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ABSTRACT

The diversity of the human proteome is the consequence of a cascade of regulatory network
interactions that use the rather limited pool of direct genetically encoded information and push it
through extensive transformative processes, allowing for maximum, or rather required, diversity.
One of these processes, and arguably the one with the biggest diversification potential is
transcription and its coupled RNA processing steps. Many regulatory layers in these processes,
touching all aspects of transcription and RNA processing, have already been uncovered, drawing a
complex interactive network. This includes the continuous discovery of molecular interactions and
interactors and combinatorial events that allow for efficient shaping of the transcriptome in response
to external stimuli, internal requirements or cellular diversification attempts. In this thesis, | want to
present yet another layer of regulation via the extensively studied splicing process. Intra-splicing,
previously hypothesized and later experimentally validated as a mechanism of long intron splicing,
recently was accredited with a novel impact on gene expression: recursive exons. These allow for a
flexible inclusion of additional genetic information in long introns and presumably facilitate long
intron removal. Extending on this approach, | identified intrasplicing events on a genome-wide scale
which allows for a more processing-focused approach to gene expression and additionally lead to the
discovery of a number of regulatory splicing events that, in the cases studied in detail, lead to gene
expression and isoform regulation. Down-regulation is achieved via partial intron retention, and
increased gene expression via more efficient intron removal. The impact on isoform selection is
hypothesized based on a novel intersection between recursive splicing and exon selection. This thesis
provides the theoretical basis for the work performed in this doctorate and the resulting manuscripts

attached.



ZUSAMMENFASSUNG

Die Diversitat des menschlichen Proteoms ist das Ergebnis einer Kaskade regulativer Interaktionen,
die genetisch kodierte Informationen nutzen und diesen durch einen transformativen Prozess fiihren.
Dies erlaubt eine Maximierung der Diversitat. Einer dieser Prozesse, und moglicherweise der mit dem
groRten Diversifikationspotential ist Transkription und die daran gekoppelten RNA Prozessierung.
Viele regulative Ebenen dieser Prozesse, von Transkription bis Prozessierung, wurden bereits
entdeckt und untersucht. Die flhrt zu einem bereits heute komplexen Gesamtbild, dieser zellularen
Vorgdange. Diese Entdeckungen beinhalten molekulare Interaktionen und Interaktoren,
kombinatorische Events, die das Transkriptom effektiv, als Antwort auf externe Stimuli, interne
Anforderungen oder zellulare Diversifikation formen. In der vorliegenden Arbeit prasentiere ich eine
weitere regulative Ebene, welche durch den bereits intensiv erforschten Splicingmechanismus agiert.
Intra-splicing, urspriinglich ein hypothetischer Mechanismus des langen-Intron-splicings wurde
inzwischen experimentell verifiziert. Diesem wurde in jlingeren Studien eine weitere regulative
Funktion zugeschrieben: recursive Exons. Diese erlauben eine flexible Einbindung zusatzlicher
genetischer Information in langen Introns und ermoglichen aulRerdem, hochstwahrscheinlich, das
SpleiBen dieser langen Introns. Aufbauend auf diesem Ansatz habe ich weitere Intra-splicing Events
genomweit identifiziert. Dies flhrte einerseits zu einer neuen Perspektive der RNA-Prozessierung
und andererseits zu der Identifikation einiger Intra-splicing spezifischer regulativer Mechanismen. Die
im Detail studierten Falle beeinflussten Genexpression quantitativ und qualitativ. Teilweise
Intronretention, beziehungsweise erhohte RNA-Prozessierungseffizienz regulierten die Abundanz
spezifischer Transkripte, wahrend potentielle rekursive splicing Events in einer Art positioniert sind,
die alternatives Splicing ermoglichen und, moglicherweise, forcieren.

Die vorliegende Arbeit bildet das theoretische Grundgerist der wahrend des Doktorats

durchgefiihrten praktischen Arbeiten und den daraus resultierten Publikationen.



PREAMBLE

In a system as complex as a living cell that acts in an adaptive and responsive manner, regulation is
key to managing restrained resources and ensure the systems viability. Complex regulatory
interactions also allow processing of the available resources according to acute requirements. An
instance of such a regulatory network is the transcriptome, one of the most diverse, multi-layered
but also flexible domains of a eukaryotic cell. This diversity allows, with the proper regulatory tools,
for an increased complexity with a limited gene set. This thesis will touch on many regulatory
networks that intersect with the generation of transcriptome responsiveness and diversity. The main
focus is RNA processing, especially splicing, as this allows for both, a quantitative and a qualitative
regulation of transcriptional output.

When the human genome project set out to uncover the human genomic sequence and its
embedded genes, common estimates based on the observed complexity of the proteome led to the
assumption of orchestrated activity of hundreds of thousands of protein coding genes. However,
merely 22.000 are in fact discovered to date’ contrasting strongly with the observed diversity of the
proteome. The bridge over this gap between genome and proteome must be found in the
transcriptome, as shown by Nilsen?, Pan® and Wang” shortly after deciphering the human genome.
95% of genes were shown to produce more than one isoform, by means of alternative promoter
selection, alternative cleavage and polyadenylation or diverse shuffling of intra- and intergenic
exons, i.e. alternative splicing. These processes have been shown to be tightly regulated and shape,
in concert with gene expression induction and posttranslational modification, the transcriptome, the
proteome and ultimately, the cell type specific regulatory network.

Novel findings now reveal that there are multiple regulatory domains influenced by splicing. This
arises from the modification of the RNA itself as well as RNA interactors that are deposited in a
splicing-dependant manner. This thesis aims to clarify the interactions of regulatory networks that
frame splicing as well as present three studies that uncovered novel regulatory mechanisms, closely

coupled to RNA transcription and splicing.



INTRODUCTION

TRANSCRIPTION
On a pure sequence basis, the eukaryotic genome does not allow for a strong regulation of

transcription initiation. Sequence requirements are mainly restrained to a TATA-box and an initiator
region close to the transcriptional start site (TSS)’. Additionally, certain gene-specific sequence
elements allow for recruitment of specific transcription factors to modulate initiation efficiency
(reviewed by Coombes & Boeke (2005)°). To achieve specificity in eukaryotes, transcription initiation
needs to be a combinatorial process. The regulatory potential of transcription initiation unfolds in the
interplay of these basic sequence elements with transcription initiation factors, genomic enhancers
and their protein or RNA interactors, epigenetic modifications on histone or DNA level’, histone
occupancy, promoter binding proteins and finally the 12 subunits of polymerase Il (polll). Thus, not
the genomic sequence alone governs regulation but a complex interplay of many factors is involved.
Their individual availability, proximity and state compose the bigger regulatory network which is
involved at almost every aspect of gene expression.

In this introduction on transcription, | want to focus on the key elements that are important to

understand the studies included in this thesis. These include regulatory RNA elements and R-Loops.

TRANSCRIPTION REGULATION BY RNA
The mouse small RNA B2 was one of the first RNAs described to interfere with trancription by directly

and reversibly binding to RNA polll®. This trans-action acts on the preinitiation complex, preventing
transcriptional initiation and plays a role in regulating transcription globally during heat-shock
responses.

Recent work in our lab has utilized the SELEX approach’ to identify further RNA polyemerase
interacting RNAs on a genome-wide scale. This study was carried using the S. cerevisiae, E. coli and
human in-vitro transcribed genomes and respective polymerases, leading to a wealth of genomically
encoded RNA aptamers. The action of these aptamers (RAPs for RNA aptamers of polymerase), the
impact on the respective RNA polymerase and their general feature study is subject to a number of
manuscripts, which are currently in the publication process (yeast RAPs: Klopf et al., (under revision);
E. coli: Sedlyarova et al., (Mol Cell 2017, June 19, patent filed); human: Boots et al., (under revision
and attached (manuscript 3)); Matylla-Kulinska et al., (manuscript in preparation and attached
(manuscript 2))).

The activity of these RNA aptamers is in all tested cases in-cis, making them potential regulators of
their hosting gene expression. Among the strongest polll binding RNAs was a sequence of
nucleotides found in the human repeat element ACRO1 satellites. Similar to previously identified

polymerase RNA aptamersg’10
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mechanism of blocking repeat element transcription. Another repeat element with functional RNA
aptamers are o-satellites, a set of centromeric repeats, spanning up to multiple megabases.
Interaction of these RAPs with polll does not lead to transcriptional interference, as the above
described cases, but leads to RNA-dependant RNA polymerase activity of polll, resulting in a reverse
complement transcript to the original a-satellite RNA. Besides this RAP-activity, the attached study

sheds light on a-satellite transcription, turnover, structure and localization.

R-LOOPS
A newly synthesized RNA has by its nature, complementary sequence to the adjacent DNA strand. It

occurs that this RNA, after leaving polll reintegrates itself into the DNA double helix, forming a
DNA:RNA hybrid and a displaced ssDNA strand. This structure is termed R-loop and has a number of
implications on transcription and genome integrity. It has been determined that G-rich sequences
induce R-loop formation'!, and thus this process has emerged as a potential mechanism for polll
transcription termination, as polyA sites are often associated with G-rich sequence elements. The
occurrence of an R-loop leads to the recruitement of a RNA:DNA helicase (Senl in yeast, Senataxin in
human), unwinding the hybrid and inducing transcription termination. It must be desired by the cell
to solve R-loop hybrids quickly as they, as just mentioned, might serve in transcription termination,
but secondly have been shown to induce genomic instability. More specifically, the discplaced ssDNA
strand shows higher mutagenesis susceptability than a stable dsDNA helix. Additionally, the R-loop
RNA can serve a as primer for mutageneic DNA polymerase elongation?. The celullar actions for R-
loops solving are not yet fully understood. Nrl1, a protein identified by Aronica et al., has been
recently shown to play a role in this process (manuscript (4) attached, **) and furthermore links R-

loop formation to DNA damage response and splicing.
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Figure 1: Regulatory layers of gene expression from genome to proteome. Transcription initiation is

regulated by enhancer elements, epigenetic modifications, such as histone acetylation or DNA
methylation, and protein-promoter interactions. Transcriptional elongation is controlled by various
factors that modify stalling, dissociation, processing and elongation speed. RNA processing, the next
layer with regulatory capacity involves 5’capping, splicing, cleavage and polyadenylation (CPA) and
deposition of RNA binding proteins (RBPs), such as the exon junction complex (EJC) or polyA-binding
protein. These RBPS induce mRNA export. Cytoplasmic mRNA can be further modified by RNA
editing, RNA modification (epitranscriptome) and regulatory miRNAs. If translation is initiated,
translation speed and efficiency determine the mRNA stability. Nonsense transcripts will be quickly
turned over by the nonsense-mediated degradation pathway. The amino acid chain produced in the
translation process is subjected to further regulatory procedures, involving protein folding,
posttranslational modifications, protein-protein interactions and, eventually, degradation.

RNA PROCESSING
The transcriptome undergoes constant evolution and is far from being a static entity. The first

modifications to each RNA molecule occur during its biogenesis, i.e. co-transcriptionally. Depending
on the transcribing polymerase, its processing speed and CTD state, the nascent RNAs sequence and

protein occupation, the transcript can undergo various interacting modifications.

5’CAPPING
Each transcriptional initiation event is followed by a transcriptional pause before polll either
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dissociates or is released into elongation. Predominantly during this promoter proximal pausing, the
5’ triphosphate of the first nucleotide of the RNA is modified by a phosphatase and a
guanylyltransferase mediates the addition of a guaninemonophosphate. This results in a
triphosphate bond between the first nucleotide and the newly added guanine. Then a
methyltransferase (RNMT) transfers a methyl group to the N7 position of the guanine. Therefore the
cap has the structure: m7G (5’) - ppp - (5')[A,U,C,G].

The capping enzymes, which are partly recruited to the elongating polll, as well as the cap itself with
its binding proteins, influence downstream processing, including: transcriptional elongation, splicing,
3’ end processing, stability, nuclear export and translation (reviewed by Cowling et al. (2009)'*) and

thereby provide the first elaborate regulatory platform of the nascent RNA.

SPLICING
In 1977, the (physical) alignment of adenoviral RNA with its respective DNA origin led to the

discovery of the discontinuity of genetic information and the necessity to process mRNA for protein

1516 Discovering the concept of split genes and gene splicing was fundamental for the

synthesis
understanding of mMRNA biogenesis and, later, for explaining the proteomic complexity of numerous
eukaryotes by means of alternative splicing'’. The protein coding sequences were termed ‘exons’,
the removed sequences ‘introns’.

Similar to transcription, the basic sequence requirements to initiate splicing are limited to a small set
of sequence patterns. 5’ and 3’ splice sites (ss) flank the intron and a short branchpoint consensus
followed by a polypyrimidine (pY-) tract defines the position for lariat formation. These sequence
patterns (see Figure 2A) are short and show limited variation in their nucleotide composition which
allows only for limited affinity tuning. Therefore the major regulatory impact on splice site selection
and splicing efficiency lies within the interplay of the spliceosomal components with signals of the
transcriptional machinery, transcription speed, chromatin and nascent RNA binding proteins. Before

diving into these regulatory interactions, we will have a look at core spliceosome assembly:

Spliceosome assembly and activity
5’ splice site definition is highly sequence dependent as base pairing between the U1snRNA 5’ end

and the nascent RNA defines the beginning of an intron. Therefore, the U1snRNA sequence defines
the 5’ splice site consensus sequence: 5'-,,3GpppA., U, ACYPACCUG (UlsnRNA) binds most efficiently
to 5'-"AG|GUA°AGU-3' *®. This binding event is also the first step in spliccosome assembly. The 3’
end of the intron is occupied by SF1 and U2AF, binding to the branchpoint and pY-tract, which will be
later replaced by U2snRNP, defining the 3’ splice site and forming the A-complex (Figure 2B).
Depending on the length of the intron, the presence and interaction of U1, SF1 and U2AF can suffice
to define an intron. If interaction between these factors is distorted by spatial distance, U2 and U1
19-22

can interact via SR-proteins covering the exon, leading to exon definition.

11



In the next step the snRNPs U4, U5 and U6 are recruited together with a multitude of proteins. This
preformed tri-snRNP, its recruitment and its conformational changes of the B-complex, resulting in
its activation, have recently been structurally solved due to the advances in cryo-EM?. This allows
for a very precise understanding of the steps involved in generating a functional spliceosome. Similar
work, on other splicecosome conformations allow for a very complete structural understanding of
spliceosome composition, transformation and activity®> 2%,

The activated spliceosome (B*-complex) consists of the core subunits U2, U5 and U6, after the
dissociation of U4snRNP. Before catalysis of the first splicing reaction can take place, components of
the exon junction complex (EJC) are recruited to the spliceosome. Then the nucleophillic attack of the
branchpoint A’s 2’0OH on the 5 phosphate of the 5’ss guanine is catalysed. This results in the
formation of a lariat intermediate that is still connected to the 3’ part of the nascent RNA. Further
conformational reconfiguration of the U2-U6-U5 complex and interaction of further spliceosomal
proteins lead to the second nucleophillic attack of the free 3’0OH of the 5’ part of the RNA on the
phosphate at the 3’ end of the 3’ss guanine. This results in a covalent linkage between the exonic
nucleotides and release of the branched lariat structure. The EJC proteins are deposited on the RNA®
whereas the post-splicing complex, consisting of U2, U5, U6 and numerous spliceosomal proteins
dissociates, allowing for recycling of the spliceosomal components. Very comprehensive reviews of
this process have been published by Wahl & Lithrmann (2015)***°3!, papasaikas et al. (2015)* and
Matera & Wang (2014)™.

The complexity of the spliceosome composition (>100 proteins involved) and its dynamic nature

provide a perfect platform for regulatory tuning.

12
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Figure 2: Consensus sequences of the basic intronic reactive sites, defining exon-intron boundaries
and binding sites of spliceosomal components (A, adapted from Wahl & Lithrmann (2015)%%); B)
depicts a typical and simiplified spliceosomal assembly-splicing-dissocation live cycle. Initial splice site
recognition by U1 and U2 forms the A-complex. Deposition of the tri-snRNP U4-U5-U6 leads to the
dissociation of Ul and U4 forming the B-complex. Structural rearrangements and further protein
interactors activate the spliceosome and facilitate the two nucleophillic attacks required for intron
removal and exon ligation. The remaining snRNPs dissociate with the excised lariat and are recycled
for subsequent splicing steps (adapted from Matera & Wang (2014)").

Transcription and splicing
Transcription and splicing are coupled processes. Before any splicing commitment can occur, the

splice sites need to be transcribed. The influence of polll transcription rates and pausing on splice site

d*>**. This especially impacts on alternative splicing. For example, a low

selection are well studie
polymerase elongation speed favours the inclusion of weak splice sites, if they are located upstream
of a potentially stronger competitor splice site. The weaker splice site will be bound by respective
cofactors and committed to splicing, before the downstream splice site is even transcribed. As stated
earlier, transcriptional elongation speed depends mainly on the promoter and the type of proteins
associated with the transcriptional machinery. Thus promoter modifications or a change in local

concentrations of promoter interactors can influence alternative splicing patterns.

