hours at room
temperature with gentle agitation. RNA was purified by adding an equal amount of chloroform to
the tubes, followed by vigorous mixing. The samples were centrifuged at 13000g for 5 min at 4 °C.
The upper phase was transferred to new Eppendorf tubes and 1/10" volume of 5M NaCl and an equal
amount of isopropanol were added to the tubes and centrifuged at 13000g for 30 min at 4 °C. The

pellet was washed with 75% ethanol and the RNA was resuspended in 100 uL. DEPC-treated water.

Streptavidin purification was started by heat denaturation of RNA at 65 °C for 10 min, followed by
cooling on ice for 5 min. 100 uL of streptavidin coated beads (diluted 6 fold) were added to the
biotinylated RNA. The samples were incubated by shaking for 90 min at room temperature. The
columns were equilibrated with 900 uL of washing buffer (100 mM Tris-HCI, pH 7.5, 10mM EDTA,
1M NaCl and 0.1% Tween 20, in DEPC water). The beads RNA mixture was applied to the column and
the flowthrough was collected and applied again. The column was washed five times with increasing
volumes of washing buffer (600 uL. — 1000 uL). RNA was eluted twice with 200 uL of 0.1 M DTT,
ending with a 400 pL eluate. RNA was purified by precipitating with 0.1 volume of 3M NaOAc, pH 5.2
and 3 volumes of 100% ice cold ethanol and 2 uL of 20 mg/mL glycogen (RNA grade, ThermoFischer)
at -20 °C.
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RNA was recovered by centrifugation and resuspended in 23 ulL of DEPC-treated water.
Ribodepletion was performed with the Ribominus Transcriptome Isolation Kit (Invitrogen), using
the manufacturer’s protocol. Purified RNA was ethanol precipitated and redissolved in 6.5 uL of
DEPC-treated water. A Stranded library was prepared using NEBNext Ultra II Directional RNA
library prep Kit from Illumina. The final library concentration was measured using the Qubit dsDNA
High Sensitivity assay kit (Invitrogen). The samples were sequenced at the iGE3 genomics platform

of the University of Geneva.

MNase-Seq and MNase-ChIP-Seq

The cells were grown overnight in the Kaiser SC medium and diluted to ODs0o=0.2 on the day of the
experiment. The H3K18ac MNase-ChIP-seq experiment and MNase-seq experiments were

performed as previously described in (Gill et al., 2020).

List of coordinates and nucleosomes

The data analysis was performed by using the gene list of TSS from the (Pelechano et al., 2013) and

the +1 nucleosome position for all the transcripts was taken from (Weiner et al., 2015).

4-tU RNA-seq analysis

Reads were aligned using STAR aligner. Samtools was used to generate the Bam file from aligned
reads. HTseq was used to count the number of reads per feature on both the strands. Bedtools was
used to generate the coverage profile for 4tU. Fold change analysis and Kmeans were performed in

R. Critical parts of the script are included in the appendix A.

MNase and MNase ChIP-seq analysis

Paired-end reads were aligned to the sacCer3 genome using Bowtie2. PCR duplicates were removed.
The coverage per feature was calculated using the center of the paired-end fragments and they were
filtered based on size in the range of 120-200 bp using GenomicRanges package, and the total reads
were normalised per chromosome as in plot2DO created by Chereji and colleagues (Beati and
Chereji, 2020). To measure the changes in the level of acetylation, read centers within the 100 bp
around the +1 nucleosome were added and the values compared at different timepoints normalised
to 0 min. The +1 nucleosome distribution profiles for MNase-Seq experiments were calculated as
the ratio between the read dyads observed between -100 bp and TSS and the read dyads observed

between TSS and +100 bp for every gene. A representative script is shown in Appendix A.
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Figures

All the figures were made using R. The significance of mean difference was calculated using Mann-

Whitney Wilcox test.

SUPPLEMENTAL INFORMATION

Supplementary PDF includes 5 figures related to the data presented here. It is part of the

supplementary section of the thesis.
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Discussion

1 Antisense Mediates Transcription Interference

Through Changes in Chromatin at NDR

The first study described in this thesis addresses the mechanism of antisense-induced
transcription interference by following the changes in a dynamic rather than steady-state manner.
By measuring the dynamic changes, we defined the direct effect of antisense extension into the
promoters and therefore avoided to measure the combined effects of molecular feedback and
feedforward loops that buffer the final phenotype. We showed that changes in histone modifications
and nucleosome positioning are linked to changes in RSC and PIC occupancy at the promoter. These

are highly conserved factors.

Nrd1 is not conserved in higher eukaryotes but similar mechanisms have evolved to regulate
transcription at a smaller scale in the context of local regulatory systems. For example, antisense
transcription into an exon results in its exclusion from the final transcript and AS transcription
regulates splicing in humans (Morrissy et al., 2011). In higher eukaryotes, the analysis of IncRNA
transcription also suggests that it is the act of transcription rather than the RNA product that is the
source of regulatory activity (Engreitz et al., 2016; Kopp and Mendell, 2018). A substantial number
of genes in humans also present antisense transcription (Chen et al., 2004; Vallon-Christersson et
al., 2007). Hence it would be worth studying whether the chromatin regulators involved at the

molecular level act in the same manner as in yeast.
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1.1 Precise Positioning of Nucleosomes Regulates Transcription Initiation

Antisense-mediated interference is visible only when antisense transcription extends over the
promoter NDR of the sense gene (Gill et al., 2020; Schulz et al., 2013). The NDR is the site of PIC and
transcription factor recruitment. This study supports that reduced recruitment and occupancy of
PIC and transcription initiation factors as one of the important steps in antisense-mediated
regulation. The repositioning of the +1 and -1 nucleosomes leads to increased nucleosome
occupancy at the NDR. This repositioning physically hinders TBP binding and/or results in its

reduced residence time on DNA.

The TSS is located ~13 bp into the +1 nucleosome. We observed that in response to AS transcription,
the newly H3K36 tri-methylated +1 nucleosome shifts towards the NDR and acquires a new
translational setting as compared to the acetylated H3K18ac nucleosome at the +1 position at steady
state. The difference we observe is not huge as the phenomenon might only be present in a
subpopulation or could be very transient, but similar changes have been shown to translate into
observable differences during transcription (Chereji et al., 2018). The shifted +1 nucleosome has
been shown to be repressive towards transcription initiation (Klein-Brill et al., 2019; Kubik, 2018)
as we observe in our studies. Changed +1 position has also been shown to result in usage of an
alternative TSS (Klein-Brill et al., 2019). This has also been shown to result in the altered coding

potential of the transcript (Malabat et al., 2015; Pelechano et al., 2013).

The same principle might apply to genic regions that are usually constitutively associated with well-
spaced nucleosomal arrays and devoid of nucleosome depleted regions. It was shown that in the
absence of Set2, there is no co-transcriptional deposition of H3K36me3 and therefore no
deacetylation by Rpd3 (Smolle et al., 2013). This gives rise to multiple non-specific TSSs (Malabat et
al., 2015), suggesting the generation of opportunistic NDR formation in the middle of coding regions
(Wei et al., 2019). Indeed, non-coding intragenic transcripts initiate from these NDRs in the absence
of Set2 (Venkatesh et al., 2012). Thus, the H3K36me3 mark might be one important component of
the cascade of chromatin regulatory events that distinguishes relatively closed genic regions from

promoter regions where this mark is usually absent.

In conclusion, transcription passage indistinctly narrows the distance between nucleosomes, partly
through the deposition of histone marks such as H3K36me3 during elongation. Thus, a locus
undergoing transcription read-through will show reduced accessibility to trans-acting factors, for

example PIC components, due to higher occupancy of nucleosomes.
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1.2 Binding of Chromatin Regulators to Antisense Modified NDR Chromatin

Upon loss of the Set2/Rpd3 pathway, we did not observe complete abolition of antisense
interference, suggesting that more than one pathway might contribute to the final repression we
observe in the system. H3K36me3 itself is known to restrict nucleosome dynamics and therefore to
hamper transcription (Smolle et al., 2013). The histone chaperones Spt6 and FACT also contribute
to the repression or closing of the transcribed region (Jeronimo et al., 2015; Kaplan et al., 2003).
Moreover, H3K36me3 can recruit the FACT complex that participates in nucleosome assembly
(Carvalho et al., 2013). Thus, these histone chaperones are good candidates for parallel pathways
maintaining TI. Another good candidate might be the SET3 HDAC recruited through H3K4me2/me3
and known to be involved in TT (Kim Buratowski, 2012, 2016 publications). It would be of interest to
observe TI in the absence of SET3 and histone chaperones or their combinations since we might

observe more rescue.

We observed decreased binding of the RSC chromatin remodeler in response to the recruitment of
the Rpd3 HDAC. Deacetylation could also promote the binding of INO80 and reduce the association
of the SWR1 complex. This would result in lower levels of H2A.Z recruitment and make the promoter
repressive. H3K36me3 is also recognised by Eaf3 present in NuA4 and by the PWWP domain in the
Pdp3 component of NuA3 (Martin, 2017). Thus, NuA4 and NuA3 are two HAT complexes that could
also be recruited to the promoter. NuA4 further shares 4 subunits with the SWR complex (Krogan et

al., 2004), and might therefore promote SWR1 binding.

In summary, multiple pathways might either contribute to AS-mediated interference or act against

the repression, which could be addressed in future studies.

1.3 Collisions of Transcribing RNA Pol II

We proposed that when transcription from the 3’ end of a gene reaches the 5’ end, it makes it
repressive and the promoter becomes inhibitory for transcription initiation. It is possible that, in a
subset of genes or the same gene in a cell population, transcription initiates from both ends at the
same time; moreover, yeast has more than 1500 convergent gene pairs, thereby increasing the

chance that transcription elongation complexes (ECs) might collide on the gene body.

It has been shown that T3 and T4 bacteriophage RNA polymerases can transcribe past one another
(Ma and McAllister, 2009), and the non-transcribed strand has also been shown to be loosely bound
to the transcribing polymerase (Kornberg, 2007). However, if there is evidence that the large

eukaryotic ECs collide in vitro and cannot transcribe past one another. This results in backtracking
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and in vivo collided RNAPII is removed via ubiquitination and degradation (Hobson et al., 2012). In
our system, and also based on smFISH experiments, Sense-AS EC collisions must be rare in vivo as
there is expression of mostly one type of transcript per cell (Castelnuovo et al., 2013; Gill et al., 2020);
nevertheless, since the present study defines a population average, we cannot rule out the

possibility that there might be a few.

One possibility to test this hypothesis would be to measure the larger fragments covered by RNAPII
using ChIP-exo paired-end sequenced experiments. An increase in the amounts of large fragments
that are potentially covered by 2 RNA polymerases when AS is induced, specifically on the genes
that show increased AS, might indicate that AS transcription leads to collisions or at least stalling of

head-on RNAPII on the DNA.

1.4 Formation of Antisense RNA Secondary Structures

Another mechanism that might contribute to antisense-mediated repression is the formation of
RNA secondary structures and recruitment of chromatin regulatory factors through AS RNA. One
common form of RNA secondary structure in the nucleus is R-loops, formed when the RNA:DNA
hybrid is extended behind transcribing RNAPII. Another interesting possibility would be the
formation of Sense-AS RNA dimers, if both could be transcribed simultaneously and remain
associated with the transcribing locus. However, these structures are hard to detect and their
functional consequences might include downregulation of both transcripts. Such dimers have been

observed in higher eukaryotes, and recently also shown in yeast (Wery et al., 2016).

In S. pombe and higher eukaryotes, DNA-RNA hybrids or R-loops have been shown to mediate
recruitment of repressive factors (Skourti-Stathaki and Proudfoot, 2014). In budding yeast, using an
indirect experiment, it was reported that Setl-mediated repression of ribosomal protein genes
(RPGs) is alleviated if the intron sequence is removed. The intron is transcribed into a potentially
highly structured RNA that might recruit Set1 directly or through an indirect mechanism (Weiner
et al., 2012). Furthermore, a study used random mutagenesis to reveal RNA-based silencers and
found that many different artificially tethered RNAs are able to repress genes in a Sir-dependent
manner (Kehayova and Liu, 2007). This study provides proof of principle that IncRNA-mediated
complex sequestration and repression is possible in yeast in the absence of an RNAi machinery.
Based on these observations, we can extrapolate that AS IncRNA may be an excellent candidate to

mediate effects through this type of mechanism, which needs to be addressed in future.
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2 Transcription Interference primes Sense Promoter

for Activation

In eukaryotes, transcription initiation is highly controlled by cis-acting sequences and chromatin
regulators. Even though transcription initiation is regulated and dependent on specific sequences,
the genome is pervasively transcribed consisting of many overlapping units. It is relatively well
established that a transcription event overlapping the promoter of another transcript results in
downregulation of this transcription unit by transcription interference (Kim et al., 2016; Mellor et
al., 2016; Proudfoot, 1986). However, once the repression occurs, defining what happens when the
overlapping transcription is turned off was still an open question. In this study, we induced
extension of AS transcription, resulting in transcription interference at AS-regulated genes (ARGsS),
followed by restoration of AS early termination. Under these conditions, we observed a rapid
upregulation of the repressed transcription units. The mechanism of upregulation or reactivation
is dependent on a replication-mediated resetting of the chromatin and on acetylation at the +1
nucleosome. The complete mechanism for the recovery of transcription and the factors that are

necessary in this process could be the subject of future investigations.