A more direct influence on splicing is carried out by the RNA polymerase Il itself. Experiments by
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McCracken et al.** showed that removal of the RNA polll carboxyl terminal domain (CTD) results in
loss of RNA processing, including 5’ capping, splicing and 3’ end processing. Follow up studies
revealed more details and showed that many of the spliceosome-recruitment components, such as
U2AF (recruits U2, Prp19), Prp40 (U1) or PSF can be found directly associated with the polll CTD. Vice
versa, there is proof that splicing also feeds back to transcription, stimulating elongation (reviewed
in ). These two observations are strong indicators for widespread occurrence of co-transcriptional
splicing, or at least splicing commitment.

The ever expanding repertoire of RNA-seq protocols includes also an approach that allows for the
guantification of nascent RNA and thus elucidates co-transcriptional RNA processing. A study by
Khodor et al.*® unveils that 87% of introns in D. melanogaster are fully spliced during transcription.
Exceptions are very long introns and introns involved in alternative splicing, as they might require
additional factors determining their splicing commitment. Very similar results have been obtained by
Oesterreich et al. (2016) in yeast, by tracking polll position relative to splicing of the nascent intron®’.
They found an onset of splicing after, in average, 26 nt and completion after 129 nt continued
transcription. This allows for an estimation of 1.4 seconds intron dwell time before splicing is
completed. This tight spatial and temporal boundary suggests a very strong link between
transcription and co-transcriptional splicing. Advancing methods such as full length, direct RNA
sequencing will allow for a more complete picture of this process.

Further layers of splicing regulation
The strong connection between transcription and splicing implies an at least indirect connection

between chromatin state and splicing. Whether or not there is also a direct interaction was unclear
until a recent study by Allemand et al. (2016)** showed that U2snRNP engaged in splicing interacts
with chromatin factors and remodelers. Additionally they showed that knockdown of various
chromatin factors impacts on splicing. Yet, the precise mechanisms of these interactions remain to
be solved, but likely different chromatin factors interact with specific splicing factors, modulating
their activity.

Another layer of splicing regulation, and more specifically splice site selection is added by short
sequence elements on the nascent RNA that recruit splicing modulators. These sequence elements,
called splicing enhancers or silencers, based on their activity can be located in the exon (exonic
splicing enhancer/silencer: ESE/S) or intron (ISE/S). Enhancer elements are mainly bound by
members of the serine-arginine (SR) rich protein family of splicing factors which promote usage of
proximal splice sites whereas members of the heteronuclear ribonucleoproteins (hnRNPs) have been
shown to prevent U1l binding and thus negatively influencing splice site selection (reviewed by Lee
and Rio (2015)*). These sequence elements play a major role in alternative splice site selection and

are therefore a highly valuable potential therapeutic target.
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Alternative splicing
Most of the above mentioned regulatory layers are not tailored to initiating splicing but rather to fine

tune splice site selection and modulate isoform expression based on external signal transduction.
Oftentimes, this signal is merely a low or high concentration of a certain subset of splicing factors,
which in return promotes a certain splicing pattern.

These splicing patterns are the bridge between the low genomic and the high proteomic diversity.
The rise of RNA sequencing technologies over the last decade allowed for the estimation that around
95% of all human multi-exonic genes produce more than one mRNA isoform. This diversity plays a
crucial role in generating tissue specific transcriptomes and proteomes with the brain holding the
majority of tissue specific splicing events as well as splicing factors*’. The process of alternative splice
site selection and other mechanisms of shaping isoform expression have been reviewed by Caceres &
Kornblihtt (2002)*, Wang et al. (2008)*, Dujardin et al. (2013)**, Roy et al. (2013)", Kornblihtt et
al.(2013)", Lee & Rio (2015)* and Francastel & Hubé (2015)*. As this topic is extensively covered in
the literature | only want to point out one example that shows the power of alternative splicing and
then discuss a recent controversy that arose over the role of alternative splicing in generating
proteome diversity.

Animals with high cognitive capabilities have complex neuronal networks where single cells
transduce signals to other single cells via extensive dendritic arborisation. During the arborisation
process, it has to be avoided that a branch of a dendrite comes into contact with another branch of
the same cell and thus forming a short circuit. The mechanism of this self-avoidance was first
identified in the fruit fly D. melanogaster. The gene dscaml codes for a surface protein with a
homophilic extracellular domain that, if it binds to its exact same isoform, induces a repulsion
response in the dendritic branch, preventing synapse formation. Due to the number of dendrites in a
neuronal complex, the number of isoforms of dscam1 has to be immense. The genomic organization
is the following: the first variable is a set of 12 mutually exclusive cassette exons, followed by other
sets of 48, 33 and 2 exons, respectively (Figure 3). Of each of these cassettes, one exon is picked
allowing for a total of >38.000 isoforms. The resulting diversity in homophilic protein binding
domains is the key for dendritic self-avoidance (reviewed in Hattorin et al. (2008)* and Zipursky &
Grueber (2013)*) and clearly demonstrates the regulatory power of alternative splicing.

Recent studies dealing with the diversity of the transcriptome started questioning the translational
engagements of all these isoforms. Basis for this claim is the evaluation of a set of large scale mass-
spectrometry experiments that aimed to achieve a full picture of the human tissue specific
proteome. Of all genes identified (12,716) only 246 showed peptides of more than one isoform®.
One major isoform per gene is found and derivations are declared untranslated. But the authors also

state the difficulties of comparing deep sequencing data with mass spectrometry. Short RNA-reads
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allow for a very sensitive approach, yet, isoform assembly remains problematic. Mass spectrometry
on the other hand is not as sensitive and gene coverage is often incomplete. These two properties
make it challenging to claim translational inertness of the majority of isoforms detected by RNA-seq.

Another approach towards this question has been taken by Weatheritt et al. (2016)*. They used
ribosome profiling to determine, which fraction of the transcriptome is actively undergoing
translation or at least engaged with a ribosome. According to their finding, the majority of annotated
alternative isoforms is engaged in translation and therefore contribute to proteome diversity. The
only exception are intron-retention isoforms, which due to nuclear retention or nonsense-mediated
decay show reduced or no ribosome engagement. These results therefore clearly confirm the role of

alternative splicing as a major contributor to proteome diversity.
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Figure 3: The genomic organisation of DSCAM shows the potential of alternative splicing. From 4
adjacent exon blocks with 12, 48, 33 and 2 potential exons respectively, one is selected each to
constitute the protein binding domain and the transmembrane domain. This mutually exclusive

splicing pattern allows for more than 38,000 isoforms which are required for the function DSCAM has

in neurogenic self-avoidance (adapted from Hattori et al. (2008)*).

Splicing of long introns
As outlined above, interaction of RNA binding proteins, snRNPs and RNA sequences is key to

spliceosome assembly and consequently efficient intron removal. Since proper genome annotations
of complex eukaryotic organisms are available, the length of some introns seems to put an
unanticipated challenge to sequence-based ribonucleoprotein-complex assembly. The genecode.v24
annotation®® for example annotates close to 195 million nucleotides as exonic and 2,97 billion as
intronic, which are arranged in 359,586 introns with an average length of 8262 nucleotides. 72
introns are larger than 500,000 and 12,123 larger than 50,000 nucleotides (Figure 4B,C). Besides
impacting on transcription times, these large introns increase the spatial distance between functional
splice sites. In genes with long introns, the exons get defined and prone to splicing. Yet, the intronic
ends must still be rearranged to get into contact and allow for spliceosome assembly. Multiple
potential solutions have been hypothesized and experimentally proven (Figure 4A), yet to date, a full
understanding of all mechanisms involved in long intron removal is beyond reach. As outlined above,

splicing is often an immediate consequence of splice site transcription. As such it appears unlikely
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that some splice sites remain inert until the corresponding counterpart is transcribed which can take
hours in the longest introns. In 1998 the first experimental verification of recursive splicing was
achieved®. A 74kb intron of ultrabithorax in D. melanogaster was found to be removed stepwise
with the usage ratcheting points (RPs), sequences that reconstitute a functional splice site after a first
splicing step. These “zero-length” exons were found in other fruit fly genes, yet are a rare occurrence
in mammalian genes. Therefore an alternative mechanism for mammalian long intron removal has
been proposed based on intron structuring™: this study found an abundance of stem-loop structures
formed by intronic repetitive elements, which would lead to intron shortening and facilitate splice
site interaction. Yet, this computational prediction still waits for its experimental verification, proving
its general applicability.

In the meantime two studies set out to discover genome wide recursive splicing patterns in humans

51,52 49,53

and Drosophila®™>*. As projected by previous reports™°, many recursive splicing events were found
in long introns in the fruit fly, yet only a few in vertebrates. For a few human genes, the presence of
so called RS-exons was confirmed in this study. RS-exons are basically “non-zero exons” which are
temporarily included in the spliced RNA and then eventually removed. This allows for bridging long
introns with an additional splicing step and implements additional regulatory capacity as an

alternative exon is available to shape the final isoform.
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Figure 4: Removal of long introns could occur in various ways. Three plausible hypotheses are
depicted in (A): recursive splicing (RS) is a splicing cascade with multiple subsequent splicing steps to
intronic ratcheting points. Nested splicing utilizes only intronic splice sites and thus leads to intron
shortening. Intronic secondary structures formed by repetetive sequence elements that are often
located in introns could also physically contribute to intron shortening, bringing the exonic splice
sites in closer proximity. (B) The intron length distribution in humans shows two distinct peaks. One
just below 100 nucleotides, defining an intron class that splices via intron definition, and another,
broader peak between 1000 and 4000 nucleotides. Thus the vast majority of introns are smaller than
4 Kb, yet a few extend to up to 1 Mb as shown in (C). Here the genes with the 10 longest introns
according to genecode.v24, are listed. Figure B is adapted from Osella & Caselle (2009)**.

Irregular splicing events
Recursive splicing of long introns is not the only splicing event that deviates from the initially

anticipated splicing model. The first study on how splicing can influence gene expression and
modulate isoform selection outside the framework of alternative splicing was carried out by Parra et
al. (2008)*. They discovered that the human 4.1R gene harbours three alternative, mutually
exclusive first exons (1A, 1B and 1C) of which 1A always splices to a distal splice site within exon 2
whereas 1B and C always splice to a proximal splice site at the intron-exon boundary of exon 2. Mini-
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gene constructs and splice site analysis led to the conclusion that in order to achieve this specific
splice site selection of exon 1A, two consecutive splicing events are required. When exon 1A is
transcribed, the first splicing step occurs from exon 1B to the proximal exon 2 splice acceptor, the
second splicing step ligates exon 1A to the distal splice site in exon 2. In this way, the first splicing
step, promoted by a strong splicing acceptor, removes splicing-relevant sequences at the exon 2
proximal site, and the second splicing step to the weaker acceptor can be carried out precisely. This
type of splicing was due to the nested nature of splicing events termed nested- or intrasplicing. A
follow-up study confirmed this specific type of splicing in other vertebrates and narrowed down the
mechanism and regulatory sequence elements involved in splice site selection’®.

In the case of the 4.1R gene, intrasplicing serves the purpose of modulating the N-terminal domain of
the protein, yet originally, this mechanism was proposed to serve, similar to recursive splicing, as a
means of splicing large introns consecutively®’. Only recently a first evidence of splicing events,
presumably serving this purpose, was reported. Suzuki et al. report the presence of lariats arising
from intrasplicing events in human dmd intron 7 and 8. These cover a small fraction of the total
intron length and are therefore questionable candidates for intron shortening. Also, it has not been
shown so far whether these intrasplicing events are a necessity for full intron removal or merely an
occasional by-product of snRNP binding.

Another type of splicing process that does not obey the conventions of regular intron removal is
trans-splicing. This type of event ligates two exons which are not part of the same transcript. Genic
trans-splicing generates chimeric transcripts by ligating exons of two different genes, whereas SL-
trans-splicing fuses a splice leader (SL) sequence to another exon. In humans, trans-splicing events
are often associated with cancer whereas nematodes rely on SL-trans-splicing for efficient operon
processing. Even though the mechanism of SL-trans-splicing is well established, the precise steps of
genic-trans-splice site selection remain convoluted. The SL-RNA is a highly specialized transcript that
closely associates with the splice acceptor and the spliceosomal components, allowing for a

regulated trans-splicing event (reviewed by Lasda & Blumenthal (2011) *°).
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Figure 5: The first functional intrasplicing event was identified in the 4.1R gene (A). If the promoter of
exon 1A is used, a first splicing step splices from exon 1B or 1C to 2’, then a second splicing step
ligates exon 1A to exon2 (adapted from Parra et al. (2008)*°). Another splicing mechanism, deviating
from regular intron removal is trans-splicing (B). Here a splice leader (SL) of a different transcript or

an exon from another gene is ligated to a 3’ exon. This generates modulated 5’ termini or chimeric

transcripts (adapted from Lasda & Blumenthal (2011)).

Indirect splicing modulation
A pre-requirement for intrasplicing is an early binding of U1 and U2 snRNPs to intronic splice sites. U1l

is known for scanning the nascent RNA and binding numerous splice-site-like sequences with varying
affinity. This predominantly serves the purpose of interfering with premature cleavage and
polyadenylation (PCPA)®, a process in which intronic sequences resemble 3’ end processing signals,
such as the AAUAAA polyA signal. Via a to date not precisely understood mechanism, U1 snRNP, or
rather one of its subcomponents, interferes with the CPA-machinery and prevents cleavage and
polyadenylation (CPA) in the intron. As a result, frequent U1 intron binding might be a trigger for
intrasplicing commitment, if a corresponding 3’ss is occupied, leading to intra-intron definition.

Another more indirect influence is taken by lariat stability. As briefly mentioned above, lariats are to
a large extend quickly turned over to provide resources (nucleotides, RBPs, splicing factors, snRNPs)
for subsequent transcription and processing events®. A key step in lariat degradation is breaking the
2’-5’ bond of the branch point®. This task is carried out by a specialized debranchase enzyme,

encoded by the human gene dbr1. It has been reported that lariats that evade debranching evolved
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to take over additional functions in the human transcriptome. The most apparent being serving as a
reservoir for RBPs that associated with the intron pre-splicing. Triggering the degradation of the lariat
would release these proteins, making them available for further processing steps. Also, lariats have
been reported to be exported from the nucleus, persisting in the cytoplasm, playing a major role in
virus latency®.

As one of the approaches to generate a rich splicing-focused RNA-seq dataset for intra-splice site
detection (manuscript 1 of this thesis) | attempted to enrich lariats artificially via a transient dbrl
knockdown. A similar strategy was used successfully in S. pombe where the increased lariat
stabilization lead to the discovery of numerous novel splicing and alternative splicing events®.
However, it turned out that human cells with more complex genomes, i.e. more genes, with more
and longer introns than yeast, do not tolerate a full dbrl knockout and a knockdown only for a few
days. Sequencing the total RNA pool of dbrl knockdown cells additionally showed a strong change in
the splicing landscape as compared to untreated cells (unpublished, see Figure 6). This observation is
a strong indicator, that lariat turnover influences splicing patterns. Further experiments are required
to validate this initial observation and to determine candidate lariats that exhibit a regulated

degradation response.
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Figure 6: Knockdown of dbr1 (A) by 50% leads to altered isoform expression. DEXseq analysis shows a
clear change in exon usage in the example gene (B). Red bars reflect the coverage of this exon in the
dbrl knockdown. The knockdown efficiency can also be determined by comparing general sequence
coverage of introns (C). In the example introns shown, intron coverage is increased compared mock.
Notably, coverage deacreases after two thirds of the intron, which indicates the branchpoint
position. The knockdown does not lead to intron retention but stabilization of the lariats.
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Methods for the detection of rare splicing events
The above described findings on dmd intrasplicing demonstrate the difficulties and obstacles in the

discovery of rare or lowly abundant splicing events. Splicing detection is deteriorated by low
transcript abundance, quick turnover of lariats and in the case of pre-splicing events such as
recursive or nested splicing, commencing transcript processing. Lariat turnover and further transcript
processing are processes believed to occur rapidly as there is mostly no function of intermediate RNA
species. Recent approaches to overcome these limitations mainly focus on enriching the desired RNA
species. This can be done biochemically, using the 3’-exonuclease RNAseR that digests most linear

RNA, leaving circRNA and lariats intact®®’

which can be sequenced and mapped to identify splicing
events. Another approach is based on a genetic mutation that disrupts the functionality of dbr1, the
gene encoding the debranchase responsible for lariat cleavage and thus induction of their
degradation. This approach, applied in yeast, led to the discovery of a more complex splicing
landscape than previously assumed®. Yet, the attempt to apply this approach in more complex,
multicellular organisms is difficult as an increased number of introns and therefore an increased
retention of lariats in a dbr1 knockout depletes the cell of nucleotides and cofactors bound to excised
lariats. This renders the knockout lethal and a partial knockdown is problematic as the resulting
depletion of splicing factors heavily impacts on further processing steps (unpublished).

The approach | want to present here also aims for the enrichment of sequences of interest, but does
so during selective RNA-seq library preparation steps. Targeted RNA-seq uses labelled probes that
bind to a certain RNA species (e.g. branchpoints in ®) or a certain gene (dmd in %) and allows to focus
the entire sequencing depth of modern NGS approaches on this limited sequence pool. This results in
a superior coverage of the sequences of interest and in consequence novel analytical approaches.
The software suite SplicePie was specifically developed to make use of such an increased coverage, in
combination with paired-end sequencing. It allows to determine splicing patterns, splicing
sequentiality and also detects aberrant splicing events, such as recursive splicing®. Yet, due to the
requirement of high coverage, it cannot be applied on a genome-wide scale.

Therefore the two most recent studies dealing with genome-wide splicing annotation in humans

°0%7 But

both apply RNAseR digest in order to obtain a more detailed view on the splicing landscape
both studies focus on branchpoint localization, conservation and sequence in proximity to annotated
splice sites (i.e. 3’ splice sites of annotated introns) and therefore miss to identify novel splicing
events, such as recursive or intrasplicing. Thus, there is still need for an approach that utilizes
biochemical and computational enrichment of splicing-relevant sequences and yet delivers the
confidence to allow for novel splice site detection without the need of relying on available splice site

annotations. This is exactly what the main work of this thesis focuses on and what can be found in

the first manuscript attached to this introduction: Genome-wide identification of intrasplicing events
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in the human transcriptome and hints to their regulatory potential.

The exon junction complex
In order to understand and solve conflicts between the conventional splicing model and the

accumulating proof of the abundance of intrasplicing events, we have to take a closer look at the role
and regulatory impact of the exon junction complex (EJC). This multiprotein complex takes over a
number of regulatory roles in the lifespan of an mRNA between splicing and translation. As briefly
described above, the EJC is deposited on the pre-mRNA during spliceosome assembly. This implies
that every splicing event results in EJC deposition. In fact CLIP-seq experiments with EJC component
elF4Alll confirmed this assumption®. After deposition, it modulates polll elongation rate by
interactions with CTD kinases and facilitates mRNA export by interaction with export receptor TAP
und thus tethering the RNA to the nuclear pore complex. The EJC is also the quality control milestone
during translation: if an EJC is bound downstream of a stop codon, nonsense mediated decay is
initialized. This mechanism prevents the translation of incompletly spliced RNAs. Most of these
functions (elaborately reviewed by Woodward et al. (2016)*°) deem the EJC deposition a signal for
splicing completion. Intrasplicing, as described above, uses the very same spliceosomal pathway as
regular, full intron splicing and thus also leads to the depositon of the EJC within the intron, next to
intrasplicing events. In fact, the elF4Alll-CLIPseq study shows a clear co-occurrence of EJC deposition
sites and intrasplicing events (see manuscript 1). The role of the EJC in these scenarios is completely
unknown as intrasplicing gained attention only recently. Therefore there is a need for studies that
elucidate the role of the EJC bound to introns and how it interplays with the facilitation of another,

subsequent splicing step.

Why introns?
As discussed above, the roles of introns are often of regulatory nature. They allow for isoform

determination and gene expression regulation, provide the resource for downstream processing
steps such as circRNA, snoRNA or miRNA biogenesis. Also mRNA stability, 3’end processing, export
and translation is influenced by a preceding splicing step. Yet, the abundance and specifically the
massive length of some introns and the resulting energy investment during this extense transcription
seem staggering. Various hypotheses about the origin of introns and reasons for the cell to sustain
them have been proclamated, yet due to the nature of evolution and the complexity of the human
genome, it is hard to follow how introns ended up in their current form. One proposal sees splicing in
the light of the recent discovery that the majority of the euchromatic genome is constantly
transcriptionally engaged (reviewed by Fedorova and Fedorov (2005)”°). The dense occupation of
nascent pre- and mRNA by splicing factors is seen as a means of allowing the cell to distinguish
between mRNA transcripts and transcriptional noise, arising from undirected transcription events.

So there seem to be many benefits of having functional introns. But why do some of them need to be
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so long? The presence of transposable and repetetive elements in introns provide explanation for
intron-genesis and lengthening but it does not answer the question of why the cell tolerates this
massive energy and time investment of transcribing up to megabases of intronic nucleotides in some
genes, which can delay mRNA synthesis by several hours. Unless the hereby gained benefits from
increased regulatory capacity outcompetes the energy investment. As this is quite unmeasurable, we
might not get a complete picture in this respect and have to rely on hypotheses that proximate our

observations.

3’ END PROCESSING
The main focus of this thesis is RNA processing with emphasis on splicing. But the transcript would

not be completed without 3’end processing. The mammalian consensus sequences defining the end
of an mRNA or a polyadenylated ncRNA are the polyA-signal AAUAAA, the dowstream cleavage site
CA and flanking sequence elements, termed upstream and downstream sequence elements (U/DSE).
The main protein interactors are CPSF (cleavage and polyadenylation specificity factor, binding to the
polyA signal), PAP (polyA polymerase, extending the polyA tail), CF | and Il (cleavage factor, initiating
cleavage of the transcript at the cleavage site CA), CstF (cleavage stimulatory factor, interacting with
the DSE and CPSF) and the polll CTD. The process of transcription termination and polyadenylation
and its regulatory influence on gene expression is reviewed in detail by Hollerer et al. (2014)”". Here |
would like to focus on the influence on splicing on 3’ end processing. For long time already, inclusion
of the last intron in a minigene construct was known to increase gene expression. For some genes,
last intron splicing is even a necessity for functional 3’end processing. Studies on the human B-globin
and preproinsulin Il gene revealed that last intron splicing, besides EJC deposition leads to physical
interactions between U2snRNP and CPSF’*’3, prompting a stimulatory effect on 3’ end processing
efficiency. Vice versa, splicing rates decreased, when the AAUAAA polyA signal was mutated””,
making this interaction effective in both directions. This interplay between 3’ end processing and
splicing adds yet another regulatory layer to the already complex framework of RNA processing. With
this step, an efficient gene regulation as well as a quality control mechanism is introduced that

surveys mRNA abundance and splicing efficiency.

AIMS AND SUMMARY

Transcription is the process that implements the information of the evolutionary memory of our
cells. This process creates the diversity in celullar regulators we observe and itself is highly regulated
in every step involved. Figure 1 demonstrates some of these regulatory layers, yet the full extend of
molecular interactions to maintain a system as complex as a biological cell is far from being fully

understood or even discovered. This thesis aims to extend the knowledge on regulatory interactions
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in three directions:

1. Self-regulating RNAs: The presented studies on RAPs, spearheaded by the respective first
authors, show an unprecedented diversity in RNA polymerase binding aptamers that allow
for an extensive regulatory impact by the nascent RNA itself. This ranges from self-supression
of repetetive sequence elements to self-regulation of protein-coding mRNAs and potentially
to alterations of splicing patterns.

2. As Lucia Aronica, the first author of the respective study deciphered: Nrl1l couples DNA
damage response, splicing and the transcriptional machinery to homologous repair
mechanisms. These interplays are examplatory for the tight interactions that occur during
transcription and their necessity to maintain genomic integrity during critical events, such as
R-loop formation.

3. The main focus of this thesis: splicing. Even though much is already known about splicing
regulation, factors impacting splice site selection, inter-splicing, alternative splicing,
interactions between splicing and transcription, etc., a lot is still left to understand. Such as
intrasplicing and its impact on not only long, but also shorter introns. The central study of
this thesis aims to add to understanding this novel regulatory layer by which individual
splicing events gain the potential to determine transcriptional output, not only quantitatively
but also qualitatively. This includes induction of NMD, exon in- or exclusion and tuning

splicing efficiencies.

Besides the in-detail research performed in the attached studies, the RAP database and the

intrasplicing extraction pipeline are made puplically available to provide resources, others can

use to complement or base their research on.
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Abstract

Alternative splicing is one of the major regulators of both, transcriptome diversity and individual
isoform abundance. Therefore regulation of alternative splicing is crucial and yet, due to the
complexity of the human genome (23.000 genes, most of which can be alternatively spliced) diverse
and multileveled. Identifying and understanding the scope and variety of splicing events is still an
ongoing process. We established a novel pipeline to extract splicing events from specific RNA-
sequencing datasets and identified numerous splicing events that did not span the entirety of the
respective annotated intron but used intronic splice sites. These splicing events could be generally
categorized into three groups: 5’recursive (using the exonic splice donor and intronic acceptor),
3’recursive (using an intronic splice donor and an exonic acceptor) and nested (using two intronic
splice sites). Surprisingly, the splicing events we found occurred in introns of all lengths, but generally
followed the abundance scheme of all introns, i.e. most were found in introns between 500 and 5000
bps. After confirmation of these splice events by conventional methodologies, we further analyzed
the impact of intrasplicing on full intron removal. For this we established a luciferase-based reporter
which showed that these intronic splicing steps can be beneficial, deleterious or neutral for full
intron removal. Thus intrasplicing events can be crucial for determining the transcriptional output.
This in part confirms recent findings on recursive splicing events in humans and other vertebrates
and further uncovers an additional level of transcriptome regulation based on a yet undiscovered

level of flexibility and regulation of splice site selection and its impact on gene expression.
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Introduction

Precursor messenger RNA (pre-mRNA) splicing is not only a key step in protein production, but is also
critical for the regulation and expansion of the functional proteome. The human genome contains an
unexpectedly low number of genes, approximately 23,000 and alternative splicing in combination
with posttranslational modifications is known to diversify these into 90,000 proteins®. High-
throughput sequencing studies suggest that up to 100% of human multi-exon genes produce at least
two alternative mRNA isoforms. The majority of human introns contain 5’- and 3’-splice sites with a
consensus sequence of variable conservation providing room for many ways how to define a splice
site’. Combinatorial events including RNA-protein interactions and RNA-RNA interactions have been
shown to be essential for determining splicing events, especially in long introns. The longer the

intron, the higher the precision needed to control splice site selection.
Mechanisms of long intron splicing

Different mechanisms of long intron splicing in higher eukaryotes have been proposed over the last
two decades, with two main models emerging: recursive and nested splicing®® (Figure 1). Nested
splicing is an intron-internal splicing event that does not use the primary or exonic splice sites.
Whether or not this type of splicing is a necessity for effective splicing of a subset of (longer) introns
is still unsolved. Splice site-like sequences, dispersed over introns are able to prevent premature
cleavage and polyadenylation (PCPA)’ by binding U1snRNPs and could promote intra-splice site
usage. In a single case, the regulatory impact of intrasplicing has been demonstrated: in the 4.1R
gene alternative promoter usage in combination with subsequent and first-exon-dependent

intrasplicing determines the expressed isoforms®.

Recursive splicing (RS), in contrast to intrasplicing, involves incremental splicing reactions. One of the
primary splice sites is involved and intronic splicing reconstitutes a functional, recursive splice site
(RS-site) that is utilized for subsequent splicing steps (Figure 1A). Two recent studies analyzed
recursive splicing in depth and on large scale in drosophila and vertebrates, demonstrating that this
mechanism is prevalent in the longer introns. In humans, RS does not seem to be a necessity for long
intron removal but might rather have a regulatory impact on in- or exclusion of RS-exons’. And as
shown in D. melanogaster, intron length cannot be the only requirement to induce recursive splicing

cascades™, making space for regulatory potential of these splicing events.
Detection of splicing events
One of the major obstacles in detecting and verifying intermediate splicing events such as nested and

recursive splicing, is the temporary nature of their products. Partially spliced or pre-spliced pre-
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MRNA is subjected to immediate further processing (i.e. subsequent splicing steps). Lariats arising
from recursive or intrasplicing events are, presumably as most lariats, turned over by debranching
with Dbrl and exonucleolytic degradation of the intron RNA within minutes after splicing'“*%. A
combination of PCR-based methods, lariat enrichment and deep sequencing can be applied to

314 Lariats can also be stabilized by interfering with the

partially overcome these restrictions
degradation pathway, mainly by inhibiting debranching. Lariat sequencing as performed by Awan et
al.(2013)* took advantage of a Adbrl strain, resulting in the identification of hundreds of novel
splicing events in S. pombe. In more complex genomes which require a more stringent splicing
regulation due to the increased abundance of potential alternative splicing events and longer host
introns, we found that Dbrl knockdown to non-lethal levels (~40% of wildtype) resulted in a major

shift in genome wide splicing patterns and introduction of new, aberrant splicing events

(unpublished). Therefore this approach is not applicable, at least in human cells.

Another restriction in lariat identification, if approached with RNA-sequencing, is an increased
occurrence of mapping artifacts due to repetitive elements within introns and general sequence
similarities at splicing regulatory sequence elements. These artifacts deteriorate when reads
spanning either exon-exon or branchpoint-5’ss junctions (split-reads) are required to identify lariats

and splice sites, reducing the effective mapping length (Figure 2).

Previous studies™ 8, dealing with the detection of branchpoints'® or novel splicing events strongly
rely on splice site annotations, which allows an event prediction with very high precision, but does
not aim at the detection of novel, intronic splicing events. A promising approach in this direction is
targeted RNA-seq with extremely high coverage and subsequent analysis by SplicePie’” that allows to
draw a wealth of conclusions about splicing sequentiality, unusual splicing events and intron dwell
times. Yet, this analysis focuses on single genes to achieve the required high read coverage and does

not allow for a genome wide analysis.
Lariat Spanning Linear Split Reads

In this work, we performed an in depth analysis of existing RNA-sequencing datasets of human cells
using detailed bioinformatic analyses to identify unusual splicing events in a genome wide manner.
To overcome the above described restrictions, we applied an approach that makes use of the vast
quantity of published RNA-seq datasets, focusing on those generated with a library preparation
protocol that enriches RNA species that are likely to hold information on unusual splicing events. The
novelty of this procedure is the combination of reads covering the linear splice junction with reads
that arise from the branchpoint-5’ splice site junction of lariats (Figure 2). These lariat spanning linear

split reads (LaSLis) therefore represent a set of high confidence splicing predictions. This approach
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resulted in the identification of more than 90,000 splicing events (neglecting alternative branch
points), of which 5,693 are not covering the full length of annotated introns and are therefore
potential recursive or intrasplicing events. As recursive splicing in the context of long introns has

d>**°, we focused on those events found in shorter introns

already been thoroughly investigate
(<5000 nucleotides), which comprised the majority of the extracted splicing events (see Figure 3A).
The logic behind the model of recursive splicing as a means for facilitating long intron splicing
excludes the necessity of such events for short intron splicing. Therefore, these splicing events could

hold regulatory capacity.
Results

Extraction of novel splicing events

The aim of this work was to identify rare and non-canonical splicing events in the human
transcriptome and to test if these events affect splicing output, which would point to a potential
regulatory function. To achieve this, we established a novel extraction pipeline, designed to extract
transient splicing events with high confidence. This approach utilizes reads from RNA sequencing
datasets that cover both, linear splice junctions and circular branchpoint junctions (Figure 2). The
combination of these two split-read types under certain splicing-specific criteria such as branchpoint
distance and splice site positioning (see Methods), allows for stringent filtering and strongly reduces
mapping artifacts that accompany split-read alignment. This approach additionally maximizes the
alignment length and thus allows for the identification of novel splicing events, outside the known

intron-exon boundaries.

The datasets we mainly focused our analysis on were generated by library preparation protocols that
enriched either for long non-polyadenylated nuclear RNA™, by size selection and fractionation, or

1620 The former includes, besides other RNA

circular RNA by exonuclease treatment or CaptureSeq
species, precursor- and partially processed mRNA, which sets the foundation for extraction of linear
splice junctions. The latter holds, besides circRNAs, reads of lariats, which are the basis for

branchpoint split read extraction.
Splicing event classification

Using this approach we identified 97,338 splicing events (neglecting alternative branchpoints), most
of which span full introns. 5,693 events are shorter than the respective annotated intron and
therefore may originate from recursive or nested splicing. The majority of non-full length splicing
events are found in introns shorter than 5000 basepairs (bp) (Figure 3A). Further classification of this

dataset subdivided the splicing events into 4 classes:
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1) Full length (FL): covering a fully annotated intron, allowing for alternative splice sites
within 50 nucleotides of the annotated splice site (88,410 events).
2) 5’ recursive (5rec): the splicing event uses an annotated 5’ splice site (or one close to it)
but does not extend throughout the entire intron, using an unannotated, intronic 3’
splice site, thus being a potential first splicing event of a recursive splicing cascade
(2,699).
3) 3’ recursive (3rec): like 5rec, with the difference, that the 5’ splice site is within the intron
and the 3’ splice site is annotated (2,515).
4) Nested splicing event (nest): both, the 5" and the 3’ splice sites lie within the intron and
neither is annotated (479).
The distribution of all splicing events identified over these four classes is depicted in Figure 3B and C.
These numbers do not take into account alternative branchpoints, but show only those events with

distinct 5" and 3’ splice sites.