2.1 Time Series Analysis reveals Transcription and Chromatin Dynamics

We observed a variety of patterns of transcription during recovery. At a certain timepoint of
recovery, a subset of genes is upregulated, others are down-regulated and some come back to their
original level of expression, all of which changed at the next time point. These dynamic oscillating
behaviours in recovery cannot be deduced from a single snapshot that we usually perform during
correlation analysis. The interpretation of the results and real direct relations are inferred from a
time series analysis (TSA). This approach combined with the dynamic depletion and recovery of the
proteins being analysed helps in establishing direct causal links between chromatin changes and

expression.

In this study, the transient changes were observed in the presence of all the factors and in the
absence of HATs. However, based on our previous studies, we know that AS mediates its affect
through deposition of H3K36me3 (Gill et al., 2020). Therefore, changes in chromatin that could be
attributed to demethylation need to be confirmed in future studies using time course analysis in the
presence or absence of demethylases. The kinetics of recovery might change in the absence of the
H3K36me3 demethylases Rph1, Jhd1l and Gisl. These were previously shown to affect the rate of

H3K36me3 removal within ORFs, once transcription of the gene is stopped (Sein et al., 2015).
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2.2 Transcription Interference Recovery is Promoter Type Dependent

In yeast, promoters have characteristic NDR sizes presenting a bimodal distribution, i.e. small NDRs
have an average size of ~30bp and large NDRs close to ~130bp. Three of our gene clusters have large
NDRs while clusters 4 and 5 have smaller NDRs. Upon antisense extension, we observe an increase
in the +1 distribution towards the NDR for all ARGs, but changes were very different in magnitude
for different classes. This might indicate that all 5 clusters respond to both AS induction and
recovery, but the change in nucleosome occupancy may depend on promoter type and other
characteristics. This has been observed before when NDR sizes were shown to be persistent between
different growth conditions and even for genes whose expression changes in response to nutrient
alterations (Zaugg and Luscombe, 2012). Thus, the magnitude of differences we observe with
MNase-Seq might contribute to the transcription phenotype to varying degrees depending on other

features of promoter definition (Results, Section-2, Figures 1 (p. 75) and 2 (p.78)).

For the clusters with large NDRs (mainly clusters 2 and 3), TF binding plays a more prominent role
in regulating transcription levels and was previously shown to depend less on chromatin
remodelling (Tirosh and Barkai, 2008). Nevertheless, we observed that AS-mediated transcriptional
readthrough affects all ARGs and there is a consistent mechanism of recovery - an increase in
H3K18 acetylation for all promoters containing different classes of NDRs. The changes in chromatin
occur for all genes, however the magnitude of changes and precise oscillating pattern of recovery

depend on the promoter type.

So far, promoters have been most commonly grouped based on their NDR size or binding of one
major transcription factor (Huisinga and Pugh, 2004; Tirosh and Barkai, 2008). In our analyses, the
promoter type needs to be defined based on a few more properties so that we can relate the changes
in sense transcription in response to AS and more importantly predict what would happen to a
promoter if a transcription overlap occurs. This could be performed by making a model of the extent
of changes in AS, Sense, or other factors such as TF and TBP occupancy (Rhee and Pugh, 2012), that

could explain the different Sense transcription recovery behaviours.

Transcription is currently viewed as a global phenomenon, covering on average 75% of the genome
and giving rise to many transcripts that have at least one overlapping transcription unit at the 3’ or
5’end. A transcription unit may downregulate the neighboring unit because it overlaps with its NDR.
This can generate many inter-related transcription programs, which may be regulated in a similar
manner. Therefore, transcription interference may play a global role as probably many NDRs are
subjected to this type of regulation. However, NDRs may respond to overlapping transcription

somewhat differently depending on individual characteristics, which may result in numerous



97

possible combinations of gene expression patterns in a cell. This may contribute significantly to the
transcription complexity observed in eukaryotes that cannot be explained just by TF regulation.
Although it is probably difficult to assign all the complex phenotypes to changes in transcription

(Pelechano, 2017), a certain number of underlying principles can probably be determined.

2.3 Higher Acetylation could Mediate Recovery by Increasing Burst Size

Antisense-mediated TI has been previously shown to be used between the tandem SUR7 and GAL80
genes. In this case, Gal4 TF binding to the bidirectional promoter of GAL80 results in the
upregulation of SUT719, which is in antisense orientation to the upstream SUR7 gene and hence
results in its repression. Thus, antisense transcription can help in mediating regulatory signals to
neighboring chromatin regions (Xu et al., 2011). This type of control has been observed in the
regulation of FLO11, where two non-coding RNAs regulate toggle switch between expression and
repression. This results in the expression of FLO11 in some cells of a population while it is repressed
in the others (Bumgarner et al., 2009). Antisense transcription was further shown to be associated
with stress responsive genes or the genes that have to respond in a switch-like manner (Castelnuovo
et al., 2014). The changes in expression levels of these genes are known to be regulated through

modulation of the bursting frequencies (Larsson et al., 2019).

In our experiments, the recovery from AS-mediated repression is accompanied by a sudden
increase in acetylation. The bursting frequency is known to correlate with the acetylation levels of
the promoter (Chen et al., 2019). Therefore, the increase in expression during recovery that we
observe might result from the increase in bursting frequency. The changes in burst frequency
versus burst size are likely to translate into different distributions of RNA in different cells of the

population (Liu et al., 2016).

Single molecule FISH analysis or RNA MS2 tagging (Lenstra et al., 2015) could be used to examine
the expression of specific transcripts. It would give a better understanding and insight into the
changes of expression patterns in individual cells. It could provide a valuable orthogonal dataset to
the genome-wide recovery we observe and help in solving the mechanism. If during recovery,
transcription is observed in more cells of the population, the recovery is likely due to an increase in
bursting frequency; however, detection of more transcripts per cell, but in the same number of cells,
would mean that an increase in burst size is responsible for the recovery. One would probably have
to measure degradation rates as well to differentiate changes in transcript numbers due to an

increase or decrease in RNA stability.
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2.4 Histone turnover as the fastest way of changing chromatin around +1

Histone turnover is a mechanism for exchanging one of the older nucleosomes possessing a certain
PTM state with naive histones from the soluble pool that are acetylated at H3K56. Since overlapping
AS transcription deposits the H3K36me3 mark at +1, promoting acetylation via histone acetyl
transferases might make the +1 nucleosome more labile and easy to exchange with the soluble
histones lacking H3K36me3. H3K18ac is a known predictor of histone turnover along with H3K56ac
(Weiner et al., 2015). The exchanged naive nucleosomes would also result in a weaker barrier for
transcription as compared to H3K36me3 nucleosomes at +1 position (Gill et al., 2020; Soudet and
Stutz, 2019; Venkatesh and Workman, 2015). Promoting higher histone turnover might itself result

in less occupancy of nucleosomes in the promoter and hence more transcription initiation.

During recovery, when we observe a sudden increase in acetylation, the fate of deposited methyl
marks should be ascertained in future investigations. It is possible that H3K36me3 is still present
as shown in a recent study by Alabert and colleagues. Based on mass spectrometry data, the authors
generated a model for the deposition of H3K36me1/2/3 and H3K27me1/2/3. Once the H3K36 methyl
mark was established at the site of H3K27me in higher eukaryotes, it was inherited for a few
generations before being diluted by replication-dependent exchange (Alabert et al., 2020). Of note,
the H3K27me3 domains in higher eukaryotes are usually transcriptionally silent and hence the
deposited H3K36me3 is not subjected to histone exchange. This may be different in our case, since

the +1 position is highly active and undergoing rapid histone turnover.

Therefore, it is worth examining how the changes in histone turnover might affect the kinetics of
histone PTMs. To assign the observed behaviours to histone turnover, these studies need to be
complemented with CAF1, FACT or ASF1 mutants affected in histone exchange (De Koning et al.,
2007).

We observed delayed sense recovery during G1-arrest, which results in no replication-dependent
histone exchange. In G1-arrested cells, lack of replication might prevent dilution of the H3K36me3.
In a study investigating promoter NDR recovery by restoring RSC, the reopening of the NDR was
immediate even in G1-arrested cells (Klein-Brill et al., 2019); however, the +1 was always acetylated
in this study, while we know from our previous work that an increase in H3K36me3 results in

deacetylation and reduced occupancy of RSC (Gill et al., 2020).

In summary, by reducing histone turnover during G1-arrest, either the H3K36me3 is not diluted
and therefore Rpd3 is present in the NDR and the deacetylated state is maintained hampering

recovery. Alternatively, HATs can acetylate a nucleosome irrespective of H3K36me3, leading to
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histone turnover and promoting immediate recovery, yet their activity is reduced in G1 or has to be
stimulated by histone turnover. Additional experiments need to be performed in the future to

distinguish between these two possibilities.

2.5 Different Acetylation and Methylation kinetics might play a role in Recovery

We observed a major increase in acetylation at the 30 min timepoint just after the removal of AS
readthrough that rapidly went back to the basal levels. This transient increase in acetylation
probably resulted in the peak of sense expression that we observed in our 4tu-seq analysis. An
earlier study focusing on yeast histone modifications in response to stress revealed transient
changes in H4ac (Weiner et al., 2015). These modifications are known to positively correlate with
Htz1(H2A.Z) occupancy at the +1 nucleosome, which is further linked to high nucleosome turnover.
Therefore, the AS transcription phase might trigger a cascade of changes in modification levels that
ultimately result in transcription upregulation during recovery. H4ac, H2A.Z, H3K56ac, H3K18ac,
H3K4me3, H3K36me3 and H3K79me are worth investigating during transcriptional changes by

individually removing different factors important in the cascade.

Histone methylation and acetylation dynamics differ with respect to cell cycle re-entry (Mews et al.,
2014). The ordered waves of changes in PTMs were also observed during transcriptional
reprogramming (Weiner et al., 2015). The changes in +1 nucleosome distribution and H3K18ac that
we identified in our study finally result in an oscillating gene expression behaviour. It would be
worth to know if the changes in different modifications at each step are due to inherently
biochemically different reaction kinetics independent of each other, or whether one change acts as
a signal for another event in a temporal manner. It would be worth to follow the individual
modifications possibly on the same nucleosome with time, and perturb the system to see if these
modifications act as an interdependent temporal cascade or as simple linear events, with

biochemically different reaction kinetics that result in the observed RNA expression pattern.

It should be addressed whether the commonly observed stable PTM combinatorial complexity
consists of all the thermodynamically stable states of chromatin and when overlapping
transcription, AS in our case, perturbs the system, it induces a high energy state; during recovery,
the oscillating pattern with decreasing amplitude may be the response to the release from the high

energy state to go down to one of the stable commonly observed chromatin states.
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2.6 Ambivalence of Set1C mediated H3K4me

Deposition of H3K4me3 by Set1 is enriched at +1 nucleosome and is highly correlated with H3K18ac
in log phase growing cells. The Setl methyltransferase performs both H3K4me2 and H3K4me3,
which might have contrasting consequences on transcription. Set1l-mediated H3K4me2 results in
the recruitment of the Set3 histone deacetylase, which deacetylates nucleosomes. Setl has been
shown to work synergistically with Nrdl-mediated termination probably by slowing down
transcription initiation kinetics of RNAPII, that might work through H3K4me2-Set3C (Terzi et al.,
2011). Set1 was also proposed to promote AS transcription and sense repression by depositing the
H3K4me3 active mark at the 3’end of AS-producing genes (Margaritis et al., 2012). Set3C represses

genes having H3K4me2 mark especially during transition periods (Kim et al., 2012).

This complex system needs to be better understood by following the dynamic changes of both
modifications at both the sense and AS promoters as well as at transcription pairs in the same
orientation. Indeed, one conundrum during the transition in expression levels is that to reach
H3K4me3 levels one would require to go through H3K4me2 that might result in transient

downregulation of expression.

It was shown that at the genes induced during stress response, the +1 nucleosomes are transiently
enriched for H3K18ac and lose the H3K4me3 mark (Weiner et al., 2015). We observed the same
during recovery since at the 150 min time point, nucleosomes were enriched for H3K18ac. This was
followed by depletion of the H3K18ac mark at 180 min, but with the current data we cannot ascertain
that H3K18ac is indeed reduced (Results, Section 2, Figure 1B (p. 78)). During the stress response,
Weiner and colleagues observed that the decrease in H3K18ac was preceded by an increase in

H3K4me3 at the same site (Weiner et al., 2015).