In order to keep naming of different types of splicing events consistent, in this paper we use the
following designations: FL, 5rec, 3rec and nested as described above; intrasplicing refers to a splicing
event that does not span the entire annotated intron and can therefore be a recursive or nested
splice; LaSLi stands for Lariat Spanning Linear split and describes splicing events identified in our
extraction pipeline; Splice sites that do not mark an annotated exon-intron border are termed intra-
splice sites.

Data availability

The full dataset, including splicing event classification, splice site scoring and alternative branchpoint
positioning is available in the supplementary materials. Note that circular split read positions, i.e.
potential branchpoint positions, are only available in the set all laslis BP_bed8.bed as block
coordinates. Splice site scoring is available as a separate set of files with the name column (4) of the
bed format as the 5’ss score and the score column (5) as 3’ss score.

Characteristics of intronic splicing events

In order to gain an overview about the splice site quality of LaSLis, we determined the splice site
strength of splice sites of each splicing class with Xmaxentscan?, a tool that scores a given sequence
by the maximum entropy principle and references to a predetermined splice site consensus

(http://genes.mit.edu/burgelab/maxent/Xmaxentscan_scoreseq.html).

The score distributions for each intrasplicing class as well as annotated splice sites are given in Figure
S 1. Average scores for annotated splice sites are 7.84 for 5’ and 7.99 for 3’ss. 5rec and 3rec exonic
sites are within that range, with the intronic splice site scoring at 4.31 and 5.70, respectively. Both

intra-splice sites of nested LaSLis have a much more spread out score distribution with a strong
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difference between 5’ and 3’ splice sites (Figure S 1C). We used these scores, to adjust splice site
definition and overcome the error prone split-read mapping. In this approach we allowed for a
maximum adjustment of 2 nucleotides at each splice site and selected the highest scoring position.
Especially 3’splice site assignment benefitted from this approach and resulted in a final dataset with

much higher splice site assignment fidelity.

Next, we performed a meta-analysis on these 4 classes of splicing events to investigate and compare
their properties, with respect to annotated splicing sites. This also serves as a measure of the
performance of our extraction pipeline as the unique properties of introns and lariats, such as
branchpoint and splice site consensus sequence, branchpoint — 3’ss distance, conservation, etc., are
well studied and can be referenced to. The vast majority of splicing events that are in contact with an
exon, such as full length, 5rec and 3rec, fit the annotation in terms of splice site position (Figure 4A).
Interestingly, those events that show an offset to the annotated splice site follow a pattern of peaks
every third nucleotide up- and downstream of the annotated splice site. This is indicative of
alternative splice sites, which do not break the reading frame. Notably, alternative 3’ss seem to have
a strong preference for a shift of -12 nucleotides into the intron, leading to additional 4 amino acids

included upstream of that exon.

We next analyzed the sequences surrounding the splice sites to resolve any deviating splice site
motifs for intronic splicing events (Figure 4B). Full length, 5rec and 3rec splice sites showed a strong
GT-AG motif, very close to that of annotated splice sites, accounting for the precision of splice event
extraction. Nested splicing events deviated strongly from the consensus sequence and reevaluation
of the mapping data revealed that a lot of sequences originating from ribosomal RNA were falsely
mapped to intronic regions. The abundance of these sequences allowed for a number of reads to
evade our filtering criteria and get included in the nested splicing event subset. To remove these
false positives, nested splicing events were further filtered by presence of a splice site consensus, i.e.
GT at the 5" and AG at the 3’ end. We have preliminary results, that also showed other, non-GT-AG
nested splicing events to be spliced out, but these are subject to further studies and are therefore

not included in the present dataset.

The conservation of splice sites was determined by extracting the corresponding genomic positions
from the phastCons100 dataset, that calculates element conservation scores for 100 vertebrates?>*.
Conservation scores of splice sites at intron exon boundaries show an expected drop in conservation
towards the intronic region (Figure 4C). Splice sites located within the intron such as 3’ splice sites of
5’ recursive, 5’splice sites of 3’ recursive or both splice sites for nested events have a generally lower

conservation, which still exceeds that of intron background and show, for the putative recursive

splice sites, a similar conservation pattern as exonic splice sites. The conservation scores drop
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towards the site of the intrasplicing event (Figure 4D), which could be indicative of cryptic or RS
exons. In contrast, nested splice sites display an increased conservation for approximately 10 and 6

nucleotides surrounding the 5’ and 3’ splice site, respectively.

The next characteristic we took a closer look at was branchpoint properties. The distance between
the branchpoint and the downstream 3’ splice site is limited due to the structure of the
spliceosome®® and can be used to determine the quality of our extracted splicing events. As shown in
Figure 5A, the branchpoint distance peaks between 20 and 30 nucleotides, which concurs with
literature™. Also the branchpoint sequences mainly follow what is known from literature, namely
CUNAN or UUNAN™. Nested splicing events deviate from displaying a strong branchpoint adenosine.
Deviations from consensus are likely to be introduced by the imprecision of split read mapping. The
polypyrimidine tract downstream of the branchpoints is apparent for all splicing event classes (Figure
5C).

The conservation pattern at branchpoints shows an increased score for the branchpoint A and
flanking nucleotides as compared to intron or local background (Figure 5B). Nested and 5’ recursive
splicing events, and therefore branchpoints of exon free, intronic 3’ splice sites, have a similarly high
score, yet do not show the characteristic drop in conservation before and after the branchpoint.

Examples of a highly conserved branchpoint and intra-splice site are depicted in Figure 5D.

Confirmation of unusual splicing events by lariatPCR

In order to confirm the existence of the computationally extracted splicing events, we performed
lariatPCR on cDNA after RNA extraction from human cells and reverse transcription using random
primers. This approach uses diverging primer pairs, binding downstream of the 5’ splice site and
upstream of the branchpoint so that a PCR product is only obtained if a circularization event, i.e.
lariat formation, has occurred (Figure 6A). LariatPCR further allows to precisely determine the site of
the splicing event. We were able to obtain PCR products for the majority of lariats tested (Figure 6B).
In many cases nested PCR was required due to the low abundance of lariats in the cells. RNA from
Hela, Hek293, K562 and Hep2G cells was used to increase the chances of detecting the lariats. PCR
products were then sanger-sequenced and mapped against the genome to confirm the nature of the
lariat and control for the precision of the splicing event extraction pipeline (Figure 6C). In case of the
putative 3’recursive splicing event in prkab2, intron 7, we could also detect the linear splice junction
on the preprocessed pre-mRNA (Figure 6D-F). The transient nature of lariats and splicing
intermediates makes this confirmation process tedious, as even annotated, full length introns of
highly expressed genes could not always be detected, presumably due to sequence repetitiveness

and quick turnover. These properties inherit to and deteriorate in rarer or less abundant (due to low
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gene expression) splicing events. Thus our rather high confirmation rate (10/14) demonstrates the

fidelity and robustness of our splicing event extraction approach.

The impact of intrasplicing on full intron removal in a reporter assay

To investigate the impact of intronic splicing events on full intron splicing efficiency and potentially
transcript fate, we constructed a splicing reporter using the renilla luciferase, on the basis of the
phRL-TK vector (Promega). Small introns (< 5000nts) were selected that showed at least one putative
nested or recursive splicing event in our dataset, and cloned into the renilla gene at a position that
favors splice site recognition (see Methods). The intra- or recursive splice sites were mutated or, in
case of a 3’splice site, deleted together with the upstream polypyrimidine tract. Further in depth
analysis was performed by removing the nested splicing event on DNA level, elucidating the fate of
the pre-spliced transcripts. Vice versa, we also generated constructs, containing only the nested
splicing event to evaluate their splicing efficiency, allowing us to draw conclusions about intra-splice
site strengths (see Figure 7A). Using this approach, we identified three different types of effects of

intrasplicing events on full intron splicing.

Intrasplicing competes with full intron splicing suggesting a novel type of gene expression

regulation

The two genes gnb2/1 and prkab2 both contained putative recursive splicing events in intron 7. Our
dataset included a 5’'rec and a 3’rec event for gnb2/1 and a 3’rec event for prkab2. Mutation of these
intra-splice sites in our reporter construct increased renilla expression and transcription in all three
cases (Figure 7B, Figure S 2), meaning that full intron removal is more efficient in the absence of
intrasplicing. Thus, these events are unlikely to be part of a recursive splicing cascade. Removal of the
3’end of intron 7 of both, gnb2/1 and prkab2, does not lead to the reconstitution of a new 3’splice
site and the polypoyrimidine tract is removed, rendering the remainder of both introns splicing
incompetent. The level of increase of renilla expression by 2-fold for 5’ss mutants allows a rough
estimate that 50% of transcripts of this reporter, are spliced at the LaSLi. The inefficient downstream
processing of pre-spliced introns is confirmed by three more constructs that only contained the 5’ or
3’ remainder sequence that is left after an initial intra-splicing event. These constructs are unable to
express functional luciferase (Figure 7C, “pre”). Contrary, the intrasplicing event of prkab2, intron 7
alone is effectively spliced (Figure 7C,”3’nest”). These results are further supported by semi-
guantitative RT-PCR (Figure S 2). As these splicing events do not facilitate full intron removal, as the
model of recursive splicing would suggest, but rather counteract it, they represent, in concert with a

downstream degradation mechanism, a potential new mode of regulation of gene expression.
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Silent intrasplicing

We also tested two candidate introns containing putative splicing events at the 5’end, where the pre-
splice step does not seem to influence the full intron removal efficiency in the cell lines tested (Figure
7D). This may be either due to this event not taking place in the cell lines we tested, weak and
therefor easily outcompeted intra-splice sites or a recursive splicing cascade that is, due to the

shortness of the full intron, not a necessity for intron removal.
Intrasplicing boosts full intron removal

A third type of intrasplicing effect was identified in intron 8 of rbm17, which harbours 3 putative
intrasplicing events. Mutation of the intra-splice sites, be it 5° or 3’ss, led to a strong reduction of
renilla expression, both on transcript and protein level (Figure 8A, B). Therefore, these splicing events
might be starting points of a recursive splicing cascade, yet due to their positioning, presumably of
three different cascades. This is an interesting case, as intron 8 of rbm17 is only slightly over 1kb long

and thus, recursive splicing should not be a necessity for this intron’s removal.

More to discover

Besides the above described modes of intrasplicing, we found several other interesting intrasplicing
localizations in our dataset: epb41/5 expresses several isoforms, two of which are significantly
shorter and terminate with an exon that is skipped in the longer isoform. In this terminal intron, we
found a recursive splicing event that reconstitutes a RS-site and induces a second splicing step that
skips the alternative terminal exon, allowing transcription of the long isoform (Figure 8: rbm17,
intron 8 harbours 3 potential intrasplicing events. Mutation or deletion of the intra-splice sites leads
to a strong reduction in transcriptional (A, one representative of two replicates shown) and

translational (B) output (p<0.05 for all constructs in Hek cells and 213 in Hela).

Figure 9A). Attempts to mask this RS-site with antisense oligomers failed to show an isoform
shift. Similar has been observed in other studies on recursive splicing, where ASOs were used®,
either rendering this approach inapplicable or hinting to technical difficulties when targeting ASOs

to deep intronic sites.

Another example shows two adjacent splicing events in nudc. This appears to be a classical recursive
splicing situation, yet the intron length is with 2500bp quite short and arguably, would not require

recursive splicing as a means of full intron removal.

37



Discussion

Currently available gene annotations have a very exon-focused view on the transcriptome. Our
splicing dataset aims at extending available annotations and promoting a more processing-aware
approach to transcription. Generation of mini-genes or mini-introns as well as deep intronic
mutations can result in unprocessed or inefficiently transcribed RNAs due to insufficient
understanding of intronic elements controlling RNA processing and thus stability. In combination
with other available datasets or tools such as eCLIP-seq”®, splicePie’” or computational prediction of
regulatory sequence elements by tools like RBPmap?®’, a broader understanding of the processing

steps required to achieve regulated gene expression can be obtained.

Current research, dealing with splice junction discovery on a massive scale®® clearly showed that
splicing cascades are by far more complex than current annotations imply. Yet, the extensiveness of
this dataset makes it close to impossible to determine biological relevance of individual splice
reactions. In our study we attempted, with a more restrictive approach, to extract high confidence
events that can be more easily tested and we evaluated their impact on gene expression. Our
pipeline utilizes tools designed for the discovery of circular RNAs to supplement the information a
regular split read discovery gains on splice site location. Besides increasing confidence in the
discovered splice junctions, this also allows for the localization of the branchpoint. Even though we
only took a closer look at a handful of unusual splicing events, our results anticipate a much broader
range of impacts of intrasplicing events on gene expression. Based on our data and on the diversity
of mechanisms we found, we can speculate on the diverse effects of intrasplicing events on full
intron splicing. Recursive splicing allows for clean full intron removal. Yet, the necessity of RS-sites for
efficient full intron removal remains debated. In some cases, recursive splicing might be a means of
processing a mis-spliced intron, to retain transcript functionality. This might be especially true for
short introns, where recursive splicing seems not be an approach to spanning long distances
between splice sites. Mis-splicing could be promoted by an abundance of Ul-binding in many
introns, as premature cleavage and polyadenylation (PCPA) inhibitor’, what might direct the splicing

machinery to falsely recognize intronic splice sites and commit to an intrasplicing event.

If the transcript cannot be further processed or processed in a way that does not interrupt the
reading frame, situations like in prkab2, intron 7 splicing can occur. Here the intrasplicing event
effectively removes the functional 3’splice site, branchpoint and polypyrimidine tract, rendering the
remainder of the intron retained (Figure 10A). Induction of such a dead-end processing in
combination with downstream degradation pathways, such as nonsense-mediated decay, can be a
powerful regulatory tool for gene regulation. It also lays the foundation for exon skipping induction,

as depicted in Figure 10B. Vice versa, speeding up processing of dwelling introns can have the
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opposite effect by overcoming nuclear retention and facilitating mRNA export. Even with the precise
mechanism unknown, such a situation seems to occur in rbm17, intron 8, presumably via recursive
splicing. Yet unknown is the role of the exon junction complex (EJC) in recursive and intrasplicing. CliP
experiments determining genome-wide EJC deposition®® clearly show that our intrasplicing events
are associated with proximal intronic EJC binding (Figure S 3). The consequences of EJC deposition
are broad and range from modulating splicing patterns, transcription speed, mRNA stability to export
and translation efficiency. The effect of EJC deposition on introns has not been studied to date but it
seems likely that interference with spliceosome assembly would occur. In order to effectively splice
the full intron in recursive or intrasplicing patterns, this interference has to be handled. Therefore,

further studies are required to elucidate the role of EJCs in recursive and intrasplicing.

Recent studies utilizing nascent RNA sequencing to determine the co-transcriptional nature of
splicing have shown that intron removal is in many cases a prompt event and occurs seconds after

d®*31 If this observation can be extended to human

the splice sites have been transcribe
transcription, it explains high occurrence of intrasplicing we observe, despite partially weak splice

site interactions (Figure S 1).

The variety of mechanistical implications makes intrasplicing a promising new regulatory layer of
gene expression that adds to the already complex and dynamic regulatory landscape of multi-exon
gene regulation. Future studies will focus on the interactors involved in intra-splice site recognition
and a potential cell-type specific cocktail of splicing factors that allows fine tuning of the

transcriptome via intra-splicing.
Materials and Methods

Cell culture and transfection

Hela and Hek293T cells have been grown in DMEM medium, supplemented with 10% FCS (Sigma-
Aldrich). Cells were transfected with Lipofectamine 3000 (Thermo Fisher) according to the

manufacturer’s specifications.
RNA preparation, reverse transcription and PCR

RNA was isolated 48 hours post-transfection with Tri-reagent (Sigma-Aldrich), DNAse | (Roche)
treated with 2x 20U per 50ug RNA for 30 minutes and then phenol chloroform extracted. Reverse
transcription was carried out with superscript Il (Invitrogen) on 1 pg total RNA for 60 minutes at
50°C. 1/20th of this reaction was then used as a template for subsequent PCR (oneTaq, NEB) or qPCR
(Evagreen, Medibena). Lariat PCR was carried out with diverging primers, spanning the putative

branch point. In some cases, nested PCR with cycle numbers ranging from 20 to 30 cycles was
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necessary to amplify lowly abundant lariats. All primers used for PCR, gPCR and cloning can be found

in the supplementary data.
Cloning and site directed mutagenesis

The phRL-TK constructs containing various introns have been generated with the InFusion cloning kit
(Clontech) and NEBuilder (NEB). All introns have been inserted at position 414 of the renilla gene.
The splice site mutations and nested intron deletions have been introduced with the Q5 site-directed

mutagenesis kit (NEB).
Dual luciferase assay

For the luciferase assay, the experimental phRL-TK vector with intron insertions has been
cotransfected with pmirGLO -ren as an internal control in 24-well plates. pmirGLO —ren is a modified
version of pmirGLO, where the renilla gene and its promoter have been removed by restriction digest
and religation. 48 hours after transfection the medium, except 100 uL was removed and the
luciferase assay was carried out according to the manufacturer’s specifications. Luminescence was
measured on a luminometer (Robion Solaris 3170) and relative renilla luminescence was calculated

by background subtraction and normalization to the internal firefly control.
Bioinformatic pipeline for splicing event extraction

The focus on pre-mRNA and lariats implied the usage of datasets that are potentially enriched in
these RNA species. Therefore the main focus of this approach was on two RNA-seq datasets: nuclear,
non-ployadenylated long RNA and RNAse R digested circular RNA. The raw RNA sequencing data of
these datasets, together with several others, to extend the read pool (Table 1), were obtained from
the gene expression omnibus (https://www.ncbi.nlm.nih.gov/geo) and have been processed by the

following pipeline:

a) quality control: adapter clipping, quality trimming and duplicate removal where necessary
with fqtrim (http://ccb.jhu.edu/software/fgtrim/index.shtml) and FastUniq
(https://sourceforge.net/projects/fastuniq/).

b) Mapping to human reference genome hg38 with segemehl 0.1.9'. The segemehl tool has
been modified to allow detection of split reads that are up to 1.2 million nucleotides apart,
which ensures detection of split reads covering the largest introns in the human genome.

c) For the extraction of split reads, segemehl’s realign routine was run. The resulting bedfile
* splice.bed was processed with bedtools®* and custom scripts, extracting and sorting linear
and circular split reads and filtering those out that did not overlap with annotated introns

and extended beyond gene boundaries.
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d) Inorder to obtain high confidence splicing events, intronic circular and linear splits were
intersected and filtered by following requirements: the 5’ ends of intersecting linear and
circular splits cannot deviate more than 2 nucleotides in any direction, to tolerate a given
uncertainty in split-read mapping; the 3’ end of the circular split has to be located within 100
nucleotides upstream of the 3’ end of the linear split read to allow for a certain range of

branchpoint-splice site distances.

It is not possible to precisely allocate lariats and their respective linear split if, for example an
alternative 3’ splice site is used and two branchpoints and therefore 3’ ends of two different circular
splits lie within 100 nucleotides upstream of this splice site. This results in a small number of

redundant splicing events, varying in BP and 3’ss position.

The resulting splicing events of this extraction procedure were termed lariat-spanning linear splits

(LaSLiS) and provide the basis of all subsequent analyses.
Splicing event analyses

LaSLiS were classified based on the position within the hosting intron. LaSLiS with exon contact and
therefore utilizing one primary splice site were classified as potentially recursive and LaSLis without

any exon contact as intra- or nested splicing events.

Sequences of LaSLiS splice sites (i.e. the 5’ and 3’ ends and surrounding nucleotides) were extracted
and motifs were generated with Weblogo 3*. As a reference, 5" and 3’ ends of annotated introns

were analyzed with the same procedure.

Conservation scores for seven vertebrates were obtained from the phyloP7 project®

(http://hgdownload.cse.ucsc.edu/goldenPath/hg38/phyloP7way/) and intersected with the 20

nucleotides surrounding the 5 and 3’ ends of LaSLiS. The reference is another window of 20

nucleotides from within every intron (>500 nts) in the human genome.

Splice site scoring was achieved with Xmaxentscore?'. Respective sequences were extracted and used
as input. If, due to poor split-read mapping, a higher splice site score was found within +/- 2 nts of
the 5’ or 3’ end of any LaSli, the higher scoring position was assumed as the proper splice site. This
was done to increase fidelity in splice site annotation. Both, the original and the optimized dataset

are available.
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Table 1: datasets accessible via GEO or SRA, used for splicing event extraction.

Dataset GEO/SRA accession Library reference
preparation
12tissues GSE45326 total RNA Nielsen et al., 2014 **
Illumina body GSE30611 total RNA http://www.ncbi.nlm.nih.gov/
map 2.0 geo/query/acc.cgi?acc=GSM7
59490
Brain single cell GSE67835 total RNA, Darmanis et al., 2015 *
single cell
circSeq SRP011042 total RNA, Jeck et al., 2013 %
RNAse R
polyA minus GSE22666 polyA minus RNA  Yang et al., 2011%
BPseq GSE53328 lariatSequencing ~ Mercer et al., 2015°

+ BPcapture
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Figure Legends

Figure 1: Proposed splicing models for long intron splicing. Recursive splicing (top) uses intronic
recursive splice sites (RS-sites) that reconstitute a new 5’ or 3’ splice site after a first splicing step,
depending on the directionality of the recursive splicing cascade. Nested splicing (bottom) uses two
intronic splice sites that remove part of the intron before the final splicing step removes the entire

intron.

Figure 2: Split-reads that cover exon-exon or branchpoint-5’splice site junctions are extracted from
segemehl-aligned RNA-seq datasets. Split reads originating from the same splicing event (exon-exon
junction reads and lariat reads) can be combined in order to obtain splice site and branchpoint
positions (see Materials and Methods). This allows for a higher confidence mapping of splice sites

than previous approaches which rely solely on linear split reads.

Figure 3: Overview of the extracted splicing events. (A) shows the length of the extracted splicing
event plotted against the length of the corresponding intron. This plot is shown as a density plot to
allow for visualization of overlapping splicing events, grading the number of splicing events with
similar properties by the colour grade shown in the legend. The majority of splicing events, both, full
length and shorter are found in introns < 5000 nts. In (B) the same splicing events are classified based
on their position in the corresponding intron: full length (blue), putative initial 5’ recursive (green), 3’
recursive (red) and nested splicing events (yellow). The abundance of each class of splicing event is

shown in (C).

Figure 4: Splice site analysis of the 4 classes of splicing events. (A) shows the distance of the newly
identified splice sites to the closest annotated splice site. (B) Splice site motifs of the four splicing
classes as compared to the reference motif of 10,000 annotated introns. (C) shows the phastCons100
score across the splice sites. Intronic splice sites are generally less conserved and yet show a specific
increase in conservation just around the splice site, as can be seen in (D), which is a close up of the

indicated area of (C).

Figure 5: Analysis of branchpoint properties. (A) distance between the branchpoint and the
respective 3’ splice site plotted against the fraction of events identified in that respective class. (B)
branch point motif of the 4 LaSLi classes. (C) branchpoint conservation with phastCons100 score. (D)
shows an example of a highly conserved 3‘ splice site and branchpoint of a 5rec LaSLi in the HSPG2
gene and a 5° splice site of a 3rec LaSLi in CARM1. The bold bar indicates the circular, the thinner bar

the linear split junction, corresponding to branchpoint and 3‘ or 5 splice site, respectively.
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Figure 6: LariatPCR confirms the computationally extracted splicing events. (A) in order to obtain
lariat specific PCR products, diverging primers were designed. Only in the case of a circularization
during splicing and lariat formation, a PCR product will be obtained. (B) lariat specific PCR products
obtained in a nested PCR. (C) larPCR products were sanger-sequenced, the obtained sequences were
aligned to the human genome with BLAT and compared to the LaSLi dataset. Green arrows indicate
the primer positions used for the larPCR. In few cases, linear splice junctions of nested splicing events
could also be detected. (D) shows the primer positions in intron 7 and exon 8 of prkab2, (E) shows
the pcr product obtained over the splice junction, compared to genomic DNA and (E) visualizes the

mapping of the sequenced PCR product.

Figure 7: (A) Overview of mutational analysis of intrasplicing event containing introns cloned into the
renilla luciferase gene. Putative 3’recursive splice events had their 5’ss mutated and, in some cases,
the intron was sliced into the fractions that contain only the intrasplicing event and those that
contain the remainder of the intron. These were termed pre-spliced and 3’/5’ lasli, respectively. In
case of a 5 intra splicing event, the 3’ splice site was rendered dysfunctional by deleting the
polypyrimidine tract and the downstream AG of the 3’intrasplicesite. (B) Intron 7 of gnb2l1 contains
two intrasplicing events. Mutation of the respective intronic splice site leads to an increase in renilla
expression (left panels, p<0.05). Similar effects are observed for intron 7 of prkab2, which contains
one putative 3'recursive splice event (p<0.05). (C) Prespliced constructs of gnb2l1, intron 7 and
prkab2, intron 7 are splicing incompetent and do not produce a functional renilla luciferase (p<0.05).
The intronic splicing event of prkab2, intron 7 on its own is well capable of splicing, though
apparently with a lower efficiency than the full intron. (D) Example of two genes, rad54L and megf6,

where the mutation of the intra-splice sites did not affect full intron removal efficiency (p>0.1).

Figure 8: rbm17, intron 8 harbours 3 potential intrasplicing events. Mutation or deletion of the intra-
splice sites leads to a strong reduction in transcriptional (A, one representative of two replicates

shown) and translational (B) output (p<0.05 for all constructs in Hek cells and 213 in Hela).

Figure 9: UCSC genome browser screenshots of splicing events. (A) epb41L5 holds a recursive splicing
event in a terminal intron, that induces terminal exon skipping and thus a shift towards expression of

a longer isoform. (B) shows a classical recursive splicing situation in a notably short intron (2500bp).

Figure 10: Two models illustrating the potential impact intrasplicing events can have on gene
expression, via regulation of transcript abundance and isoform expression by inducing exon skipping
events. (A) In absence of a functional intra-splice site, the intron is efficiently spliced. An intrasplicing

event on the other hand removes the py-tract and does not re-establish and RS-site. As a result, the
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remainder of the intron is retained, leading to nuclear retention or NMD. (B) If a downstream intron

is present, such an intrasplicing event can induce exon skipping by utilizing the next functional 3’ss.

Figure S 1: Maximum entropy score distribution for each given class of splice sites. The computed
score is given on the x-axis and the number of splicing events in each given subset is shown on the y-

axis. (D) shows the scores of annotated splice sites and is used as a reference set.

Figure S 2: RT-PCR of prkab2 and gnb2I1 intron 7 in phRL-TK including splice site mutations. This
semi-quantitative PCR reproduces the result of the renilla assay and sheds additional light on RNA
processing. A mutation of the 5’ss of prkab2, intron 7 leads to alternative splice site selection within
the renilla exon. This splice site is also used when only the 3’intrasplicing event is cloned into the
reporter. Here about 50% of transcripts use the native, the rest the exonic splice site. This reflects
the reduced intra-splice site strength. The longer product of the pre-spliced transcript arises due to

the incomplete processing and splicing incompetence.

Figure S 3: Exon junction clip data from Sauliére et al. (2012)*° shows clear deposition of exon

junction complexes in genomic regions flanking intrasplicing events (blue boxes).
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Figure 8
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Figure 9
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Figure 11
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Abstract

Alpha satellites belong to repeats that cover human centromeres and surrounding
pericentromeric heterochromatin and play an important biological function in
chromosomes segregation. Here, we show that o satellites are transcribed from both
DNA strands into long transcripts of at least 8 Kb. o satellite expression is more
pronounced under cellular stress conditions and is confined to the S phase of the cell
cycle. Satellite transcription is sensitive to o amanitin. o satellite RNAs (asatRNAs)
are capped but not polyadenylated and are retained in the nucleus. Aptamers derived
from o satellites were isolated via genomic SELEX with RNA Pol Il as bait, indicating
that asatRNAs interact with RNA Pol Il. We further show that asatRNAs bound to the
active site of RNAPol Il are extended and/or transcribed resulting in 3’ labeling
and/or second strand synthesis. Bioinformatic prediction revealed that asatRNAs
contain structural features of H/ACA snoRNAs, hinting at their origin. The phylogeny
of asatRNAs may serve as an example of how repeat-derived repRNAs may

constitute a reservoir for the evolution of novel functional RNAs.

Keywords: alpha satellites/ genomic aptamers/ repeat-derived RNA (repRNA)/
RNA-dependent RNA synthesis/ RNA Pol |I/ snoRNA
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Introduction

The human genome project resulted in an unexpected picture of the genomic content
with less than 2 % being protein coding and almost two thirds belonging to repeat
elements (Djebali et al, 2012; Prasanth & Spector, 2007; Mattick, 2005). These
repeat elements have mainly been considered inert and therefore were often referred
to as junk. Compared to protein- and RNA-coding regions, the analysis of highly
repetitive parts of the genome is still lagging behind mainly due to technical
obstacles. As a consequence repeats are most often excluded from experimental
design and masked in the analysis.

Interest in repeat elements was boosted after the ENCODE project consortium
reported that 60-70 % of the DNA was transcribed into RNA (Djebali et al, 2012).
Transcripts derived from highly repetitive regions were reported to be involved in
genome evolution (Bennetzen, 1996), gene expression (Weil & Martienssen, 2008;
Feschotte, 2008; Lai et al, 2005) and may serve as a reservoir for the evolution of
novel functional RNAs (Gao & Voytas, 2005). Especially interesting is the fact that
many of these repeats might have derived from functional RNAs retrotransposed and
amplified into genomes.

Human o satellites belong to repeat elements that consist of 171 bp monomers
arranged tandemly into higher order arrays spanning hundreds of kilobases to
megabases. o satellites localize predominantly to centromeres which often are poorly
annotated due to their repetitive character. Although centromere function is highly
conserved, centromere DNA sequences do not show conservation between species.
Human centromeres contain o satellites, which are primate specific. However, no
DNA sequences have been shown to be either sufficient or necessary for centromere
assembly, a satellites included. Instead, studies on neocentromeres highlighted that
epigenetic signals are crucial for centromere specification (Amor & Choo, 2002) and
suggested that this process is highly context-dependent (Hayden et al, 2013).
Centromeric o satellite arrays are bound by CENP-A (histone H3-like, centromere
protein A) and are a site for spindle attachment assuring proper chromosome
segregation process during mitosis and meiosis (Verdaasdonk & Bloom, 2012).
Repetitive arrays are mainly enclosed within constitutive heterochromatin domains

and therefore to date have been considered to be transcriptionally silent. However, it
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was recently shown that transcription does occur in the centromeric regions and that
RNA is present at the mitotic kinetochore (Wong et al, 2007). Active transcription and
an essential role of RNA Pol Il at the centromere during mitosis are currently being
discussed (Chan et al, 2012).

In a genomic SELEX experiment using RNA Pol Il as bait (Boots et al., in
preparation) we isolated RNA aptamers derived from human o satellites, which
suggests that o satellite transcripts may have a function at the RNA level. This
prompted us to analyse the transcriptional output derived from o satellites and to
characterize their transcripts. Furthermore, we show that asatRNAs harbour
RNA Pol Il binding elements that interact with the active site of the enzyme leading to
3' elongation of the RNA and/or second strand synthesis via RNA-dependent RNA
polymerase activity (RdRP). Finally, we report that human o satellites contain
hallmarks of snoRNAs suggesting that asatRNAs, like other repeats, may derive from

non-coding RNAs.

Results

Long transcripts arise from both DNA strands of a satellite arrays

Before analysing a satellite-derived transcripts, we reannotated the o satellite repeat
sequences using the dfamscan.pl script (Wheeler et al, 2013) and found 44058
genomic loci matching o satellite sequences, which are clustered into higher order
repeats covering around 0.1 % of the human genome. o satellite monomers show
single nucleotide variation of 20-40 % (Wayel & Willard, 1987) and are organized in a
head-to-tail manner.

Transcription from human o satellite arrays was studied in HelLa cells. To
assess whether o satellite arrays are transcribed, strand specific RT-PCR was
primarily chosen due to its sensitivity. Since low abundance of transcripts is to be
expected, a degenerated “consensus” primer pair was used, designed on the
consensus o satellite sequence reported in (Prosser et al, 1986). This consensus
primer pair recognizes different o satellite species allowing their detection en masse.
To avoid unspecific amplifications, PCR products were subsequently cloned,
sequenced and mapped to the hg19 reference genome to confirm their o satellite

origin (Supplementary Table S1). Consensus primers amplify not only one o satellite
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monomer (171 bp), but also hybridize into flanking units resulting in a typical ladder-
like pattern of amplification products as schematically shown in Figure 1A. Using
strand-specific RT-PCR in the presence of radioactively labelled [a-**P] dGTP,
o satellites derived from both DNA strands were amplified (Figure 1B). Radioactive
PCR products enable sensitive detection with significant reduction of number of
amplification cycles (from over 35 down to 18) lowering the probability of unspecific
amplification. o satellite transcripts in a direct orientation (D-asatRNAs) to the
consensus unit were reverse transcribed with the reverse primer (Rev), whereas
those in reverse complement (RC-asatRNAs) orientation to the consensus with the
forward primer (Fwd). To ensure strand specificity RT reaction without a primer was
carried out (-) to exclude RNA snapping back upon itself to serve as a template.