Based on these observations, it will be interesting to define whether changes in H3K4me2/3 mark
may be causal for the decrease in acetylation signal to bring both marks to a balanced state. This
might be what is happening in the sense recovery oscillations that we observe. Acetylation brings
RNAPII and hence Set1; however Set1-mediated H3K4me2 results in Set3C-mediated deacetylation.
It would be interesting to know what other mechanisms interfere with this system that finally define

whether to remain at the di-methylated level or to reach the tri-methylated state.
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2.7 Cell Cycle Regulation of Histone PTMs

Cell-cycle is known to regulate deposition of histone PTMs. It has been shown in higher eukaryotes
that deposition of H3K9me3 and H3K27me3 is impeded in cell cycle-blocked cells, although
H379mel/2 and H4K20me2/3 can still accumulate in Go-arrested human fibroblasts (Alabert, 2015).
Thus, in our study, it is possible that in the G1-synchronised cells the H3K18 acetylation peak might
not occur, or the deposition of this mark by HATSs is delayed, and hence we observe a delay in +1
nucleosome distribution recovery. H3K36me3 has been shown to persist for an hour after
transcription on the transcribed locus and the removal of the mark was partly dependent on
replication-dependent histone exchange (Sein et al., 2015). It would be worth investigating both the

acetylation and H3K36me3 levels and their most probably changed dynamics in G1-arrested cells.

2.8 Transcription Interference from Sense or Antisense act in the same manner

We observed that AS extension over the sense promoter results in deacetylation and
downregulation of sense expression. During recovery, sense expression is activated and will
probably reach its steady state levels after oscillating for a few hours with gene specific amplitude
and frequency. Although the AS decreased linearly, we know that AS is regulated post initiation by
Nrd1/Nab3/Senl pathway. Therefore, one could argue that the AS promoter might still be active
while its elongation is stopped, and that sense extension contributes to the down-regulation of the
AS promoter, which would result in further repression of AS. However, some studies have concluded
that the modifications associated with AS transcription are different as compared to regular
transcription (Murray et al., 2015). Since, we observe deposition of H3K36me3 by AS transcription
like any other transcription, it is likely that transcription of all kinds and in any orientation would

act in the same manner (Gill et al., 2020).

To address this point, it would be worth to examine the acetylation and/or methylation levels at the
AS promoter. It would also be interesting to compare the dynamic changes in Ac/Me during
overlapping transcription at tandem genes. This would help to conclude whether the different levels
of modifications observed on Sense/AS pairs are only due to the fact that the non-strand specific
component of Sense/AS, i.e. chromatin, has to exist as a ‘hybrid’ and incorporate modifications from
both polymerases. Or, alternatively, a Sense/AS transcription pair may represent a unique
arrangement of cis-acting transcriptional regulation. The combination of modifications that exist at
the tandem genes could result from addition of co-transcriptional deposition by two polymerases.

This would imply that the overlapping transcription coming from either direction with different
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RNAPII CTD configurations would deposit different marks on the chromatin and the resulting

steady state chromatin would simply be the net average of all the transcription events.

2.9 TIduring Physiological Nutrient Stress Response

Nrd1/Nab3/Senl early termination has been shown to be downregulated in the presence of nutrient
stress (Bresson et al., 2017; Darby et al., 2012). This response results in the upregulation of AS
transcripts and downregulation of Sense expression. Furthermore, stress induces Nrdl
dephosphorylation leading to the formation of Nrd1 nuclear speckles. It would be interesting to
observe what happens when the stress is relieved. Does it result in the solubilization of those
granules or are they maintained in the cell. Another interesting and related analysis would be to
examine Nrdl expression levels through the cell cycle and in arrested cells. Analysing the
physiological response to nutrient depletion after different times might result in different outcomes
in terms of chromatin modifications and therefore response. It would be interesting to study the
recovery from these different stages to define whether it may similarly result in over-acetylation

and RNA upregulation. Nab3 expression should also be examined in these scenarios.

2.10 Chromatin Marks Save the Information in Chromatin Combinations

We know that the Histone PTMs occur in a combinatorial pattern at steady state, with promoters
enriched in H3K4me3, H3K18ac, H3K56ac and H2A.Z histone variant, while genic regions have
higher levels of H3K36me3 and H3K79me (Jenuwein and Allis, 2001). Upon antisense induction, we
observed an increase in H3K36me3 around the TBS and a decrease in H3K18 acetylation levels at
the +1 and -1 positions. The resulting state is repressive for transcription although the exact PTM
state of the promoter is neither genic nor promoter associated. In a different study, Weiner et al.
assessed a wide number of modifications in yeast during transcriptional changes in response to
diamide stress; they observed transient uncommon PTM states at a small subset of nucleosomes,
mostly associated with the promoters (Weiner et al., 2015). Therefore, the exact characterization of
the chromatin state at AS-mediated repressed promoters or promoters undergoing transcriptional

changes might be more complex than previously thought.

In summary, the commonly observed steady-state correlations between transcription and histone
PTMs do not hold true during all types of dynamic changes. Therefore, the exact rules for how or
what promotes these modification changes need to be established precisely in order to really

understand the dynamics of transcription regulation.
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Chromatin marks further act as a memory of time. It is possible that they keep the biological clock
with different reaction combinations. If the nucleosome has acquired trimethylation, it has
undergone three rounds of methylations, and depending on the biochemical speed of the
deposition, it might indicate the time the nucleosome has spent on the DNA. For example,
progressive methylation of H3K79me by Dotl on ageing nucleosomes might signal the cell that it
has spent enough time in that particular state (De Vos et al., 2011). In our case, AS-mediated
repression deposits certain modifications on the sense promoter, but we only extended AS for 2
hours before measuring the response. Cluster 5 stays repressed after 2 hours of Auxin treatment.
It is possible that upon induction of AS for longer durations, this cluster may completely lose its

NDR specific marks and these regions may become indistinguishable from a nucleosome array.

It would be interesting to know until which point an NDR could recover from overlapping
transcription and when it may lose its identity completely. TF- or GRF- mediated opening
of chromatin might be the last resort to express these sense transcripts. We know from
individual studies that non-coding transcribing polymerase actually inhibits binding of TFs, and
recovery is therefore only possible when transcription readthrough is stopped (Bumgarner, 2012;

Bumgarner et al., 2009; Gil and Ulitsky, 2020).

Chromatin acts as a substrate for various metabolic functions that change in response to different
physiological signals which recruit factors or TFs that deposit different marks on the chromatin
(Diehl and Muir, 2020). It is also becoming clear that the speed and the position of
transcription, which are affected by PTMs, also define mRNA stability (Geisberg et al., 2014) and
might influence the translatability of the RNA (Lyon et al., 2019). Hence, the final level of marks
and overlapping transcription might define the final state of transcription and expression
levels. Repression and activation mechanisms during transcription changes underlying all
these observations might involve similar chromatin factors and modifications as observed for the
overlapping AS-mediated repression and recovery. Our study thus provides hints to which
factors need to be examined to precisely solve the mechanisms of overlapping coding and non-

coding transcription switches all over the genome.

We are still far from being able to predict RNA expression levels based on the observed types and
amounts of deposited marks. With the plethora of overlapping transcriptional programs, it is
important to understand how changing the level of expression of one transcript might affect
the dynamics of neighbouring genes and those located close in the 3'-dimension in order to get a

more complete picture of gene regulation at the level of transcription.
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Figure S1
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Figure S1: related to Figure 1.

(A) Overlap between antisense-containing genes (AMRG + NRG) and repressed genes upon Nrd1l
anchor-away.

(B) Histogram of distances between Sense polyA and Antisense TSS for AMRG and NRG.
LncRNAs (NUTs) coordinates were obtained from (Schulz et al., 2013).

(C) 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).

(D) Metagene analysis of TBP-ChEC induced for 30sec in an Nrd1-AA strain treated or not with
Rap for 1h. The grey box represents the 50bp area around the TBS over which statistics are
generated. The center of 0-120bp paired-end fragments is represented for the plots and
statistical analyses.

(E) Box-plots of the two independent replicates of TBP-ChEC fold-change related to Figure 1G.

The fold-change is measured over a 50bp region centered on the TBS.
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Figure S2
MNase-seq in Nrd1-AA
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Figure S2: related to Figure 2

(A) Aggregate plots centered on TBSs, -1 and +1 nucleosomes, respectively, 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. Grey rectangles represent the 50bp- TBS
centered and 10bp- -1/+1 nucleosomes- centered areas.

(B) Box-plots of the two independent replicates of MNase-seq fold-change related to Figure
2B. The fold-change is measured over a 50bp region centered on the TBS.

(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 SPT15 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.

(D) Metagene plot of MNase-seq performed in a TBP-AA strain treated or not with Rap for
30min. Midpoint of 120-200bp are represented. The grey box represents the 50bp area centered
on the TBS. Results were retrieved from (Tramantano et al., 2016).

(E) Box-plots of the dyads occupancy fold-change in +Rap/-Rap in the TBP-AA strain. The

fold-change is measured over a 50bp region centered on the TBS.
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Figure S3
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Figure S3: related to Figure 3

(A) Metagene plot of H3K36me3 MNase-ChIP-seq related to Figure 3A and centered on the TBS,
-1 and +1 nucleosomes, respectively. 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-ChIP-seq. The fold-change is measured over a 50bp region centered on the TBS.
(C) Metagene plot of H3K18ac MNase-ChIP-seq related to Figure 3C and centered on the TBS,
-1 and +1 nucleosomes, respectively. Midpoint of 120-200bp fragments are represented.

(D) Box-plots of the fold-change related to Figure 3D for the two independent replicates of
H3K18ac MNase-ChIP-seq. The fold-change is measured over a 10bp region centered on the -1
nucleosome.

(E) Snapshot of H3K36me3 and H3K18ac MNase-ChIP-seq absolute levels at the AMRG ISY1.
The NDR of ISY1 is indicated by a rectangle.
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Figure S4
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Figure S4: related to Figure 5

(A) Metagene plot of Sth1-ChEC centered on the TBS, -1 and +1 nucleosomes, respectively.
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 10bp region centered on the -1

nucleosome.
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Figure S5
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Figure S5: 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. cerevisine chromatin before immunoprecipitation.
S. cerevisiae results are normalized to S. pombe ACT1 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 Nrd1-AA rpd3D +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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Figure S6: related to Figure 7

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

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

(C) 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.

(D) Global correlation between nascent antisense transcription into promoters (-100bp to TSS area)
and nascent sense transcription (100bp area upstream of the polyA site). The correlation

coefficient r corresponds to the Pearson correlation.
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Table S1. Related to STAR Methods

Experimental Models:

rpd3D STH1-MNase
(FSY8255)

Organisms/Strains

S. cerevisiae AA (Harukietal.,, | MAT «, tor1-1, fpriD::NAT, RPL13A-2 3 FKBP12::TRP1
(FSY4885) 2008)

S. cerevisiae Nrd1-AA (Castelnuovo | MAT o, torl-1, fpr1D::NAT, RPL13A-2 3 FKBP12::TRP]I,
(FSY5065) et al., 2014) NRD1-FRB::KanMX6

S. cerevisiae Nrd1-AA This study MAT o, tori-1, fpr1::NAT, RPL13A-2 3 FKBP12::TRP1,
rpd3D (FSY7015) NRD1-FRB::KanMX6, rpd3D::HIS3

S. cerevisiae Nrd1-AA This study MAT o, tori-1, fpr1::NAT, RPL13A-2 3 FKBP12::TRP1,
TBP-MNase (FSY8162) NRD1-FRB::KanMX6, TBP-3xFLAG-MNase::HPHMX6
S. cerevisiae Nrd1-AA This study MAT o, tori-1, fpr1::NAT, RPL13A-2 3 FKBP12::TRP1,
rpd3D TBP-MNase NRD1-FRB::KanMX6, rpd3D::HIS3, TBP-3xFLAG-
(FSY8164) MNase::HPHMX6

S. cerevisiae Nrd1-AA This study MAT o, tori-1, fpr1::NAT, RPL13A-2 3 FKBP12::TRP1,
STH1-MNase NRD1-FRB::KanMX6, STH1-3xFLAG-MNase::HPHMX6
(FSY8254)

S. cerevisiae Nrd1-AA This study MAT o, tori-1, fpr1::NAT, RPL13A-2 3 FKBP12::TRP1,

NRD1-FRB::KanMX6, rpd3D::HIS3, STH1-3xFLAG-
MNase::HPHMX6

Nrd1-AA

Nrd1-AA rpd3A

Nrd1-AA TBP-MNase
Nrd1-AA TBP-MNase rpd3A
Nrd1-AA STH1-MNase

Nrd1-AA STH1-MNase rpd3A

AA

- Rapamycin

+ Rapamycin

2 Days, 30 °C




Table S2. Related to STAR Methods

Genes Oligos
TAX4 Forward ATAGATGGCGCAAGGGAGTT
Reverse AAACGTCAGGGCGTGTATTC
VAC7 Forward TGTAAGTCTTCCTGGCCACTC
Reverse GATCATTATGCAAAATCGAAGG
EPL1 Forward CACGATCCGACCACAAAAT
Reverse GGAACGCGATGTGGTGTAAT
ELP3 Forward TTCAAAAGTCAATACTGCCACTG
Reverse CACTGGATAATTTGAGATGAGCTA
LEO1 Forward AAGCTTTGCCATATTCAATCG
Reverse GCTTTCGTATTCACTTCTATGAGC
ENT4 Forward CGCTGACACGTTTGTACTTTC
Reverse CCTCAATTTTCGTTTTCTCATTC
ACT1 S. pombe Forward TCTTTTCCATATCATCCCAGTTG
Reverse CTCAAAGCAAGCGTGGTATTT
SPT15 Forward TCGGGTTTGCTGCTAAATTC
Reverse ACACAATTTTCGGCTTCACC

119



120

2 Antisense-Mediated Repression Prime Sense

Transcript Promoter for Activation

Contains five supplementary figures for the data presented in the Results section 2 of the thesis.
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Figure S1. 4tu-Seq in AID*-Nrd1 tagged and Untagged wt strain. Related to Figure 1.

(A) Western-blot for AID*-Nrd1 at the same time points as shown in Figure 1A .

(B) 4tU-Seq coverage profiles for both Sense (dark, top) and Antisense (bottom, light) for each time point
during depletion and recovery.

(C) Log normalized 4tU-seq counts for Antisense plotted at each time point compared to O min. ARG are
represented as red and control genes as blue.

(D) Log normalized 4tU-seq counts for Sense mRNA and the shown classes of ncRNA and snoRNA in the
AID*-Nrd1 strain.

(E) and (F) Log of normalized 4tU-seq counts for Antisense and Sense strands respectively in the untagged
control strain.

(G) Related to Figure 1D. Antisense fold change values are plotted for each gene cluster at all the time

points.
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Figure S2. 4tu-seq profiles for all ARG and control genes. Related to Figure 1.

(A) Fold changes in ARG sense expression (all five clusters) vs the control genes. The same is shown for
Antisense in Figure 1F.

(B) Expression profile of Methionine genes, for both control and tagged strains on both strands.

(C) Expression profiles of ARG Sense and Antisense transcripts in both AID*-Nrd1 and untagged strains.
(D) Plots showing the Other gene class divided into three. The 2-fold upregulated genes (701) are show in
light and dark blue in both tagged and untagged strains. The downregulated genes (191) are shown in pink

and light purple. The last class of non-changing genes (3815) is shown in beige and brown.
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Figure S3. Related to Figure 2.

(A) Log of normalised fold change acetylation at +1 nucleosome of clusters 1 to 5 compared to Other class
of genes. The significance was defined using wilcox test. The panels show all the time points from 120
min of depletion to 300 min of recovery. Related to Figure 2B.

(B) Acetylation profiles at +1 nucleosome and 50 bp on both sides of the peak are shown for each time
point. Each plotted line corresponds to a cluster. The blue lines correspond to the Other control genes.
(C) Similar plot as (B) but in the untagged control strain.

(D) Related to Figure 2C. MNase-seq average profiles for clusters 2,5 and Other genes centred at the TSS.
(E) Related to Figure 2E. +1 nucleosome distribution around TSS for different clusters at 180, 240 and 300
min.

(F) Related to Figure 2F. Log FC (fold change) of +1 nucleosome distribution around TSS for time points
240 and 300 min.

(G) Boxplot for MNase in control strain log +1 normalized.
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Figure S4. Related to Figure 3

(A) MNase-seq nucleosome occupancy profiles of G1 synchronised cells during depletion and
recovery for clusters 2, 3 and Other genes.

(B) MNase-seq nucleosome occupancy profiles for clusters 4 and 5 in the G1 synchronised
untagged wt strain.

(C) Related to Figure 3D. Same plot for the untagged wt strain.

(D) Related to Figure 3E. Same plot for the untagged wt strain.

Supplementary Figure 4
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Figure S5. Related to Figure 4

(A) Related to Figure 5B. MNase-seq nucleosome occupancy coverage for clusters 2, 3, 4 and
Others in both +Rap and -Rap.

(B) Related to Figures 5D and 5E. +1 nucleosome distribution around TSS at all time points for the
Rtt109-Frb strain in -Rapamycin.

(C) Related to Figure 5C. +1 nucleosome distribution around TSS at all time points for the Esal-Frb
strain in -Rapamycin.

(D) Related to Figures 5D and 5E. +1 distribution and log FC of +1 distribution at all time points for
the control set of genes in Esal-Frb comparing between - and + Rap.

Supplementary Figure 5
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Appendix

A R scripts

The following are the annotated R scripts representing key parts of the analyses performed in

Results section-2.

A.1 Calculating Antisense Repressed Genes and Defining Clusters

The following script was used to calculate most of the values plotted in Result part-2 Figurel page

75. The script reads the htseq count files.

#H###44#### Making a function to read the files #########
make_df <- function(fl_file){
df1 <- read.table(f1_file, sep = "\t")
colgene <- paste(substr(f1_file,20, 25), substr(f1_file, 33, 37), sep ="-")
colnames(df1) <- c("ID", colgene)
return(dfl)
}
###4# Reading HT-seq count files and making the dataframe
path1l="ht-seq_counts-file"
flist <- list.files(path = path1)
all_counts <- paste(pathl, flist, sep ="/")
cl <- Map(make_df, all_counts)
df <- join_all(c1, by = "ID")

HH#H# 4 ##### removing the last row with unaligned counts ##########4#4#
n<- dim(df)

df <- dff1:(n-5),]

## #4444 making DF for the model #########H#H#HH#HH#HH#H#H

dfmod <- reshape2::melt(df,id.var=1)

dfmod <- dfmod %>% tidyr::separate(variable, c("strain_tp", "strand"))
dfmod$exp <- substr(dfmod$strain_tp, 1,3)

dfmod$strain <- substr(dfmod$strain_tp, 4,5)

dfmod$time <- substr(dfmod$strain_tp, 6,6)

148



dfmod$strain_tp <- NULL
colnames(dfmod)[3] <- "counts"
convert_timepoint <- function(x) {
switch(x, '0'=0, '2'=120, '3'=150, '4'=180, '5'=240, '6'=300)
}

dfmod$time <- unlist(lapply(dfmod$time, convert_timepoint))
#H## #4444 #### converting all zeros to 1 and normalizing #########

dfref <- dfmod[dfmod$time == 0, ]

dfnorm <- merge(dfmod, dfref, by=c(1,2,4,5), all=TRUE)
colnames(dfnorm)[c(5,6,7)] <- c("counts", "
dfnorm$time.y <- NULL
dfnorm$normcounts <- (dfnorm$counts+1)/(dfnorm$refcounts+1)

summary(log(dfnorm$normcounts))

non

time", "refcounts")

HHHHAHBHHHHAHAHH toremove MET genes ###H#H#H#HH#HHAHAHBHHHHH
IDtogenes <- read.csv(file = "SGDtogenes.csv", header = FALSE, sep = ",")
IDtogenes$V3 <- NULL

colnames(IDtogenes) <- c("ID", "genes")

m1 <- merge(IDtogenes, dfnorm, by = "ID")

dfnorm <- dfnorm[!(dfnorm$ID %in% dfmet$ID),]

HH S HHHHH A SRS removing Nrd] #######HHHHH RS S HH4H
dfnorm <- dfnorm[!(dfnorm$ID == "YNL251C"),]

HH S HHHH#H#H writing dataframe of normalised counts for further analysis ############
HH S ##write.csv(dfnorm, file = "dfnorm.csv", row.names = FALSE)
HHHHHHHHHHHHH ALY to get the changing genes in the experiment ########H#HH#HH#H#

dfdiffl <- dataframe[dataframe$time == 120,]

bl<- reshape2::dcast(dfdiffl, value.var = "normcounts", formula = ID+strain~strand)
str(bl)

summary(log(dfdiffl1$normcounts))

dfdiffl <- b1

rm(bl)

H#tHHHHHHHHHHH#H#H#H Caleculating ARG genes ####### ##H#H#HH##HHHHHHHHHFHHHHHHHHFHHHHH

nrg43 <- as.character(with(dfdiff1, dfdiff1$ID[strain=="43" & (Sense < 0.9 & AntiS > 1.5)]))
nrg36 <- as.character(with(dfdiff1, dfdiff1$ID[strain=="36" & (Sense < 0.9 & AntiS > 1.5)]))
nrgoi <- setdiff(nrg43,nrg36)

rm(nrg36,nrg43)

dfnrgoi <- dataframe[dataframe$ID %in% nrgoi & dataframe$strain == "43",]

rm(dfdiff1)

####444#4# Calculating Kmeans for dividing ARG into Clusters #########

dfgoikmeans <- reshape2::dcast(dfnrgoi, value.var = "normcounts", formula = ID+strain+strand~time)
dfgoikmeansi <- dfgoikmeans[dfgoikmeans$strand=="Sense",]
dfgoikmeansi <- dfgoikmeansi[,-c(2,3,4)]

set.seed(123)

k.max=8

wss <- sapply(1:k.max, function(k){kmeans(dfgoikmeansi[,-c(1)], k,nstart = 25)$tot.withinss})
wss
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plot(1:k.max, wss, type="b", pch = 19, frame = FALSE, xlab="Number of clusters K", ylab="Total within-clusters

sum of squares")
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goicluster <- kmeans(dfgoikmeans1[,-c(1)], 5, nstart = 30)
goicluster

dfgoikmeansi$cluster <- goicluster$cluster

write.csv(dfgoikmeansi, file = "4tU-cluster.csv", sep = "\t", quote = FALSE, row.names = FALSE)
write.csv(dfnrgoi, file="dfnrgoi_444.csv", sep = "\t", quote = FALSE, row.names = FALSE)

rm(dfgoikmeans1,dfnrgoi)
HHHHAHBHHHHAHBHBHHHH A HBH B HHHH B HBHHHHHHAHBHHHHHH AR B HHHH A H AR B HHHH A HBH B HHHHAHS

A.2 Calculating Acetylation for H3K18ac MNase-ChIP-seq

The dataframe with per bp values was generated using modified script from Chereji Plot2DO. The
coverage values range from -1000 bp to +1000 bp around a +1 peak per gene. This data was

generated for every time point in the experiment and was used as an input for the following script.

#50 bp around +1 analysis
make_df <- function(fl_file){
df1 <- read.table(f1_file, sep = "\t")
df2 <- dfi[,c(1,2,seq(478,528))]
df2$meani <- rowMeans(df2[,c(3,53)])
df3 <- data.matrix(df2[,c(seq(3,53))], rownames.force = NA)
df2$area <- rowMaxs(df3,value=FALSE)-df2$meanl
df2$area <- df2$area*25
df4 <- df2[,c(1,2,55)]
colgene <- paste(substr(f1_file,52,52), substr(fl_file, 53, 54),substr(fl1_file,55,55), sep = "-")
colnames(df4) <- c("ID","cluster", colgene)
return(df4)
}

get_files <- function(path,func){
flist <- list.files(path = path)
all_occ <- paste(path, flist, sep ="/")
¢l <- Map(func, all_occ)
df <- join_all(c1)
dfR <- reshape2::melt(df,id.var=c(1,2))
dfR <- dfR %>% tidyr::separate(variable, c("exp", "strain","time"))
return(dfR)

convert_timepoint <- function(x) {
switch(x, '1'=0, '2'=120, '3'=150, '4'=180, '5'=240, '6'=300)
}

pathl="output/2D_dyads_Plusl_R"
func="make_df"
dfR <- get_files(path1,func)

dfR$time <- unlist(lapply(dfR$time, convert_timepoint))
colnames(dfR)[6] <- "occ"

write.table(dfR, file="Per_gene_analysis/H3K18ac_plusl_per-gene.txt", sep="\t", row.names = FALSE,
col.names = TRUE, quote = FALSE)
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The data generated was used to make figures on Result part-2, Figure 2 and Figure S3, page 78 and

page 125.