To estimate the size of asatellite transcripts Northern blot analyses was
performed with probes derived from the consensus sequence. These probes
hybridize to approximately 1700 of the annotated o satellite genomic loci with 100 %
identity, again enabling detection of asatRNAs en masse. Northern blots were
performed on total RNA isolated from HelLa cells grown at the following conditions: i)
37 °C, ii) heat shocked at 45 °C for 30 minutes and iii) from heat shocked HelLa cells
recovered at 37 °C for 60 minutes. The Northern blot experiments reveal that
asatRNAs are transcribed into large products of more than 8 Kb from both DNA
strands (Figure 1C). Moreover, comparison of the band intensity between samples
from control, heat shocked and recovered conditions, suggests that asatRNA
accumulate upon cellular stress, in this case heat shock. Furthermore, the analysis of
asatRNA expression in synchronized HelLa cells showed that their transcription is

more pronounced in the S phase of the cell cycle (Supplementary Figure S1).

asatRNAs localize to the nucleus

To assess the cellular localization of asatRNAs, total RNA from HelLa was separated
into nuclear and cytosol fractions using sucrose gradient centrifugation. Fractionated
RNA was then analysed via Northern blot with LNA-modified consensus probes in D
and RC orientations. As shown in Figure 2A, high molecular weight bands are
detected in the nuclear fraction demonstrating that asatRNAs localize to the nucleus.
These findings were further confirmed via RT-PCR analysis (Figure 2B). To control

the fractionation accuracy Kcnqt1ot1, which is a nuclear INcRNA, was detected in the
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nuclear fraction; Gapdh was detected either as a spliced transcript in the cytoplasm

or together with the unspliced one in the nucleus.

asatRNAs are RNA Pol Il transcripts, capped but not polyadenylated

In order to investigate which polymerase is engaged in transcribing o satellite arrays,
we analyzed oasatRNAs levels in the presence of aamanitin at a 20 ug/mi
concentration, which specifically blocks RNA Pol Il transcription (Bortolin-Cavaillé et
al, 2009). As presented in Figure 3A, 6 hours post o amanitin treatment the levels of
o satellite transcripts stayed constant. After 24 hours D-asatRNAs were hardly
detectable, whereas the levels of RC-asatRNAs reduced dramatically after 48 hours.
In parallel, the expression rate of well characterized RNAPolll and RNA Pollll
products were monitored as controls. As a positive control, the level of RNA Pol Il-
transcribed Gapdh was analyzed and shown to reduce after 48 hours. As expected,
the amount of 5S RNA, a RNA Pol lll product, remained unchanged.

To assess whether asatRNAs contain poly(A) tails, pull down experiments with
biotinylated oligo(dT) probes were performed and the presence of asatRNA either in
the pulled down (PD), or flow through (FT) fractions was tested. As shown in Figure
3B, asatRNAs derived from both DNA strands were more enriched in the FT,
implying that they are devoid of poly(A) tails. Moreover, a bioinformatic analysis of
a satellite arrays could not detect any canonical polyadenylation signals. The low
amount of asatRNA detected in the PD fraction might be due to the fact that
o satellites are A-rich resulting in some affinity to oligo(dT).

The nature of the 5 terminus of asatRNAs was determined by 5 adaptor
ligation reaction. As shown on the schematic representation of the experimental set
up (Figure 3C), the ability of RNA to ligate the 5’ adaptor strictly depends on the
presence of the cap structure. RT-PCR analysis on CIP/TAP treated ligation
reactions, followed by cloning and sequencing of PCR products collected from the
gel, revealed o satellite-derived products only in samples treated with TAP (Figure
3D). This data suggests that o satellite transcripts possess a 5’ cap structure.

Taken together our results demonstrate that asatRNAs are atypical RNA Pol Il
transcripts. Like most RNA Pol Il products they are sensitive to o amanitin and they
possess a cap structure at the 5’ terminus; but they are devoid of a poly(A) tail. The

lack of a poly(A) tail commonly correlates with decreased RNA stability. However, an
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estimated half-life of over 12 hours can be calculated from the oamanitin
experiments. In addition, the lack of poly(A) tail may cause their nuclear retention.

To assess the expression levels of the asatRNAs relative to other RNA
families, deep sequenced nuclear RNA libraries from THP1 cells (Taft et al, 2010)
and 5-8F cells (Liao et al, 2010) were analysed. For each considered RNA family: i.e.
snoRNA, snRNA, 10 nuclear InRNAs (KCNQ10OT1, NEAT1, MALAT1, HOTAIR,
MIAT, SRA1, AIRN, HOTTIP, NRON and XIST) and asatRNA, the total number of
overlapping reads, the total number of reads versus the number of annotation
elements in each family as well as the total number of reads versus the total number
of nucleotides of the RNA family was compared. This approach allows a rough
estimate of the order of asatRNAs expression. Depending on the dataset, there are
25 to 1000 times more reads overlapping with snRNAs than with asatRNAs, 60 to
540 times more reads overlapping with snoRNAs than with asatRNAs and 23 to 70
times more reads overlapping with annotated nuclear long non-coding RNAs than on
asatRNAs (Supplementary Table S2A).The low expression levels of asatRNAs may
suggest a local function of those transcripts, i.e. in changing the chromatin state of
the loci of their origin.

RNA Pol ll-binding aptamers derived from o satellites
In a previous Genomic SELEX experiment aimed at isolating regulatory RNAs with
high affinity to RNAPolll (Boots et al. unpublished results), several human
o satellite-derived aptamers were identified (Supplementary Table S3). After seven
rounds of selection and amplification, the enriched pool was sent to deep sequencing
and the obtained reads were mapped to the hg19 human genome. The reads that
mapped to a satellite regions were further analysed for this study in order to shed
light on a potential activity of o satellites-derived transcripts. The selected aptamers
were aligned to the a satellite consensus sequence to identify the RNA Pol Il binding
platform (Figure 4). Interestingly, aptamers against RNA Pol || map to both strands of
o satellites. Most of the aptamers span the junction of o satellite units from position
163 (or minus 9) on the upstream unit to position 6 on the downstream unit for the
aptamers derived from the D-strand and from position 158 (minus 14) to position 8 on
the RC-strand.

To isolate a sequence motif among RNA Pol Il aptamers within o satellite

regions the MEME suite (Bailey & Elkan C, 1994) of tools was used. For both D- and
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RC-asatRNAs the best motif was selected (Figure 4). Interestingly, both motifs show
an overrepresentation of G/A on their 5' and T/C on their 3' half. The ability of
endogenous oasatRNAs to bind RNAPolll was verified by mobility shift
electrophoresis and by Co-IP using an antibody against RNA Pol Il subunit 1
(Supplementary Figure S2). The presence of RNA Pol ll-binding aptamers encoded
within o satellites points to a transcription linked activity within o satellite transcripts.
While several RNA Pol llI-binding aptamers disrupt transcription in cis, the asatRNA

aptamers did not affect their own transcription (Boots el al, unpublished).

asatRNAs interact with the active site of RNA Pol Il resulting in second strand
synthesis via RNA dependent RNA polymerase activity in vitro and in vivo and
in 3’ extension
We show that o satellites are transcribed in D- and RC-orientation, and that they
contain RNA Pol llI-binding aptamers. Considering that RNA Pol Il harbours RNA-
dependent RNA polymerase (RdRP) activity (Filipovska & Konarska, 2000), we
tested whether asatRNA is used as a substrate by RNA Pol Il in the cellular nucleus
(Figure 5, Supplementary Figure S3). For this purpose, chimeric RNA templates were
designed for nucleofection into HelLa cells that consist of a asatRNAs-derived
RNA Pol Il aptamer (asatPBE #111) and a short artificial non-human sequence. The
artificial non-human sequence allows the discrimination between de novo
synthesised and endogenous asatRNAs. After nucleofection of this chimeric RNA
into HeLa cell nuclei and incubation for 24 hours, total RNA was extracted and
analysed via strand-specific RT-PCR. A clear RdARP product was detected via strand-
specific RT-PCR in the total RNA isolated from transfected cells, which was not
present in the input chimeric RNA used for the nucleofection (Figure 5A). When
incubating the same chimeric RNA in HeLa nuclear extract in the presence of [0->2P]
rNTPs labelled products of the size of the RNA template can be observed. The
reaction was inhibited by the adenosine analogue DRB (5,6-dichloro-1-3-D-
ribofuranosylbenzimidazole), an inhibitor of elongating RNA Pol Il (Figure 5B). These
data suggest that RNA Pol Il binds the asatRNAs-derived aptamer (asatPBE #111)
to modify it.

To investigate whether the asatRNA aptamer sequence serves as a specific

target for RdRP activity, the short artificial non-human fragment was shuffled from the
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5 end of the template to its 3’ terminus. As presented in the Figure 5C, incubation of
both chimeric RNA templates in the Hela nuclear extract in the presence of [a->?P]
rNTPs resulted in radioactively labelled transcripts that differ in size, depending on
the position of the RNA Polll aptamer on the RNA template. As schematically
explained in the Figure 5D, RNA Polll recognizes the binding platform in the
asatRNA aptamer and synthesizes the second strand. Polymerase omits the non-
human artificial sequence when it is positioned at the 3’ end of the RNA template and
therefore labelled transcripts correspond solely to the size of the asatRNA fragment
(70 nucleotides). When the non-human sequence is located upstream to the
asatRNA aptamer, the newly synthesized strand corresponds by size to the entire
template (85 nucleotides).

We further observed that the incubation of asatRNA in HelLa nuclear extract
with [0-*2P] rUTPs led to extension of the asatRNA by a few residues at the 3’ end
(Figure 6). In vitro transcribed asatRNA was incubated in HeLa nuclear extract, then
RNA was isolated and a reverse RNase protection assay (RPA) was performed
(Figure 6A). The isolated RNAs were hybridized with a probe complementary to the
template RNA and subjected to RNases A/T1 degradation. The fragment protected
by the RPA probe was shorter than the input RNA (Figure 6B). The designed probe
hybridizes completely to the asatRNA; therefore A/T1 RNases cleave the single
stranded 3’ overhang, which was detected as a shift in size of the RNA.

Taken together our results demonstrate that asatRNAs interact with the active
site of RNA Pol Il serving as template for a 3’ end extension of the RNA and/or

second strand synthesis via RNA-dependent RNA polymerase activity.

asatRNAs contain remnants of snoRNAs

It has been suggested that many non-coding RNAs might be remnants from the RNA
world (Brosius & Tiedge, 1996; Brosius, 1999, 2003). Alu elements originating from
the 7SL RNA (Ullu & Tschudi, 1984), and several SINEs, like the BC1 RNA, derived
from tRNAs (DeChiara & Brosius, 1987) are good examples. In order to characterize
a potential ancestor sequence of asatRNA we looked for hallmarks of functional
RNAs within o satellite transcripts by in silico structural and sequence analysis. For

each Dfam (Wheeler et al, 2013) o satellite family, the corresponding consensus
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structure was derived by clustalw (Larkin et al, 2007) aligning the seed sequences
used to generate the hidden markov models in Dfam. The alignments were
subsequently folded with RNAalifold. o satellites families alrA and alrB showed the
highest degree of structuredness, both harbouring a conserved stem located in the
first 65 nucleotides. In order to reduce the effect of the large variability within
o satellite sequences on the structure computation, the consensus structure was
recomputed by aligning only the consensus sequences of all three o satellite families.
The resulting consensus structure exhibited two stems separated by an unstructured
region containing an H-Box sequence and an ACA-Box found directly downstream of
the 3' stem - a structure similar to that of H/ACA-snoRNAs (Figure 7A).

In order to study phylogeny of o satellites we searched for asatRNAs
homologs in primates’ genomes. Dfam o satellite seed sequences were blasted
against primates’ genomes in the reverse order of the phylogenetic tree. Firstly,
human o satellites were blasted against the chimpanzee genome. All sequences
found to be homologous were than added to the query sequences and used to
screen the next closest genome, in this case of gorilla. The same procedure was
repeated for genomes of gorilla, orang-utan, gibbon, macacca, phillipine tarsier, grey
mouse lemur and greater galago. This strategy allowed us to identify alphoid
sequences up to the common marmoset, but not earlier in the evolution, as
previously reported (Shepelev et al, 2009).

In the marmoset genome, a total of 30 alphoid sequences were identified,
however no intersection between human o satellites sequences and the marmoset
EST was found. Those alphoid sequences were mapped to 17 distinct loci in the
marmoset genome, 5 of them mapped to three different intronic regions of coding
genes. Interestingly, the consensus structure of those sequence alignments folds into
a structure similar to the hairpin-hinge-hairpin-tail structure of H/ACA snoRNAs
(Figure 7B). Putative targets for the consensus sequence of those 5 intronic alphoids
were searched using RNAsnoop (Tafer et al, 2010) (Figure 7C). Three significant hits
were obtained: two located on the 28S rRNA and one the U5 snRNA. Still none of the
predicted sites are reported as pseudourydilated, indicating that marmoset homologs
to asatRNAs might not be functional snoRNAs. It should be noted that due to the lack
of complete annotation of marmoset rRNA sequences, the human rRNA sequences
were taken instead. In order to test for significance of the targets, the o satellites

consensus sequence used to find the target was dinucleotide shuffled 5000 times.
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The resulting score distribution was then compared to the score of the unshuffled
stems to the targets. Only 4 % of the hits from the shuffled sequences scored higher
than the best interaction computed for the consensus sequence showing that the
isolated targets are significant.

We provide phylogenetic sequence and structure evolutionary evidence that
asatRNAs derive from snoRNAs. These observations would support the Brosius
hypothesis of the origin of repeat elements being remnants from the RNA world
(Brosius, 2005).

Discussion

With the determination of the human genome sequence, a novel challenge
arose due to the high proportion of repeats harbouring our chromosomes. Analysis of
repeat-derived transcripts (repRNA) imposes specific challenges and requires special
strategies. Classical genetic approaches like mutational analysis and
complementation studies cannot be applied. Here we present an unbiased analysis
of transcripts derived from o satellites as a first attempt to explore this neglected part
of the human genome. We determined detailed properties of asatRNAs, an important
member of human satellites.

We show that o satellite arrays are transcribed by RNAPolll into non-
polyadenylated products over 8 Kb long that localize to the nucleus. Considering the
genomic distribution of satellite repeats, we assume that o satellite-containing
transcripts detected via Northern blot are of the centromeric higher-order arrays
origin. Northern blot analyses did not yield any signals corresponding to the size of
o satellite monomers suggesting that o satellites are neither transcribed as single
units nor long multimeric transcripts are processed into 171 nucleotide long
monomers. Further, we present that o satellites are transcribed from both DNA
strands. This observation implies that asatRNAs in sense and antisense orientation
may concurrently exist within the cell. If so, they potentially form double-stranded
complexes that could trigger RNA interference response. Data supporting the
presence of centromeric small siRNAs has been reported in S. pombe (Volpe et al,
2002; Hall et al, 2002), plants (May et al, 2005; Lee et al, 2006) and metazoans
(Fukagawa et al, 2004; Kanellopoulou et al, 2005; Pal-Bhadra et al, 2004).
Centromeric siRNAs alter the local chromatin structure of the centromeric locus that
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codes for those RNAs and thereby “converts nonspecific sequence information into
distinct chromatin states” (Jenuwein, 2002). Yet, in the standard Northern blot
analyses we were unable to detect siRNAs with the probe against o satellite,
suggesting that either long asatRNAs are not processed by Dicer into siRNAs,
consistently with the notion reported in (Wang et al, 2006), or siRNAs are
undetectable in our assays.

Northern blot analyses revealed that the steady-state levels of asatRNAs are
higher upon cellular stress. This finding matches results already reported by others
that the accumulation of satellites sequences is a consequence of DNA
demethylation, cellular stress or genomic instability observed i.e. in cancer (Ting et
al, 2011; Bouzinba-Segard et al, 2006; Jolly et al, 2004; Valgardsdottir et al, 2008).
Importantly, bioinformatics analysis of ENCODE metadata reinforce our data that
asatRNAs expression shown in HelLa cells is not due to the tumor transformation.
Reads mapping to o satellite arrays were also found in GM12878 primary cells
(Rozowsky et al, 2011) (Supplementary Table S2B). It is important to note that levels
of asatRNAs detected prior to heat shock and 1 hour later are comparable. We
interpret this as evidence that expression levels from centromeric loci are tightly
regulated under normal growth conditions. Studies on human artificial chromosomes
(HAC) (Nakano et al, 2008) together with some data obtained on neocentromers
(Saffery et al, 2003; Ishii et al, 2008) highlight the close correlation between low
transcriptional rates with the centromere function. Low level of asatRNAs
transcription was confirmed by bioinformatics comparison of asatRNAs amounts
relative to other RNA families within deep sequenced nuclear RNA libraries from
THP1 (Taft et al, 2010) and 5-8F (Liao et al, 2010) cells. To technically overcome the
problem of low abundance of asatRNAs, we designed primers and probes on the
consensus sequence of a satellite monomer allowing the detection en masse from
many o satellite genomic loci simultaneously.