A.3 NDR Size Calculation

The coverage data generated for H3K18ac MNase ChIP-seq was used for the NDR size calculation.

cal_nuc_dyad <- function(x){
¢l <- which.min(abs(x-quantile(x,probs = c(1),names = TRUE,warn=TRUE )))
return(cl)

h

make_df ndr <- function(fl_file){
df1 <- read.table(f1_file, sep = "\t")
df2 <- dfi[,c(1,2,seq(253,403))]
df3 <- as.data.frame(t(df2[,c(seq(3,153))]))
nucm <- unlist(lapply(df3, cal_nuc_dyad))
names(nucm) <- NULL
df4 <- dfi[,c(1,2,seq(428,578))]
df5 <- as.data.frame(t(df4[,c(seq(3,153))]))
nucp <- unlist(lapply(df5, cal_nuc_dyad))
names(nucp) <- NULL
df6 <- cbind(df2[,c(1,2)], nucm, nucp)
df6$ndr <- df6$nucp+275-df6$nucm
df6$nucm <- NULL
df6$nucp <- NULL
colgene <- paste(substr(f1_file,52,52), substr(fl_file, 53, 54),substr(fl_file,55,55), sep = "-")
colnames(df6) <- c("ID","cluster", colgene)
return(df6)

pathl="output/2D_dyads_Plusl_R"
func="make_df ndr"

dfRndr <- get_files(path1,func)

dfRndr$time <- unlist(lapply(dfRndr$time, convert_timepoint))
colnames(dfRndr)[6] <- "dyaddistance"

write.table(dfRndr, file="Per_gene_analysis/H3K18ac_dyad_dist_per-gene.txt", sep="\t", row.names = FALSE,
col.names = TRUE, quote = FALSE)

A.4 +1 Nucleosome Distribution Calculation

The data for per bp coverage was calculated using the modified script of Plot2DO.

make_df3 <- function(f1_file){
df1 <- read.table(f1_file, sep = "\t")
df2<- dfi[,c(1,2,seq(403,603))]
t1 <- rowSums(df2[,c(seq(3,102))])
t2 <- rowSums(df2[,c(seq(104,203))])
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nucdist <- t1/t2

nucdist <- nucdist

df4 <- cbind(df2[,c(1,2)],nucdist)

colgene <- paste("mn", substr(f1_file, 63, 64),substr(f1_file,65,65), sep = "-")
colnames(df4) <- c("ID","cluster", colgene)

return(df4)

make_mnasedf <- function(path) {

flist <- list.files(path = path)

all_occ <- paste(path, flist, sep ="/")

cl <- Map(make_df3, all_occ)

df <- join_all(c1)

dfmnase <- reshape2::melt(df,id.var=c(1,2))

dfmnase <- dfmnase %>% tidyr::separate(variable, c("exp", "strain","time"))
dfmnase$time <- unlist(lapply(dfmnase$time, convert_timepoint))
colnames(dfmnase)[6] <- "nucdist"

return(dfmnase)

h
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B Non-coding Transcription Regulates Replication

Program in Cis

DNA replication initiates at autonomously replicating sequences (ARS) distributed all over the
genome. Efficient genome duplication requires coordinated firing of all the DNA replication origins.
In yeast, there are 200-300 ARSs in the genome that are usually nucleosome depleted. Origin
function is significantly affected by the context of local chromatin (Ding and MacAlpine, 2011;
Mechali et al., 2013). ARSs were originally described to be intergenic and were thought to be shielded
from transcription. With the development of nascent RNA sequencing techniques, we know that
almost the whole yeast genome is pervasively transcribed (Churchman and Weissman, 2011). The
aim of this study was to define the effect of non-coding transcription readthrough at ARSs NDRs on

the replication program.

We selected 234 ARSs for our study and first analysed the distribution of non-coding transcripts
around the ARSs NDRs. We found that early and efficient ARSs present robust transcription
termination in the vicinity of the origin. To investigate the effect of non-coding transcription
readthrough, we used the Nrd1 anchor away strain. After induction of non-coding transcription, we
observed closing of ARSs NDRs using MNase sequencing. Using BrdU-seq, we also observed that the
ARSs affected by transcription readthrough are usually late and inefficient. Importantly, ARSs that
are relatively highly transcribed at steady state are associated with higher MNase density and
H3K36me3, as well as lower acetylation. Thus, non-coding transcription-mediated chromatin

modifications negatively affect the replication program.

This study entitled “Noncoding transcription influences the replication initiation program through

chromatin regulation” has been published in Genome Research (Soudet et al., 2019).

My contribution to this work was to perform the experiment for Figure 2 and supplementary

Figure 2C.
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Noncoding transcription influences the replication
initiation program through chromatin regulation
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In eukaryotic organisms, replication initiation follows a temporal program. Among the parameters that regulate this pro-
gram in Saccharomyces cerevisiae, chromatin structure has been at the center of attention without considering the contribution
of transcription. Here, we revisit the replication initiation program in the light of widespread genomic noncoding transcrip-
tion. We find that noncoding RNA transcription termination in the vicinity of autonomously replicating sequences (ARSs)
shields replication initiation from transcriptional readthrough. Consistently, high natural nascent transcription correlates
with low ARS efficiency and late replication timing. High readthrough transcription is also linked to increased nucleosome
occupancy and high levels of HZK3éme3. Moreover, forcing ARS readthrough transcription promotes these chromatin fea-
tures. Finally, replication initiation defects induced by increased transcriptional readthrough are partially rescued in the
absence of H3K36 methylation. Altogether, these observations indicate that natural noncoding transcription into ARSs in-

fluences replication initiation through chromatin regulation.

[Supplemental material is available for this article.]

DNA replication is a fundamental process occurring in all living
organisms and ensuring accurate duplication of the genome.
Eukaryotic replication initiation takes place at several dispersed lo-
cations termed replication origins. Origins are defined by a specific
chromatin structure consisting of a nucleosome-depleted region
(NDR) and the binding of specific replication initiation factors.
In Saccharomyces cerevisiae, replication origins or ARSs (autono-
mously replicating sequences) are specified by an 11bp T-rich
ARS consensus sequence (ACS) (Stinchcomb et al. 1979; Niedus-
zynski et al. 2006). ARSs also contain more degenerate A-rich B
elements proposed to contribute to origin function by excluding
nucleosomes (Bell 1995; Segal and Widom 2009; Eaton et al.
2010). Despite the occurrence of thousands of ACSs in the ge-
nome, only 200-300 are efficient for the recruitment of the AAA
+ ATPase origin recognition complex (ORC) (Raghuraman et al.
2001; Hawkins et al. 2013; McGuffee et al. 2013). During the G1-
phase, the ORC in conjunction with Cdtl and Cdc6 promotes
the binding of the MCM2-7 double hexamer helicase complex giv-
ing rise to the prereplication complex (pre-RC) (Deegan and Diff-
ley 2016). The resulting ORC/MCM2-7-bound ARSs are said to be
licensed for replication initiation and have the ability to initiate
replication during the subsequent S-phase (Aparicio 2013).
Replication follows a temporal program of activation during
S-phase. ARSs are defined by an activation timing based on the ob-
servation that some ARSs replicate earlier than others (Raghura-
man et al. 2001; Hawkins et al. 2013). Moreover, using DNA
combing, it appears that the fraction of cells in a population
initiating replication at a given ARS is variable, defining a firing ef-
ficiency probability for each ARS (Czajkowsky et al. 2008; Hawkins
etal. 2013; McGuffee et al. 2013). Timing and efficiency are linked,
as inefficient origins tend to fire late during S-phase or to be repli-
cated passively through the use of a neighboring origin (Yang et al.
2010). These two interdependent measurements of timing and ef-
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ficiency are usually used to describe the replication initiation prop-
erties of ARSs.

In §. cerevisiae, many parameters affect ARS activity including
limiting trans-acting factors, different chromosomal location, and/
or subnuclear localization (Yoshida et al. 2013). ARS activity also
depends on the chromatin context and histone modifications.
First, early origins have a wider NDR than late ARSs and adjacent
nucleosomes are more precisely positioned (Soriano et al. 2014;
Rodriguez et al. 2017). Moreover, the strength of ORC recruitment
correlates with ARS activity and is itself important for NDR estab-
lishment (Eaton et al. 2010; Belsky et al. 2015). Second, early
ARS activation during S-phase depends on histone acetylation
(Vogelauer et al. 2002; Unnikrishnan et al. 2010). Indeed, the
Class 1 Histone Deacetylase (HDAC) Rpd3 delays initiation of
a huge number of replication origins (Vogelauer et al. 2002;
Aparicio et al. 2004; Knott et al. 2009) and narrows their nucleo-
some-depleted regions (Soriano et al. 2014).

Numerous studies attempting to consider transcription as an-
other parameter to define replication initiation led to conflicting
results. On one hand, transcription revealed some positive links
with replication initiation, as highly transcribed genes were pro-
posed to replicate earlier than lowly expressed genes (Fraser
2013). Furthermore, stalled RNA polymerase II (RNA Pol II) was in-
volved in the recruitment of the ORC at the rDNA locus, and the
activity of many replication origins depends on the presence of
specific transcription factor binding sites (Knott et al. 2012;
Mayan 2013). On the other hand, active ARSs are excluded from
annotated ORFs and tend to localize after 3'-transcription termina-
tors, suggesting that transcription and replication initiation do not
coexist (Nieduszynski et al. 2006). Furthermore, natural or artifi-
cial induction of transcription through origins leads to replica-
tion defects via dissociation or sliding of the pre-RC and MCMs,
respectively (Snyder et al. 1988; Nieduszynski et al. 2005; Mori
and Shirahige 2007; Blitzblau et al. 2012; Gros et al. 2015). In
this study, we aimed at clarifying the role of transcription in

© 2018 Soudet et al. This article, published in Genome Research, is available
under a Creative Commons License (Attribution-NonCommercial 4.0 Interna-
tional), as described at http://creativecommons.org/licenses/by-nc/4.0/.
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replication initiation considering the widespread genomic non-
coding transcription.

The analysis of appropriate mutants and the development of
new tools to examine nascent transcription have revealed that
RNA Pol II occurs pervasively and that the transcriptional
landscape in eukaryotic genomes extends far beyond mRNAs
and stable noncoding RNAs (Churchman and Weissman 2011;
Schaughency et al. 2014). One source of noncoding transcription
stems from initiation at NDRs, an event controlled through early
termination by the Nrd1-Nab3-Senl (NNS) complex recruited at
the 5 end of all RNA Pol II transcription units via interaction
with the RNA Pol II C-terminal domain (CTD) (Steinmetz et al.
2001; Arigo et al. 2006). Recognition by Nrd1/Nab3 of specific mo-
tifs on the nascent RNA induces RNA Pol II termination usually
within the first kilobase of transcription in a process coupled to
degradation by the nuclear exosome component Rrp6 (Tudek
et al. 2014). These cryptic unstable transcripts (CUTs) are revealed
in the absence of Rrp6 (Wyers et al. 2005; Neil et al. 2009; Xu et al.
2009; van Dijk et al. 2011; Jensen et al. 2013). Depletion of Nrd1
results in transcriptional readthrough and accumulation of Nrd1
unterminated transcripts (NUTs), most of which correspond to ex-
tended CUTs (Schulz et al. 2013; Schaughency et al. 2014). In the
presence of inefficient early termination signals, loss of Rrp6 can
also favor readthrough transcription and elongation of CUTs
(Castelnuovo et al. 2013). Another source of noncoding transcrip-
tion is linked to mRNA 3’ end formation. The cleavage and polya-
denylation (CPF) and cleavage factor (CF) complexes cleave the
nascent mRNA just upstream of RNA Pol II. RNA Pol II release de-
pends on a CPF-induced allosteric modification of the elongation
complex as well as on the digestion of the generated 3’ fragment by
the 5'-3’ exonuclease Ratl (for a recent review, see Porrua et al.
2016). Thus, before being caught up by the so-called “torpedo,”
RNA Pol II continues transcription, leading to an average 160-bp
termination window after the polyadenylation site. Inefficient
cleavage and polyadenylation can increase the level of this natural
source of pervasive transcription (Kim et al. 2004; Luo et al. 2006;
Baejen et al. 2017).

Using nascent transcription and replication analyses in
strains depleted for early termination activities, we delineate how
noncoding transcription negatively influences replication initia-
tion by shaping the chromatin structure of ARS. Our study clearly
defines genome-wide noncoding transcription as a new parameter
regulating replication initiation.

Results
CUTs and NUTs are enriched at early and efficient ARSs

To determine the overlap of NUTs and CUTs with replication ori-
gins, we defined a list of 234 ARSs (Supplemental Table S1) with
previously annotated ACSs (Nieduszynski et al. 2006; Soriano
et al. 2014) and for which replication timing and efficiency had
been established (Hawkins et al. 2013). Among the 234 well-de-
fined ARSs used in this analysis, 52 (22%) overlap with a CUT (as
already observed in Looke et al. 2010), a NUT, or both (Fig. 1A;
Supplemental Fig. S1A; Xu et al. 2009; Schulz et al. 2013). CUTs
and NUTs are defined in a mutant context when early termination
is compromised. The presence of CUTs and NUTs over 52 replica-
tion origins indicates that termination of noncoding transcription
through the NNS pathway is robust around these ARSs. Notably,
the 52 ARSs overlapping with NUTs and/or CUTs (ncARSs) tend
to be replicated earlier and more efficiently, on average, than the

remaining 182 ARSs (Other ARSs) (Fig. 1B). These observations sug-
gest that noncoding transcription termination may be a determi-
nant of ARS replication timing and efficiency.