With the analysis of asatRNAs expression throughout the cell cycle, we show
that transcripts level reach the peak during the S-phase. In general, the
heterochromatin covering repetitive sequences does not have an open structure
enabling binding of the transcription machinery. However, when centromeric DNA is
being replicated during the late S phase (Shelby et al, 2000), silencing marks are
diminished for a short period being just deposited on a newly replicated strand, what
may allow the transcription to start. Moreover, the chromatin state of the centromeric
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DNA shall be open enough to enable the dilution of CENP-A histone variant caused
by redistribution of parental CENP-A octamers to the daughter strands (Jansen et al,
2007). Lyn Chan et al (Chan et al, 2012) provided evidence that there is an active
RNA Pol Il at the kinetochores of metaphase and anaphase during mitosis in human
cells engaged in centromeric a satellite synthesis. This in turn, could suggest that
asatRNAs may be implicated in the kinetochore protein binding, similarly to the
maize single-stranded centromeric RNA shown to stabilize CENP-C binding to the
DNA (Du et al, 2010).

To address a potential function of asatRNAs, we searched for interacting
partners. Genomic SELEX coupled to deep sequencing is an approach that explores
genomic regions regardless of their expression levels and allows the identification of
functional domains within transcripts without previous knowledge on their structure or
sequence. We used this technology to screen the human genome for regulatory
RNAs that might interfere with transcription by direct interaction with RNA Pol Il. The
identification of RNA Pol ll-binding aptamers in RNAs derived from o satellites was a
first hint that they might contain a functional element on the transcript level. These
aptamers, termed PBEs (Polymerase Binding Elements), bind to the core of
RNA Pol Il. The human genome does not code for a canonical RNA-dependent RNA
polymerase (RdRP) and it has previously been shown that human RNA Pol Il can
exert this activity (Filipovska & Konarska, 2000; Wagner et al, 2013; Lehmann et al,
2007). Therefore we tested whether asatRNAs can serve as a template for an RARP
activity. This could clearly been demonstrated, especially when showing that the size
of the RARP product depends on the position of the asatPBE #111 on the RNA
template. RARP activity was detected both in vitro (Figure 5C, 5D; Supplementary
Figure S4) in a nuclear extract as well as in HeLa cells after nucleofection, and for
the first time endogenous RNA was presented as an RdRP template. In addition to
RdRP activity, we also detected 3’ extension of the asatRNAs. We do not suggest
that the products of these reactions are functional, but propose that they rather
represent a general activity of RNA polymerases to dissociate RNA molecules
trapped in the active site. This mechanism has previously been shown for the
bacterial small 6S RNA, which inhibits sigma70 programmed RNA polymerase under
stress conditions (Trotochaud & Wassarman, 2004, 2005). After stress, to be
released from the complex, the RNA polymerase uses the 6S RNA as a template for

RNA-dependent RNA polymerase activity, leading to the productions of p19 RNAs,
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for which no function has (yet) been shown (Wassarman & Saecker, 2006). We have
previously shown that the bacterial RNA polymerase performs 3’extension on
several RNAs that bind to its core regardless if these RNAs interfere with the activity
of the enzyme (Windbichler et al, 2008). We interpret the above results in such a way
that asatRNAs might be regulators of transcription, because they contain RNA motifs
that can recruit RNA Pol Il to any RNA that contains such a domain. It remains to be
tested if asatRNAs recruit RNA Pol Il to centromeres to potentially promote chromatin
remodelling.

A novel and intriguing aspect of our analysis is the evolutionary origin of
o satellites. We suggest that o satellites contain remnants of snoRNAs. When
inspecting the predicted secondary structure of consensus sequences of Dfam
(Wheeler et al, 2013) o satellites families, the highest similarity is to H/ACA
snoRNAs. Bioinformatically, asatRNAs fulfil all criteria to be classified as snoRNAs.
Additionally, the RNAsnoop target prediction tool (Tafer et al, 2010) identified
potential pseudouridilation target sites on the 28S rRNA and U5 snRNA. Several
other observations support our hypothesis. Marsupials’ shoRNAs have been found
inserted into a retrotransposable element, called snoRTE (Schmitz et al, 2008),
suggesting that they can disperse into many new positions. This indicates that at
certain time point during evolution snoRNAs invaded retroelements giving raise to the
amplification of the snoRNA motif. Moreover, when the evolutionary most distant
asatRNA homologues are folded, a short 40 nucleotides flank is observed. This
3’ overhang does not belong to the snoRNA motif, but could be a remnant of the
retrotransposable element. Finally, dyskerin, a human homolog of the yeast
centromere binding protein Cbfp5, bridges snoRNAs and centromeres. Dyskerin
being a pseudouridine synthase is a core component of H/ACA snoRNPs, but
intriguingly its depletion in HelLa cells also increases the mitotic index by disrupting
the formation of mitotic spindle (Alawi & Lin, 2013).
Taken together, we propose that asatRNAs have originated from snoRNAs, lost their
primary function by accumulating mutations, were reinserted into new locations, likely
via retrotransposition, and propagated onto centromeres forming functional higher-
order arrays of o satellites with a tightly controlled rate of transcription, presumably
triggered by the asatPBE-RNA Pol Il interaction.

The spreading of noncoding RNAs via genomic repeat elements is a wide

spread phenomenon. For example, Alu repeats originate from the 7SL signal
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recognition particle RNA (Ullu & Tschudi, 1984) and belong to SINE
retrotransposons. They evolve into alternative splice sites giving rise to new exons
when inserted into intronic sequences (Lev-Maor et al, 2003). When present in
3’ UTRs, Alu elements can be targeted by frans-acting Alus via RNA binding protein
STAU1 leading to mRNA decay (Gong & Maquat, 2011). Another example is BC1
RNA which is involved in translation repression in dendritic cells (Tiedge et al, 1991)
and was reported to be derived from tRNAs (DeChiara & Brosius, 1987). These
examples strongly sustain the notion that repeat-derived RNAs (repRNAs) originating
from functional RNAs represent a rich resource and a huge reservoir for the evolution

of RNAs with novel functions.

Materials & Methods

Cell culture

HeLa Ohio cells were seeded onto 10 cm plates in DMEM media supplemented with
4 mM L-glutamine and 10 % FBS and grown at 37 °C in 5 % CO, atmosphere. For
the analysis of asatRNAs expression, HelLa cells were cultured under native as well
as stress conditions. 80 % confluent cultured cells were subjected to heat shock at
45 °C for 30 min with subsequent recovery at 37 °C for 1 h, when indicated. Control

cells were maintained at 37 °C.

a amanitin treatment

5 x 10° HelLa cells were seeded onto 10 cm plates 42 h prior to a amanitin treatment.
At time point 0, cells were washed with PBS and incubated with the media
supplemented with 20 uyg/ml o amanitin (Bortolin-Cavaillé et al, 2009). Control cells
were grown in regular media. After each time point, total RNA was isolated from cells
harvested from a treated and a control dish and subjected to the analysis of

asatRNAs expression.

HelLa cells synchronization

HelLa cells were synchronized with double thymidine block and thymidine-nocodazole
treatment according to the protocol previously published by Wendt, K. S. et al (Wendt
et al, 2008).
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Hel a cells nucleofection

1 x 10° HeLa cells were nucleofected with 0.5-5 Mg in vitro transcribed, purified RNA
using Amaxa Cell Line Nucleofector Kit R (Lonza) and ATCC program on Lonza
Nucleofector Il according to the manufacturer’s instructions. After 24 h, nucleofected
and control cells were harvested for total RNA isolation.

RNA isolation

Total RNA isolation

Total RNA was isolated with the TRI Reagent (Sigma) according to the
manufacturer’s instructions. The quality of the RNA was assessed using UV
absorption at 260 and 280 nm. Then, two consecutive DNase | (NEB) treatments

were performed at 37 °C for 30 min to remove potential genomic DNA contamination.

Nuclear/ cytoplasmic fractionation

Separation of nuclei from cytoplasm was done using the modified Sambrook and
Russell protocol. 80 % confluent cells were washed with PBS and spun down at
2000 xg at 4 °C for 5 min. Cell pellet was resuspended in Lysis Buffer (0.14 M NacCl,
1.5 mM MgCl,, 10 mM Tris-Cl pH 8.6, 0.5 % NP-40, 10 mM Vanadyl-Ribonucleoside
Complexes) and underlaid with an equal volume of Lysis Buffer containing 24 % wi/v
sucrose. Nuclei were fractionated by density gradient with ultrafugation at 10,000 xg
at 4°C for 20 min. The cytoplasmic fraction was recovered and subjected to
proteinase K digestion (200 pg/ml). The nuclear pellet was resuspend in Lysis Buffer
and nuclei were disrupted and the liberated genomic DNA was sheared mechanically
through the needle. Then, the nuclear fraction was digested with the proteinase K
(200 pg/ml). RNA from both fractions was subjected to two consecutive DNase |
(NEB) treatments at 37 °C for 30 min and purified by standard phenol/chloroform

extraction, precipitated and collected by centrifugation.

RNA analysis

Strand specific RT-PCR

For a first strand cDNA synthesis, 0.1-2 pg of DNasel-treated RNA was used. Mixture
of RNA with 1 uM of strand specific or 0.1 yM radioactively end-labelled primer was
denatured at 70 °C for 10 min. Reverse transcription reaction (OmniScript, Qiagen)

was performed at 45 °C for 1 h according to the manufacturer’s protocol. “No primer”
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and “no reverse transcriptase” controls were included. 5 ul of the reverse
transcription reaction was amplified by PCR and analyzed on agarose gel or, in case

of primer extension, on 8 M urea 8 % PAA gel.

Streptavidin-Biotin pull down

150 pmol biotinylated oligo(dT) probe (Promega) was incubated with prewashed
streptavidin beads (Streptavidin MagneSphere® Paramagnetic Particles, Promega)
at RT for 10 min according to the manufacturer’s instructions and added to the
denatured 200 pg of total RNA resuspended in 0.5 x SSC. Magnetic beads were
captured and washed with 0.1 x SSC. Enriched RNA was eluted and 50 ng were
analyzed with strand-specific RT-PCR.

Northern blot

15-30 ug of RNA samples were dissolved in 2 x denaturing loading dye, denatured
and loaded onto a prerun 0.8 % formaldehyde agarose gel. Electrophoresis was
carried out at 175V, 4°C for around 5 hours. RNA was transferred onto
nitrocellulose membrane Hybond N+ (Amersham) by capillary transfer o/n and
covalently cross-linked to the membrane by 254 nmUV, 120 mJ/cm2 (UV Stratalinker
2400). After prehybridization in hybridization buffer (Ambion® ULTRAhyb®-Oligo,
Ambion® ULTRAhyb®, Ambion), denatured 5 end-labeled probe was added and
hybridized at 42 °C o/n. The blot was washed according to manufacturer’s protocol
and visualized by autoradiography.

Reverse RNase protection assay

Total content of the transcription reaction in the HelLa nuclear extract (see section
Transcription in HeLa nuclear extract) with [0->*P] rUTP was hybridized to a probe
complementary to the input asatRNA at 42 °C o/n, digested with A/T1 RNases
mixture at 37 °C for 30 min, and precipitated according to the RPA Ill Ribonuclease
Protection Assay Kit (Ambion) protocol. Samples were analyzed on 8 M urea 8 %

PAA gel and visualized on a phosphoimager screen.

In vitro experiments with HelLa nuclear extract
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HeLa nuclear extract preparation

HelLa cells grown in suspension were collected at 2000 rpm at 4 °C for 15 min,
washed with PBS and spun down again. Cells pellet was swelled in hypotonic buffer
(20 mM HEPES pH 7.9, 1.5 mM MgCl, 10 mM KCI, 1 mM DTT, 1 mM PMSF) on ice.
After Douncer homogenization, nuclei were pelleted at 2800 rpm at 4 °C for 15 min;
resuspended in resuspension buffer (20 mM HEPES pH 7.9, 1.5 mM MgCl,, 420 mM
KCI, 0.2 mM EDTA, 1 mM DTT, 1 mM PMSF, 20 % glycerol) and homogenized to
disperse clumps. The homogenized suspension was then stirred and spun at
18,000 rpm at 4 °C for 30 min to remove cell debris. Recovered supernatant was
dialyzed to remove salts in dialysis buffer (50 mM HEPES pH 7.9, 100 mM KCI,
1 mM EDTA, 1 mM DTT, 0.1 mM PMSF, 20 % glycerol). Subsequently proteins were
precipitated with (NH4)>,SO4 (0.35 g/ml of extract), collected by centrifugation at
17,000 xg at 4 °C for 20 min and gently resuspended in dialysis buffer. Dialysis was
done o/n at 4 °C with 3,000 MW cut-off. Insoluble debris was pelleted at 14,000 xg at

4 °C for 20 min, whereas the supernatant was snap-frozen to be stored at -80 °C.

Incubation in HeLa nuclear extract

5-50 nM unlabeled, in vitro transcribed asatPBE #111 RNA or control 50 nM PCR
product, were pre-incubated at 30 °C for 10 min in a reaction mixture containing: 1 x
rNTPs mix (0.4 mM rATP, 0.4 mM rGTP, 0.4 mM rCTP, 0.016 mM rUTP), 3 mM
MgCl,, 1 x Transcription Buffer (20 mM HEPES pH 7.9, 100 mM KCI, 0.2 mM EDTA,
0.5 mM DTT, 20 % glycerol), 20 U RNase inhibitor. Afterwards, HeLa nuclear extract
and [0-*?P] rUTP was added to the reaction and incubated at 30°C for 1 h.
Transcription reaction was terminated by adding stop solution (0.3 M Tris-Cl pH 7.4,
0.3 M NaOAc, 0.5% SDS, 2mM EDTA) and RNA was purified by standard
phenol/chloroform extraction. Transcription products were separated on 8 M urea 8-

12 % PAA gel and visualized on a phosphoimager screen.

Bioinformatics

a satellites annotation
Due to the lack of a satellites annotation on the unplaced contigs of the DFAM
o satellites annotation, and the fact that the o satellites annotation changed twice

during our study, we decided to re-annotate o satellites on hg19. The script
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dfamscan.pl was  used as  described on the DFAM  website
(http://dfam.janelia.org/help/tools) (Wheeler et al, 2013).

Motif search

Motif search was done with MEME (Bailey & Elkan C, 1994). To this aim, all
RNA Pol Il binding aptamers found to overlap with o satellites were classified into
direct and reverse complement sequences depending if the aptamer sequences were
parallel (170 unique aptamers) or antiparallel (129 unique aptamers) to o satellite
array. The motif search was separately done for both groups. For each group, a
random pool of 20000 « satellites was used as negative background. Based on this
background distribution, MEME was subsequently used to search for motifs. The
search explicitly required finding exactly one motif per sequence, with a maximal

motif size of 30 nucleotides, and a minimal length of 6 nucleotides.

snoRNA target prediction

The target prediction for snoRNA-like alphoid sequences was done using RNAsnoop
(Tafer et al, 2010). The query sequence used was the consensus sequence of the 3
intronic sequences homologues to human « satellites found in marmoset. Target
search was run on the marmoset snoRNAs and the human rRNAs, as no complete

marmoset rRNA sequences was reported.

Expression of non-coding RNAs in RNAseq data
The set of nuclear long non-coding RNAs were retrieved from (Ip & Nakagawa,
2012).
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Legend to Figures

Figure 1. asatRNAs are transcribed in HeLa cells. A. Schematic representation
of a satellite array amplification. Fwd and Rev primers are designed to amplify one
a satellite unit. Primers can also hybridize to flanking units, giving rise to a population
of products varying by 171 bp. B. asatRNAs are derived from both DNA strands.
Total RNA extracted from HelLa cells was subjected to strand specific RT-PCR run in
the presence of radioactive [a-32P] dGTP. Amplicons were analyzed on 5 % native
PAGE and visualized by autoradiography. Fwd primer in RT step detects RC-
asatRNA, Rev primer primes D-asatRNA. As a control for strand specificity: RT
reaction was performed without any primer (-). RT enzyme was omitted in —RT
control to detect genomic DNA contamination. PCR on genomic DNA served as a
positive control. C. asatRNAs are longer than 8 Kb. 30 pg of total RNA extracted
from HeLa cells grown under normal condition (37 °C, «), heat shocked (45 °C, 30’)
and heat shocked (45 °C, 30’) followed by 1 h recovery (37 °C, 60’), was analyzed by
Northern blot to estimate the size and relative abundance of asatRNAs. End-labeled,
degenerate LNA-modified DNA probes were used to detect D-asatRNA and RC-
asatRNA. The profile of ethidium bromide stained ribosomal 18S and 28S served as

a loading control and is presented below the blots.