Noncoding transcription readthrough affects replication
initiation
One hypothesis is that NNS termination in the vicinity of a subset
of ARSs may shield them from pervasive transcription potentially
deleterious for replication initiation. To investigate the effect of
noncoding transcription readthrough on replication, early ter-
mination of noncoding RNAs was abrogated by rapid nuclear
depletion of Nrdl through anchor away (AA) (Haruki et al.
2008). Nrd1 depletion, induced by addition of rapamycin (Rap)
to the engineered Nrd1-AA strain, is accompanied by transcription
elongation and accumulation of NUTs (Schulz et al. 2013). To ex-
amine the effect on replication, the Nrd1-AA strain was treated
with alpha factor to synchronize the cells in G1-phase and incubat-
ed an additional hour —/+ Rap to induce noncoding transcription.
Cells were then released from G1 arrest in the presence of BrdU (Fig.
1C). FACS analyses indicate a slight cell cycle delay at 80 min in cells
depleted for Nrd1, with an increased number of cells in G1 in +Rap
compared to-Rap (Supplemental Fig. S1B). Samples were harvested
for BrdU-seq at 70 min after G1-phase release. Visualization of the
data revealed a number of well-defined peaks centered on specific
ARSs (Fig. 1D; Supplemental Fig. S1C,D). Global analysis of the
BrdU-seq showed that, out of the 178 selected early ARSs, 36
(20.2%) present a reproducible, more than 35% decrease in BrdU
incorporation in +Rap versus —Rap (17 show >50% decrease and
19 between 35%-50% decrease) (Fig. 1E). Consistently, metagene
analysis from —10 to +10 Kb around the ACS of the >50% affected
ARSs revealed a substantial reduction in the BrdU-seq profile in
+Rap, while the curves including the <35% affected ARSs presented
only a slight change in +Rap versus —Rap (Fig. 1F). Affected ARSs
showed a nice overlap with the NUTs-containing ARSs defined in
Figure 1A (Supplemental Fig. S1E). To define whether the decreased
BrdU-seq signal of affected ARSs upon Nrd1 depletion was linked to
transcription, RNA Pol II PAR-CLIP data from the Corden lab
(Schaughency et al. 2014) were used to examine the level of nascent
transcription over ARS when depleting Nrd1. The ARSs with the
strongest decrease in BrdU incorporation in +Rap versus —Rap
also showed the highest increase in nascent RNA Pol II transcrip-
tion into the ACSs to +100 bp ORC-footprinting area (Fig. 1E-G;
Belsky et al. 2015). Thus, the replication defect observed following
Nrd1 depletion is not due to the slightly slower cell cycle progres-
sion in +Rap but is directly linked to increased nascent transcrip-
tion through the affected ARS.

RNA and BrdU analyses were also performed with the Rrp6-
AA strain. Anchor away of Rrp6 has already been described by
our lab to result in CUT elongation (Castelnuovo et al. 2014).
Depletion of Rrp6 resulted in similar effects on ncRNA accumula-
tion and replication initiation (Supplemental Fig. S2).

Overall, these data suggest that replication initiation may be
hindered by noncoding readthrough transcription.

High noncoding readthrough transcription leads to ARS
chromatin regulation

Given the links between replication initiation and chromatin
structure, we then analyzed the effects of the Nrd1 depletion-in-
duced transcription readthrough into replication origins on nucle-
osome positioning. Chromatin was extracted from Nrd1-AA cells
either untreated or treated for 1 h with rapamycin and digested
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Figure 1. NUTs- and CUTs-containing ARSs are down-regulated when early termination of noncoding RNAs is abrogated. (A) Numbers and proportions
of ARSs overlapping with CUTs only (red), NUTs only (orange), or both CUTs and NUTs (pink). ARS annotations used in this study are listed in Supplemental
Table S1. CUTs and NUTSs were considered as overlapping when showing 50 bp of overlap in the ACS to +100 bp area according to the ACS T-rich se-
quence. (B) Scatter dot-plot indicating the timing and efficiency of the noncoding RNA-containing ARSs (ncARSs) compared to replication origins devoid
of overlapping CUTs and NUTs (Other ARSs). Timing and efficiency data were retrieved from Hawkins et al. (2013). The mean and the 95% confidence
interval are indicated. (C) Nrd1-AA cells were synchronized in G1-phase with alpha-factor for 3 h at 30°C. During the last hour, rapamycin (Rap) was added
or not in the medium. Cells were then washed and released into the cell cycle at 18°C in the presence of BrdU and —/+Rap. After 70 min, cells were collected
for DNA extraction and BrdU-seq. (D) Snapshot depicting a part of Chromosome XllI for the BrdU-seq. Affected ARSs are indicated in red and nonaffected in
green. Bottom panel shows a zoom around ARS1320 of the RNA Pol Il PAR-CLIP in the Nrd1-AA strain (Schaughency et al. 2014). Transcriptional read-
through is indicated by an arrow. (E) Plot depicting the mean coverage of BrdU nascent DNA in a 5-kb window around ACS in —Rap versus +Rap. The
17 red dots and 19 yellow dots represent the ARSs showing at least 50% and 35%-50% decrease in BrdU incorporation in +Rap, respectively. Blue
dots represent the ARSs defined as nonaffected in BrdU incorporation. (F) Top: Metagene analysis of the BrdU-seq for the 142 nonaffected ARSs
(<35%) and the 17 most affected ARSs (>50%). Profiles represent the mean coverage smoothed by a 200-bp moving window. ARSs were oriented accord-
ing to their ACS T-rich sequence. Bottom: Metagene profiles of the ratio log, +Rap/—Rap of the RNA Pol Il PAR-CLIP signal 500 bp around the oriented ACS of
the least and most affected ARS (Schaughency et al. 2014). Plots were smoothed by a 10-bp moving window. Since ARSs are oriented, nascent transcription
going toward replication origins is defined as Top and Bottom. The gray box represents the window in which transcriptional readthrough was analyzed in
G. (G) Scatter dot-plots representing the ratio log, +Rap/—Rap of the RNA Pol Il PAR-CLIP signal over the three classes of ARSs defined in E. Total nascent
transcription in +Rap and —Rap was defined on oriented ARSs by adding the RNA Pol Il PAR-CLIP mean densities between the ACS to +100 bp on the top
strand to the signal over the same region on the bottom strand in each condition using the data from Schaughency et al. (2014). Each 100-bp segment was
considered as 1 bin (see Methods). (*) P-value < 0.05; (****) P-value<0.0001.
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with micrococcal nuclease (MNase). First, sequencing of the 120-
to 200-bp fragments protected by nucleosomes revealed the typi-
cal NDR around the ACS as previously described (Fig. 2A; Eaton
et al. 2010). Second, analysis of nucleosome positioning at the
classes of ARS defined in Figure 1E revealed a statistically signifi-
cant increased density of nucleosome dyads in the NDRs of the
ARSs that are the most affected for replication initiation and pre-
sent a higher increase in readthrough transcription (Figs. 1G,
2A-C). Additional analyses reveal that the >50% class is signifi-
cantly different from the <35% group not only when taking the
mean of two replicates but also when considering each individual
experiment (Fig. 2B; Supplemental Fig. S3). These results suggest
that high levels of noncoding transcription into replication origins
leads to chromatin closing, which may in turn perturb replication
initiation. However, additional parameters are likely to influence
replication since the mildly affected ARSs (35%-50%) do not
show significant nucleosome shifting although they are affected
in replication initiation.

ARSs with a high basal level of readthrough transcription are late
and inefficient

Recent data show that noncoding transcription occurs all over eu-
karyotic genomes (Jensen et al. 2013), and our results indicate that
this transcription is detrimental for replication initiation. These ob-
servations led to the hypothesis that differences in nascent tran-
scription between ARSs may influence both their activity and

chromatin structure at steady-state. First, we confirmed that the
production of stable transcripts, defined by RNA-seq, strongly
drops in the vicinity of the 234 replication origins (including
both early and late origins), while profiles of nascent transcription
indicate that RNA Pol II density stays relatively constant through
these ARSs (Fig. 3A,B). These observations establish thatnoncoding
transcription through replication origins is a frequent event. The
same set of ARS was then analysed for the level of natural basal
readthrough transcription over a 100-bp segment between the
ACS and the B elements using published RNA Pol II PAR-CLIP
data (Schaughency et al. 2014). ARSs were subdivided into three
groups according to their natural readthrough transcription levels
into this region using a nonbiased k-means clustering approach
(Fig. 3C). The highly transcribed ARSs were significantly enriched
in ARS lying between two convergent genes (Supplemental Fig.
S4A). Importantly, nascent transcription toward the ARSs mea-
sured upstream of and downstream from the oriented ACS was
also significantly different for the three groups (Supplemental
Fig. S4B), indicating that high ARS readthrough mainly stems
from higher levels of nascent transcription from the adjacent con-
vergent genes. Running these three groups of ARSs through replica-
tion timing and efficiency data (Hawkins et al. 2013) revealed that
the 72 ARSs with high readthrough transcription have a signifi-
cantly delayed replication timing and reduced replication efficien-
cy compared to the ARSs with lower transcriptional readthrough
(Fig. 3D), although the global correlation was low (Supplemental
Fig. S4C). This suggests that once a certain threshold of pervasive
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Figure 2. Noncoding transcription readthrough into replication origins alters nucleosome occupancy. (A) Metagene analysis of MNase-seq from Nrd1-
AA cells treated or not with rapamycin for 1 h at the three classes of ARSs defined in Figure 1. Only paired-end reads from 120 to 200 bp length were con-
sidered to define nucleosome dyad coverage. The gray box represents the window in which transcriptional readthrough was analyzed. (B) Scatter dot-plot
representing the difference of dyads coverage (Acoverage=coverage [+Rap] — coverage [-Rap]) between the ACS to +100 of oriented ARSs when
comparing +Rap and —Rap conditions. (C) Snapshot of the MNase-seq around ARS822 belonging to the class of most affected ARSs. (*) P-value <0.05;
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origins. Data were smoothed by a 20-bp moving window. The gray box represents the window in which transcriptional readthrough was analyzed.
(C) The 234 replication origins were divided into three classes (High, Mid, or Low) according to their level of total natural readthrough transcription using
a nonbiased k-means clustering approach. This basal nascent transcription was calculated on oriented ARSs by adding the RNA Pol Il PAR-CLIP mean den-
sities between the ACS and +100 bp on the top strand to the signal over the same region on the bottom strand. Each 100-bp segment was considered as
1 bin. Natural nascent transcription data were taken from Schaughency et al. (2014). (D) Replication timing and efficiency of the three classes of ARSs de-
fined as in C. (E~H) Nucleosome positioning, ORC, H3K36me3, and H3K18ac levels considering the three classes of replication origins. Data for nucleosome
positioning, ORC recruitment, and histone marks were retrieved from Kubik et al. (2015), Belsky et al. (2015), and Weiner et al. (2015), respectively. For
these plots, ARSs were oriented and aligned according to their ACS T-rich sequence. The significance of differences between the three classes was calculated
over the ACS to +100 bp region considered as 1 bin and is indicated in the top left of each panel. No annotation is considered as nonsignificant. (*) P-value <
0.05; (**) P-value<0.01; (***) P-value<0.001; (****) P-value<0.0001.
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transcription readthrough is reached, ARS activity is significantly
reduced. Notably, the 52 NUTs/CUTs-containing ARSs present sig-
nificantly lower natural readthrough transcription than the highly
transcribed ARSs and appear more similar to the mildly transcribed
ARSs, further supporting that NNS-mediated termination posi-
tively contributes to replication timing and efficiency by shield-
ing ARSs from pervasive transcription (Supplemental Fig. S4D).
Consistent with these results, earlier-defined ORC-bound ARSs
(ORC-ARS) exhibit significantly less readthrough transcription
compared to non-ORC-bound and nonreplicated ARSs (nr-ARSs)
(Supplemental Fig. S4E; Eaton et al. 2010).

Thus, natural pervasive transcription into the ORC-binding
area appears to be anti-correlated with ARS function as defined
by its timing and efficiency as well as its ability to bind the ORC
complex.

Steady-state highly transcribed ARSs present distinctive
chromatin features

Using recently published nucleosome occupancy data (Kubik et al.
2015; Weiner et al. 2015), the 72 ARSs with high pervasive tran-
scription levels appear to be associated with significantly increased
nucleosome dyad density over the ORC-binding area compared to
the 162 with lower transcription levels (Fig. 3E). This observation
appears to be independent of the MNase sensitivity of the replica-
tion origins NDRs since less digested chromatin leads to a similar
conclusion (Supplemental Fig. S5A; Kubik et al. 2015). Thus,
high levels of nascent transcription into the ACS to +100 bp area
correlate with higher nucleosome occupancy and are, as expected,
also associated with lower ORC binding (Fig. 3F; Hoggard et al.
2013; Looke et al. 2013; Belsky et al. 2015; Das et al. 2015; Peace
et al. 2016).

We also analyzed the correlations between natural pervasive
transcription into ARSs and histone modifications (Weiner et al.
2015). We found that H3K36me3 levels over the ACS-100-bp
area positively correlate with the levels of nascent transcription
(Fig. 3G). We did not detect a significant correlation between na-
scent transcription and H3K18, H3K14, H4K12, and H4KS acetyla-
tion over the ORC-binding region (Fig. 3H; Supplemental Fig. S5B—
D). However, we detected a significant lack of these acetylation
marks at the downstream nucleosome of the highly transcribed
class (Supplemental Fig. S5F).

H3K36me3 is deposited by the Set2 histone methyltransfer-
ase and leads to the recruitment of the Rpd3 HDAC known to
de-acetylate the lysines cited above and described as being in-
volved in replication control (Rundlett et al. 1996; Knott et al.
2009). In contrast, the three groups of ARSs present no difference
in H3K4me2, another mark promoting de-acetylation of the chro-
matin via binding of the Set3 HDAC (Supplemental Fig. S5E; Woo
et al. 2017).

Together these observations support the view that noncoding
transcription through an ARS promotes the formation of a closed
chromatin structure reducing its ability to interact with an ORC,
thereby decreasing its efficiency and/or delaying its replication
timing.

Noncoding and mRNA readthrough transcription over ARSs
induce H3K36 methylation, histone deacetylation, and increased
nucleosome occupancy

To strengthen the causal relationship between nascent transcrip-
tion, changes in chromatin organization and ARS activity, we ex-
amined the effect of induced transcription on ARS chromatin

changes. We first ranked the replication origins according to their
increase in transcriptional readthrough levels in the Nrd1l-AA
strain and to their decrease in BrdU incorporation during early S-
phase. We picked three ARSs belonging to the most affected
ARSs in BrdU incorporation and presenting high levels of induced
transcriptional readthrough (Fig. 4A). As a control, we took two
replication origins belonging to the least affected ARSs in replica-
tion and showing no or weak induced readthrough. To relate the
replication defect induced by noncoding readthrough transcrip-
tion to changes in chromatin structure, chromatin immunopre-
cipitation was used to compare histone H3 occupancy, H3K36
methylation, and H3K18 acetylation in —/+ Rap. Primers for
qPCR were designed to target the NDR of the ARSs. At the three af-
fected ARSs, rapamycin treatment resulted in increased H3 occu-
pancy and H3K36 methylation as well as a decrease in H3K18
acetylation, while no changes were observed at the nonaffected
ARSs (Fig. 4B).

Since 86% of replication origins are located in the vicinity of a
convergent coding gene, we decided to anchor away the essential
mRNA 3’ cleavage and polyadenylation factor (CPF/CF) endonu-
clease Yshl. As expected, nuclear depletion of Ysh1 has a major
impact on replication progression and more specifically on replica-
tion initiation, as most of the 178 considered ARSs showed reduced
BrdU incorporation in the presence of rapamycin, with 31 ARSs
presenting more than an 80% decrease (Supplemental Fig. S6A-
D). Combining BrdU-Seq in Ysh1-AA —/+ Rap with published
RNA Pol IT PAR-CLIP data of this strain (Schaughency et al. 2014)
revealed that the 31 ARSs with the strongest replication defect
also present the highest increase in readthrough transcription,
suggesting a direct involvement of nascent transcription read-
through in this massive replication defect (Supplemental Fig.
S6D,E). However, due to the general role of Ysh1 as an mRNA ter-
mination factor, we cannot fully rule out an indirect effect of its
depletion on completion of replication. Replication origins were
then ranked according to their induced levels of readthrough
and defects in early replication as performed for the Nrd1-AA strain
(Fig. 4A). Chromatin immunoprecipitation revealed increased H3
occupancy for the ARSs showing high levels of mRNA readthrough
(with the exception of ARS507), while H3K36me3 levels increased
and H3K18ac levels decreased (Fig. 4C).

Taken together, these experiments demonstrate that in-
creased noncoding and mRNA readthrough transcription causes
increased nucleosome occupancy and histone deacetylation at
the downstream ARSs, two parameters described to interfere with
the efficiency of ORC binding and ARS licensing (Vogelauer
et al. 2002; Aparicio et al. 2004; Knott et al. 2009; Soriano et al.
2014).

Replication defects induced by noncoding readthrough
transcription are partially rescued in the absence of H3K36
methylation

To decipher the molecular cascade of events, we analyzed the ef-
fects of noncoding transcription readthrough on replication initi-
ation in a Nrd1-AA set2A strain (Fig. 5A). Global analysis of
replication by flow cytometry indicates that replication is still de-
layed in the absence of H3K36 methylation in the Nrd1-AA back-
ground (Supplemental Fig. S7A). However, by taking the same
classes of defective ARSs as defined in Figure 1, we observed a
partial rescue of BrdU incorporation (Fig. 5B-D), although
noncoding RNAs were still produced in the absence of Set2 (Sup-
plemental Fig. S7B). These observations support the view that
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Figure4. Noncoding and mRNA transcription readthrough at replication origins leads to chromatin changes. (A) Heat map representing the fold change
of transcriptional readthrough at replication origins in Nrd1-AA and Ysh1-AA mutants. The 178 ARSs were classified according to their BrdU incorporation
defects and ranked by their total readthrough increase over the ACS to +100 bp region. The three ARSs indicated in red for each mutant present a high
increase in total readthrough. The ARSs depicted in green show mid or low total readthrough and have been used as controls for the following experiments.
(B,C) Chromatin immunoprecipitation (ChIP) of H3, H3K36me3, or H3K18ac at ARSs with high (red) and low (green) readthrough transcription.
Asynchronous cells were treated 1 h or 30 min with rapamycin to induce Nrd1 and Ysh1 depletion from the nucleus, respectively. ChIP was performed
as described in Methods. Immunoprecipitated ARS loci were normalized to immunoprecipitated SPT15 ORF after qPCR amplification. Fold enrichment
was artificially set to 1 for the —Rap condition (n=3). Error bars represent the standard error of the mean (SEM).

nascent transcription drives chromatin regulation of replication
origins, which in turn defines, at least in part, ARS activity.

Rapamycin treatment of the Nrd1-AA set2A strain led to the
appearance of small BrdU incorporation peaks all over the genome
(Fig. 5D), suggesting that replication initiation loses its specificity
when both noncoding transcription termination and H3K36
methylation are abrogated. Moreover, analysis of BrdU incorpora-
tion around non-ORC-bound and non-replicated ACSs (Eaton
et al. 2010) revealed an increase of replication initiation at nonca-
nonical sites when noncoding transcription readthrough is in-
duced in the absence of Set2 (Fig. SE,F). Thus, while noncoding
transcription interferes with replication in the presence of Set2
by favoring a closed chromatin structure, transcription over dor-
mant ARSs in the absence of Set2 activates replication, probably
as a result of nucleosome instability.

Discussion

We have shown that ncRNA early termination by the Nrd1-depen-
dent pathway in the vicinity of a subset of ARSs protects these or-
igins from transcription and replication initiation defects. These
observations suggest that inefficient noncoding transcription ter-

mination may influence replication origin activity. Consistently,
our analyses reveal that natural readthrough transcription corre-
lates with reduced ARS activity and a specific replication origin
chromatin structure. Moreover, using mRNA or cryptic transcrip-
tion termination mutants, we have established that nascent tran-
scription is the causal link defining chromatin organization at a
number of ARSs. Finally, we have presented evidence that tran-
scription-induced chromatin modifications and not only nascent
transcription per se control ARS activity. Thus, we propose wide-
spread noncoding transcription as a novel primordial parameter
defining replication initiation features (Fig. 6).

Nrdl-dependent transcription termination protects a subset of
early/ efficient replication origins from noncoding transcription

Previous studies on the relationship between transcription and
replication have led to conflicting observations. Our analyses
of pervasive transcription lead to the conclusion that transcrip-
tional readthrough at ARSs is detrimental for replication initia-
tion as already proposed by some reports (Snyder et al. 1988;
Mori and Shirahige 2007; Blitzblau et al. 2012; Gros et al. 2015).
Importantly, we show that natural nascent transcription per se is

1888 Genome Research
www.genome.org



Noncoding transcription and replication program

A Nrd1-AA set2A B
ohours  -Rap -f+Rap 18°C Nrd1-AA Nrd1-AA set2A
1 hour 70min 250 250
—_— —_— — o — -Rap <35% — -Rap <35%
AS G s g 2004 — +Rap (142) [ 5904 — +Rap (142)
[}
Ipha-fact g >
alpha-factor I $ 8 1501 1504
DT
c BrdU-seq T § 1004 1004
oG
Nrd1-AA  Nrd1-AA set2A € 50 / i\ 504 :;/
o %
=) 24— * < 0
= . 0 5 0 5 10 40 5 0 5 10
5 = 1 N 250 250
o3& 0 g0 g |— Rap >50% — -Rap >50%
R §L % @ 200{— +Rap (17) | 200{— +Rap (7)
_; g&“ 04 &. ................... i =< Q... g g
Q8+, * g -Er @ 3 1501 1501
T 81 %. o o 273
£ ° = N 1001 1001
= og0 m N
2 2 —_— E
=47 *%
£ 504 /J’IJ\‘\‘\., 50
— T el L M‘\w, ko] ANIE
S° S° S° 8° S° s® 0 0
o %q,f’J P P 40 5 0 5 10 40 5 0 5 10
Distance around ACS (Kb) Distance around ACS (Kb)
D E
Rap ChrXill:450,000-900,000 Nrd1-AA ” Nrd1-AA set2A
- ‘ g [T Rer =251 — Rep =251
§ ‘ ‘L 2 — +Rap " — +Rap "
iy - - S 60 60-
2|+ 33
Q9
= %,_LLAM,ALAL 25 0] 40
o3
$ol bk b4l 3k A N
‘—é % e AL A A g ZO_N\\_:/LVW 2047~ YO by
— O =
= * MMMMM 8 0 o
ars AA A A A 50 25 00 25 50 -50 -25 00 25 50
F Distance around nr-ACS (Kb) Distance around nr-ACS (Kb)
Rap ChriV:765,500-771,500
5|+
Z - . PO, - e -
é. S R R ]
- O
=+
nr-ACS
— - GEEEl D
GIR2 ENT5 CPR1RPA14 HOM2
a —

CUT509 NUT914

Figure 5. Absence of Set2 H3K36 methyltransferase partially rescues replication defects due to noncoding transcription readthrough. (A) Experimental

scheme as described in Figure 1C. (B) Metagene analysis of the BrdU-seq fi

or the 142 nonaffected ARSs (<35%) and the 17 most affected ARSs (>50%) for

the Nrd1-AA and Nrd1-AA set2A strains. Plots for the Nrd1-AA strain were already presented in Figure 1F, with the exception of the normalized coverage, for
which calculation is detailed in Methods. Profiles represent the mean coverage smoothed by a 200-bp moving window. ARSs were oriented according to
their ACS T-rich sequence. (C) Scatter dot-plot presenting the normalized BrdU ratio for the different classes of ARS affected in BrdU incorporation in an

Nrd1-AA strain and for the same classes of ARSs in the Nrd1-AA set2A strain

. (D) Snapshot depicting the BrdU-seq reads for a part of Chromosome XIII. ARSs

that are rescued in BrdU incorporation in the Nrd1-AA set24 +Rap condition are depicted in red, while nonaffected ARSs are in green. (E) Metagene analysis
of BrdU incorporation 5 kb around nonreplicating ACSs (nr-ACS) in the indicated strains grown in —/+Rap. The representation is smoothed over a 200-bp
moving window. (F) Snapshot illustrating the activation of a dormant nr-ACS in the Nrd1-AA set24 +Rap condition. (*) P-value <0.05; (**) P-value<0.01;

(***) P-value < 0.001.

a criterion defining ARS activity genome-wide. Thus, the strategy
for a replication origin to increase its activity would be to limit per-
vasive transcription. Accordingly, a subset of early and efficient
ARSs are protected from pervasive transcription thanks to sur-
rounding noncoding transcription termination by the Nrd1-de-

pendent pathway (Figs. 1, 3; Supplemental Fig. S4D). Thus, we
propose that Nrd1-dependent termination in the vicinity of a rep-
lication origin is an efficient way to decrease transcriptional read-
through. Since Nrdl-dependent termination is regulated under
stress conditions, it is tempting to speculate that this might also
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Figure 6. Noncoding transcription influences replication timing/effi-
ciency by modulating ARS chromatin structure and ORC binding. The
chromatin structure of replication origins is defined, at least in part, by
the level of pervasive readthrough transcription. In the presence of efficient
noncoding (Nrd1/Nab3/Sen1-dependent) or mRNA (CPF/CF-dependent)
transcription termination, ARSs present low H3K36 trimethylation, high
downstream nucleosome acetylation (Ac), a wide NDR, and more ORC
binding at the ACS, favoring early and efficient replication. If transcription
termination is deficient, H3K36me3 by Set2 increases and histone acetyla-
tion decreases, likely through the recruitment of the Rpd3 histone deace-
tylase; these modifications increase nucleosome stability and occupancy
over the ARS, lowering the level of ORC recruitment and resulting in late
and inefficient ARS replication.

affect replication origins usage (Bresson et al. 2017; van Nues et al.
2017). This scenario would define a novel role for noncoding tran-
scription in the regulation of genome maintenance.

No mechanism similar to Nrd1-dependent termination has
been described in other eukaryotes yet (Wittmann et al. 2017).
In S. cerevisiae, Nrd1-protected origins reach a median firing effi-
ciency peaking at 58%, while firing efficiency is around 30%
in Schizosaccharomyces pombe (Heichinger et al. 2006). An attrac-
tive view is that Nrd1-dependent transcription termination repre-
sents an evolutionary pathway maximizing replication initiation
efficiency.

Our results indicate that there is no significant linear correla-
tion between nascent transcription and ARS activity. This connec-
tion appears when ARSs are divided into subsets (Fig. 3). Similar
data were described in a recent paper (Candelli et al. 2018).
These observations indicate that nascent transcription influences
ARS activity only beyond a certain threshold and that other param-
eters contribute to origin function. Accordingly, a variety of mo-
lecular events have been involved in regulating ARS activity,
which include MCM levels bound to ARSs, cell cycle regulated
binding, and affinity of the ORC for the ACS, or the presence of
Fkh1/2 proteins (Hoggard et al. 2013; Looke et al. 2013; Belsky
et al. 2015; Das et al. 2015; Peace et al. 2016).

Replication origin chromatin structure is influenced
by noncoding readthrough transcription

Previous work has involved the chromatin structure at replica-
tion origins as a parameter defining replication initiation. Early
ARSs tend to show an open chromatin, low H3K36me3, and
high histone acetylation levels (Pryde et al. 2009; Soriano et al.

2014). Our results indicate that these features may be directly relat-
ed to the level of natural nascent transcription. Indeed, when com-
pared to highly transcribed ARSs, origins with a low level of
readthrough transcription present lower nucleosome occupancy,
lower H3K36me3, and higher histone acetylation levels (Fig. 3).
Of note, H3K36me3 is deposited by Set2, a histone methyltransfer-
ase (HMT) recruited through interaction with the elongating RNA
Pol II CTD. H3K36me3 serves as a platform for the binding of
Rpd3S, a histone de-acetylase complex described to de-acety-
late and stabilize reassembled nucleosomes in the wake of the
transcription machinery, suppressing initiation from cryptic sites
within ORFs (Carrozza et al. 2005; for a recent review, see Woo
etal. 2017). This molecular mechanism may represent the connec-
tion between pervasive transcription and chromatin structure of
replication origins. Indeed, increasing transcriptional readthrough
into replication origins is accompanied by higher levels of
H3K36me3, lower levels of H3K18ac, increased nucleosome occu-
pancy, and replication defects (Figs. 1, 2, 4; Supplemental Fig.
S6). Importantly, BrdU-seq experiments cannot discriminate be-
tween timing and efficiency defects. However, since nucleosome
methylations are relatively stable modifications, it would be ap-
pealing to propose that even rare events of noncoding transcription
may stably inactivate replication origins until the subsequent S-
phase dilutes or a histone de-methylase erases these methylation
marks. In such a model, pervasive transcription may shape replica-
tion origin chromatin for inefficient usage.

These observations shed new light on earlier published re-
sults. First, loss of Rpd3 leads to a global increase in acetylation
around ARSs and early firing of many late origins (Vogelauer
et al. 2002; Knott et al. 2009). It was proposed that the “accelerat-
ed” replication in rpd3A4 is mainly due to a reduced titration of rep-
lication initiation factors by the IDNA origins (Yoshida et al. 2014);
however, loss of Rpd3 also has a global impact on increasing the
size of replication origins NDR (Soriano et al. 2014). Of note, loss
of Rpd3 abrogates the function of both Rpd3S and Rpd3L, another
histone de-acetylase complex involved in gene repression follow-
ing recruitment to promoters via a Set2/H3K36me3-independent
pathway (Woo et al. 2017). While loss of Rpd3L subunits was
shown to result in increased BrdU incorporation at a number of
ARSs, especially those adjacent to up-regulated genes, loss of
Rpd3S subunits or Set2 led to a weaker but more generalized in-
crease in ARS replication initiation (Knott et al. 2009). This differ-
ence could reflect a primary specific effect of loss of Rpd3L on
rDNA replication and increased availability of replication factors
in the absence of this HDAC. Although the replication phenotype
was less pronounced when deleting Rpd3S, the data support the
view that pervasive transcription promotes Set2/H3K36me3-medi-
ated histone de-acetylation by Rpd3S and globally contributes to
negatively regulate replication origin activity.

Our results further indicate that high readthrough transcrip-
tion correlates with decreased ORC binding (Fig. 3; Supplemental
Fig. S4E). It was proposed that replication initiation timing de-
pends more on the surrounding chromatin than on the ORC-
ACS in vitro affinity by itself (Hoggard et al. 2013). It would be in-
teresting to further dissect the molecular events at origins and to
define whether nascent transcription per se evicts the ORC, lead-
ing to nucleosome deposition and histone modifications, or
whether RNA Pol II readthrough and nucleosome incorporation
outcompete ORC turnover (Fig. 6).

We observe genome-wide appearance of BrdU peaks when
SET2 is deleted in conjunction with the anchor away of Nrd1.
These peaks are not detected in the sef24 mutant alone, indicating
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that activation of dormant origins is not only related to the ab-
sence of the histone mark. Deletion of SET2 is known to drastically
increase the level of intra-genic transcription initiation (Malabat
et al. 2015). A fraction of this novel nascent transcription may
be cleared by the Nrd1-dependent termination pathway. We pro-
pose that, in the absence of Nrd1, transcription may hit dormant
origins, which, in the absence of H3K36 methylation, will pro-
mote replication initiation due to nucleosome instability and
chromatin opening. Thus, when not associated with H3K36 meth-
ylation, transcription may have a positive effect on replication
initiation.

Implications for a pervasive transcription-dependent replication
initiation model in metazoans

Identification of replication origins in mouse embryonic stem cells
showed that nearly half of them are contained in promoters
(Sequeira-Mendes et al. 2009), and recent ORC binding data in hu-
man cells led to the same conclusion (Dellino et al. 2013; Miotto
et al. 2016). In contrast, replication initiation in S. cerevisiae
more frequently occurs next to gene terminators (Nieduszynski
et al. 2006). Human promoters are bidirectional and lead to the
production of highly unstable promoter upstream transcripts
(PROMPTs), suggesting that pervasive transcription could also
play a role in metazoan replication initiation (Preker et al. 2008;
Mayer et al. 2015; Nojima et al. 2015). It has recently been shown
that replication initiation in human cells occurs within broad,
over-30-kb regions, flanked by ORC binding at one of the two
ends (Petryk et al. 2016). Considering that MCM helicases can
slide along the chromosome with the help of transcription (Gros
et al. 2015), it is appealing to propose that promoter-associated
noncoding transcription redistributes the MCM helicases
from their ORC binding initial site of loading. Since we have estab-
lished widespread noncoding transcription as a novel primordial
parameter regulating replication initiation in S. cerevisiae, its im-
portance for the metazoan replication program warrants future
study.

Methods

Yeast strains

All strains were derived from W303 and Anchor-Away genetic
backgrounds (see Supplemental Table S2; Haruki et al. 2008).
Cells were cultivated as described in Supplemental Material.

Gl-phase synchronization and BrdU labeling

Cells were grown as described in Soudet et al. (2014) with some
modifications, indicated in Supplemental Material.

BrdU immunoprecipitation and sequencing

BrdU immunoprecipitation was mainly performed as described in
Soudet et al. (2014) with some modifications, indicated in the
Supplemental Material. Libraries of immunoprecipitated BrdU-
containing DNA were constructed using the iDeal Library
Preparation kit (Diagenode). Sequencing was performed on the
HiSeq 4000 sequencer (Illumina). For specific loci analyses by
quantitative PCR, BrdU-containing DNA was amplified using the
SYBR Select Master Mix for CFX (Applied Biosciences) on a
CFX96 real-time detection system (Bio-Rad).

MNase-seq

MNase treatment was performed as described in Weiner et al.
(2015). Chromatin was extracted by breaking cells with bead beat-
ing in a magnalyser (Roche). Chromatin was then collected by cen-
trifugation and resuspended in NP-buffer (0.5 mM spermidine,
1 mM B-ME, 0.075% NP-40, 50 mM NacCl, 10 mM Tris at pH 7.4,
5 mM MgCl,;, 1 mM CacCl,). MNase (Thermo Fisher Scientific)
treatment was performed at a previously optimized concentration
to have comparable intensity of both mono- and di-nucleosomes
within and between the samples. MNase treatment was followed
by de-crosslinking and protease treatment, and DNA was extracted
using NucleoSpin gel and PCR extraction columns (Macherey-
Nagel). An iDeal Library Preparation kit (Diagenode) was then
used for library construction. Sequencing was performed on the
HiSeq 4000 sequencer (Illumina).

BrdU-seq and MNase-seq bioinformatic analyses

Fifty-base pair paired-end reads were aligned to sacCer3 genome as-
sembly using HTSstation (David et al. 2014). PCR duplicates were
removed from the analysis. For the MNase-seq, 120- to 200-bp frag-
ments were filtered to detect molecules with nucleosome size us-
ing HTS Bioscript (David et al. 2014). BrdU-seq and MNase-seq
density files (bigWig) were averaged for the two replicates of
each condition. All subsequent analyses were performed using
HTS Bioscript including metagene analyses. To assign one value
of BrdU incorporation to each ARS, BrdU incorporation was mea-
sured 5 kb around ACSs considering this area as 1 bin. For the
MNase-seq, nucleosome occupancy was quantified over the ACS
to +100 bp area of oriented ARSs.

Since no spike-in was used in our experiments and since
Nrd1-AA set2A +Rap substantially changes the density profile
because of dormant origins firing, Figure 5 was normalized as fol-
lows: The <35% affected ARS class for BrdU incorporation was con-
sidered as equal in +Rap and —Rap in an average 5 kb around the
ACS in both Nrd1-AA and Nrd1-AA set2A. This gave a normaliza-
tion factor for each strain, which was then used to quantify the
other classes.

Chromatin immunoprecipitation (ChIP)

ChIP experiments were performed as described previously with
some modifications (Camblong et al. 2007), described in the
Supplemental Material. ChIPs were repeated three times with dif-
ferent chromatin extracts from independent cultures. Immuno-
precipitated DNA was then purified and quantified by qPCR.
Immunoprecipitated ARS loci were normalized to immunoprecip-
itated SPT15 ORF after qPCR amplification.

List of noncoding RNAs and replication origins

The list of CUTs was obtained from Xu et al. (2009), while the list
of NUTs was kindly provided by the Cramer lab (Schulz et al.
2013). Among the NUTSs, only those showing at least a twofold in-
crease in +Rap/—Rap were taken into account to unify the thresh-
old of ncRNA definition between CUTs and NUTs. The list of ARS
(Supplemental Table S1) consists of the 234 ACS taken from
Soriano et al. (2014) that overlap with the replication origins de-
scribed in Hawkins et al. (2013), for which replication timing
and efficiency have been defined. Replication origins with an effi-
ciency <15% were not taken into account.

Statistical analysis

All statistical analyses of this work were performed using Prism 7.0
(Graphpad). All tests are nonpaired tests (with the exception of Fig.
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5C). t-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.

Downloaded data sets

For RNA Pol II PAR-CLIP, RNA-seq, chromatin and ORC profiles,
data were retrieved from Schaughency et al. (2014) (GEO:
GSE56435), Uwimana et al. (2017) (GEO: GSE89601), Kubik et
al. (2015) (GEO: GSE73337), Weiner et al. (2015) (GEO:
GSE61888), and Belsky et al. (2015) (SRA: SRP041314).

Data access

All sequencing data from this study have been submitted to the
NCBI Gene Expression Omnibus (GEO; https://www.ncbi.nlm.
nih.gov/geo/) under accession number GSE111058.
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