Figure 2. asatRNAs localize to the nucleus. A. asatRNAs are detected in the
nuclear fraction by Northern blot. 15 ug of fractionated HeLa RNA was analyzed
by Northern blot with end-labeled, degenerate LNA-modified DNA detecting
asatRNAs from + and - DNA strands (D-asatRNA, RC-asatRNA, respectively). 20 ng
of in vitro transcribed o satellite unit (inv D-asat/inv RC-asat) served as a positive
control on each blot. The profile of ethidium bromide stained ribosomal 18S and 28S
served as a loading control and is presented the blots below. B. Nuclear
localization of asatRNAs was verified by strand specific RT-PCR. asatRNAs
were detected in cytoplasmic and nuclear RNA fractions. Products of strand specific
RT-PCR were analyzed on agarose gel. Fractionation accuracy was assessed by
Gapdh and Kcnq1ot1 localization.
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Figure 3. asatRNAs are atypical RNA Polll transcripts. A. asatRNAs are
o amanitin sensitive. Total HeLa RNA extracted from o amanitin-treated (20 pg/ml)
and control cells at time points 0 h, 6 h, 24 h and 48 h, was assayed for o satellite
expression by strand specific RT-PCR. To verify the specificity of o amanitin
treatment, Gapdh (RNA Pol Il) and 5S rRNA (RNA Pol lll) were amplified. PCR on
genomic DNA was performed as positive control for D-asat and RC-asat
amplification. B. asatRNAs do not contain poly(A) tails. Polyadenylated transcripts
were pulled down with oligo(dT) probe from total HeLa RNA. Pulled down (PD) and
flow through (FT) fractions were examined for expression of D-asatRNA and RC-
asatRNA by strand specific RT-PCR. Bands marked with an asterisk were confirmed
by sequencing to be derived from a satellites. Gapdh and U6 transcripts served as
controls for pull down procedure. C. The experimental setup for analysis of 5’
terminus of transcripts. Using 5 adapter ligation reaction from FirstChoice RLM-
RACE Kit (Ambion), the 5’ terminus of transcripts was analyzed. The ligation of the 5’
adapter depends on the presence of the cap structure on the RNA and TAP
treatment that removes the cap leaving 5" monophosphate ready for adapter ligation.
CIP treatment, prior to TAP, allows discrimination between capped and processed or
degradation products. D. asatRNAs possess 5’ cap structure. Total RNA isolated
from HelLa was subjected to CIP/TAP treatment and analyzed by RT-PCR with
o satellite primers. -RT reaction was included to control for genomic DNA

contamination. Gapdh transcript served as positive control.

Figure 4. RNA Pol ll-binding aptamers derived from o satellites. Overlaps
between RNA Pol lI-binding aptamers and o satellite units are shown in brown.
Because the motifs are found to be located on the boundaries between two o satellite
units, the position of the overlaps is shown with respect to their location in the offset
o satellite, i.e. satellite sequences shifted by 85 nucleotides (offset asat). The bold
arrow indicates the corresponding position in the non-shifted frame. The motifs are
shown as weblogo. The p-value corresponds to the p-value return by MAST when

scanning the motifs against a satellite dimer.

Figure 5. asatRNAs interact with the active site of RNA Pol Il. A. asatRNA is a

substrate for RNA-dependent RNA polymerase activity in vivo. A chimeric RNA
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template consisting of the o satellite aptamer for RNA Pol Il (asatPBE #111) and a
15-mer non-human sequence fused upstream, was nucleofected into HelLa cells.
After 24 h, cells were harvested, total RNA was isolated and subjected to the strands
specific RT-PCR. Results obtained on RNA isolated from HelLa cells are presented
on the right site. RT-PCR performed on the input RNA is shown on the left site. B.
Detection of labeled asatRNA products is blocked when DRB is added to HelLa
nuclear extract reaction. 50 nM RNA template consisting of 70-mer o satellite
aptamer for RNA Pol Il (asatPBE #111) fused with 15 nucleotides non-human
sequence (A), was incubated in a HelLa nuclear extract with [a-*?P] rUTP in the
presence or absence of 60 uM DRB inhibitor (+/-). Resulting transcripts were then
analyzed on denaturing 8 M urea 8 % PAA gel. Reaction without added template (-)
serves as a control for background transcription from remaining nucleic acids in the
nuclear extract. End-labeled 70 and 85-mer RNAs served as size markers. C.
asatRNA is a specific target for RARP activity. Templates used are shown on top:
double-stranded DNA fragment containing T7 promoter (»), 70-mer asatPBE 111
aptamer fused to 15-mer non human sequence, located at the 3’ or 5’ terminus of the
template (m, A, respectively). 100 nM templates were incubated in HelLa nuclear
extract in the presence of [oc-32P] rUTP. Products of in vitro transcription reaction
were analyzed on 8 M urea12 % PAA gel. To control for a background transcription,
the reaction with no added template (-) was performed in parallel. End-labeled 70
and 85-mer RNAs served as size markers. D. Schematic interpretation for the
results obtained in C. RNA Pol Il binds to the aptamer asatPBE #111 sequence
within asatRNA either omitting or including the non-human 15-mer to the

radioactively labeled product.

Figure 6. Reverse RNase Protection Assay detects 3’ extension on the
asatRNA. A. Scheme for the experimental setup. B. asatRNA is extended by a
few residues upon incubation in HeLa nuclear extract. 50 nM RNA template
consisting of 70-mer « satellite aptamer for RNA Polll (asatPBE #111) was
incubated in HeLa nuclear extract in the presence of [a->*P] rUTP. After stopping the
transcription reaction, the output RNA was precipitated, combined with a
complementary RPA probe, subjected to RNases A/T1 treatment and analyzed on
8 M urea 8 % PAA gel. Samples digested with RNases A/T1 (+) were run along with
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untreated controls (-). Output RNA precipitated from the Hela nuclear extract is
loaded in the lane 1 as a size reference. P, D in the schematic top panel strand for

protection and degradation, respectively.

Figure 7. asatRNAs contain remnants of shoRNAs. A. Consensus secondary
structure of the human o satellite consensus sequences extracted from Dfam
database. Red-colored base pairs show no compensatory mutation. Ocher base
pairs have one compensatory mutation. B. Consensus structure of the marmoset
alphoid sequences located in introns. The same color code as in A was used. C.
Best-scored target predictions for the marmoset alphoid consensus sequence
as predicted by RNAsnoop (Tafer et al, 2010).
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Figure 2
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Figure 3
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Figure 5
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ABSTRACT

Transcription elongation is not a smooth process. The elongation rate depends on the
underlying DNA sequence and varies on a gene-by-gene basis. The direct interplay between
the nascent RNA and the transcribing RNA polymerase is a poorly explored field. Here we
screened the human genome for RNAs that regulate transcription elongation by direct
binding to RNA polymerase Il (Pol Il). We performed Genomic SELEX with a human
genome-derived RNA library as prey and a highly purified Pol Il as bait. We identified a
variety of RNA polymerase IlI-binding APtamers (RAPSs), which are prominent in repeat
elements such as ACRO1 satellites, LINE1 retrotransposons and CA simple repeats, and
also enriched in several protein-coding genes. When translated into protein in silico, human
RAPs are highly enriched in the amino acids proline, serine and threonine, which are found
in the CTD heptapeptide repeat of Pol Il. In particular, ACRO1 satellites exhibit a strong
similarity to Pol Il CTD on the protein level. These observations have implications concerning
the recently proposed mRNA/protein complementarity hypothesis and the origin of the
genetic code, but also suggest a mechanism for RAP binding. Finally, using a reporter
construct, we show that a subset of RAPs potently inhibit Pol Il elongation in cis. We propose
a novel mode of transcriptional regulation, in which the nascent RNA binds Pol Il to silence
its own expression, and hypothesize that this mechanism is employed by repetitive DNA

elements.

Keywords: Transcription, RNA polymerase Il, RNA aptamers, regulatory RNAs,
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Significance Statement max 120 words PNAs

*We demonstrate the power of genomic SELEX in combination with deep sequencing as
an approach to find silencing RNAs in complex genomes. We identified RNA Polymerase II-
binding RNA aptamers (RAPs) as a novel class of RNA signals that control transcription in
cis. RAPs can be found in repeat elements like ACRO1 satellites and LINE1
retrotransposons. A most intriguing observation is that ACRO1 satellites translate into a
protein sequence with high similarity to the Pol Il CTD heptapeptide repeat, which has

implications for their evolution and the origin of the genetic code.

Introduction

Control of gene expression is essential for all living organisms to coordinate growth
and development. Transcription, as the first step, is tightly regulated, and Pol Il progression
along the gene is not smooth. Pol Il pauses at the promoter-proximal region and also during
elongation (1-3). The dynamics of the elongating polymerase vary on a gene-by-gene basis
suggesting that the underlying gene sequence is a significant factor for transcription
efficiency (1, 4). A large number of protein factors regulate transcription in various ways and,
recently, several RNAs have been identified that interfere with transcription via diverse
mechanisms. For example, long non-coding RNAs affect transcription by changing chromatin
structure and function (5). A few RNAs have been demonstrated to be frans-acting regulators
of transcription (6—8). To date, only three naturally occurring trans-acting RNAs have been
reported to directly bind to RNA polymerase and inhibit transcription: 6S RNA (E. coli), B2
RNA (M. musculus) and Alu RNA (H. sapiens) (6—8). In addition, an in vitro selected RNA,
the FC aptamer, is able to inhibit transcription of yeast Pol Il in vitro by binding to the active
center cleft of Pol 11 (9).

The bacterial 6S RNA is the best-studied example of a trans-acting RNA that
regulates the activity of bacterial RNA polymerase. Upon entry into stationary phase, 6S

RNA binds the active center of the o’°-containing holoenzyme and inhibits housekeeping
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transcription (6, 10). In order to recycle the polymerase, 6S RNA is used as a template in an
RNA-dependent RNA polymerase reaction which disrupts the RNA-protein interactions and
allows 6S RNA to slide out of the active center (10). In eukaryotes, small RNAs have also
been suggested to inhibit housekeeping transcription in trans by direct binding to Pol II.
Mouse B2 and human Alu RNAs are induced by stress (11) and downregulate initiation of
Pol Il transcription at promoters (8, 12). Certain RNAs are also able to serve as a template
for an ancient RNA-dependent RNA polymerase activity of Pol Il (13—-15). These examples
show that RNA polymerases are very versatile machines capable of accommodating many
different RNAs and of adapting to changing demands.

A less-explored field is the impact of cis-acting nascent RNA-borne signals on
transcription. Bacterial riboswitches, located in the 5 untranslated regions of mRNAs, can
dynamically refold in response to ligand binding or temperature shift and promote
transcription elongation or termination (12, 16). Similarly, eukaryotic Pol Il activity has been
shown to be affected by secondary structure in the nascent RNA. By inhibition of
backtracking stable structural elements prevent pausing and thereby increase the rate of
transcription (17, 18). Furthermore, nascent RNAs can bind and trap transcription factors to
the site of transcription contributing to transcription factor association with their cognate DNA
elements (19). Alternatively, nascent transcripts can recruit proteins that cause transcription
attenuation (16). For example, the recognition motifs of Nrd1 and Nab3, components of a
yeast transcription terminator complex, are enriched in ncRNAs but depleted from mRNAs
(16, 20).

In this work, we tested the hypothesis that the direct interaction of the nascent RNA
with the transcription machinery is able to regulate transcription. This phenomenon is known
from the bacterial world, in which the phage putL and putR RNA structures interact with the
exit channel of RNA Polymerase and block termination (21). We aimed to identify human
RNA sequences that have a high affinity to RNA polymerase Il and hypothesized that they
could interact with and reprogram the transcription machinery. We performed a genomic

SELEX experiment using the human genomic DNA as template for RNA sequences and
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RNA Pol Il as bait. We obtained a collection of RNA polymerase binding APtamers termed
RAPs and analyzed their capacity to interfere with transcription in cis. We focused on one of
the most highly enriched SELEX sequences derived from ACRO1 satellites and showed that

ACRO1-derived RAPs are potent self-silencing elements.

Results

Genomic SELEX identifies Pol ll-binding aptamers encoded in the human genome

We constructed an RNA library (18) representing the human genome in short (30-400 nt)
transcripts and screened it for high-affinity binding to a purified complete Pol Il 12-subunit
complex from Saccharomyces cerevisiae since human Pol |l could not be obtained in
sufficient purity and quantity. Due to the high degree of conservation of the enzyme (22) and
the fact that murine B2 RNA is able to bind to the S. cerevisiae Pol Il core (23), we assumed
that the binding sites for other RNAs might also be conserved. In the course of the SELEX
procedure (Fig. 1A), Pol lI-binding RNAs started to enrich in the 4™ cycle (Fig. 1B) showing
that the vast majority of RNAs in the starting pool do not bind to Pol Il. We enforced higher
stringency in the 6™ and 7" cycles by lowering the protein concentration, thereby increasing
the RNA-to-protein ratio in order to select sequences that bind in the low nanomolar range.
We selected 200 clones from the 7" cycle for Sanger-sequencing which resulted in 74
individual RNAs. We validated the selection by showing that a set of exemplary RNAs from
the 7" SELEX cycle are expressed (Sl Fig. S1A), bind human Pol Il in vitro (S| Fig. S1B) and
can be co-immunoprecipitated with Pol Il from HelLa lysates (Fig, 1C). The predominant RNA
species among the 200 individually cloned aptamers were derived from repeat regions, such
as LINEs, SINEs and satellites. These findings show that the successfully selected RNAs
bind to Pol Il in their natural context. Binding of total RNA from the 7™ cycle pool to purified
human Pol Il can be partially outcompeted by B2 RNA, thus, a fraction of RAPs presumably

interacts with the Pol Il active site (Sl Fig. S1C).

RAPs are found throughout the human genome, most notably in repeat regions
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Although the selection procedure resulted in the successful isolation of RNAs binding to
Pol Il, no significantly enriched sequence was observed in the small sample of 200 clones,
suggesting that the pool from the 7" cycle contained many diverse sequences. Therefore, we
subjected this enriched pool to deep sequencing and computational analysis (Figure 2). A
database was established to better access the outcome of the selection

(http://alu.abc.univie.ac.at/pbe; username: renee; pw: pbepbepbe), which links all sequences

to their genomic regions displayed in a GBROWSE instance (24). Enriched RNAs were
mapped uniquely or multiple times to the genome. The unique hits were enriched in genic
and intergenic regions, in sense as well as antisense orientation relative to the coding strand.
The most prominently enriched RAP 5765 maps to the sense strand of intron 13 of the
MARK4 gene on chromosome 19 (Table 1). The majority of sequences, however, mapped to
repeat regions and their enrichment was normalized according to their frequency in the
human genome (Table 2). The enriched RNAs did not contain one single dominant sequence
or structural motif, suggesting that Pol Il can bind a variety of diverse RNA molecules.
Generally, RAPs were more CA-rich than expected by chance (S| Fig. S2) and the highest
enrichment score among the repeats was reached by (CAC*/:°/x), simple repeats and the

ACRO1 family of satellites.

ACRO1 satellites

The ACRO1 consensus repeat unit is 147 bp long and occurs as 1.3-2.4 kb and 256 bp long
arrays within a 6 kb higher-order repeat structure containing portions of LINEs, LTRs and
DNA transposons. We termed these higher-order repeats “ACREs” for ACRO1-containing
repeat elements (Fig. 3A and Sl Fig. S3A). While ACREs are partially or fully conserved
among all sequenced primates (S| Fig. S3B), no non-primate organism was found to carry a
homologue of the ACRO1 repeat. ACRO1 satellites are moderately abundant tandem
paralogue repeat elements clustered in the pericentromeric region of chromosome 4 and
dispersed on chromosomes 1, 2, 19 and 21 (Fig. 3B and C). Many ACRO1 satellites have

been mapped by FISH to chromosome 3 and to the acrocentric chromosomes 13, 14, 15,
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and 22 (25). However, these regions have not been annotated yet, indicating that many, if
not most, ACREs are not represented in the current build of the human genome. Figure 3D
shows SELEX read stacks mapping to the ACRO1 consensus unit defining the Pol ll-binding
region. These read stacks cover the ACRO1 RAPs, which are not individual bona fide
transcripts, but rather domains within longer RNAs with Pol Il-binding potential. We were
unable to detect stable transcripts derived from ACRO1 satellites in HelLa cells.
Nevertheless, ACRO1 satellites have been reported to be expressed at very low levels in
several epithelial cancers (26).

“We noticed that ACRO1 satellites are over-represented in codons for amino acids
also present in the Pol Il subunit 1 CTD, especially proline, serine and threonine.”?. When
translating the ACRO1 consensus sequence in silico into protein and aligning it with no gaps
with the Pol Il CTD, 23 out of 49 amino acids are identical and most convincingly also reflect
the repetitive nature of the heptapetptide repeat (Fig. 3E). Furthermore, the ACRO1 RAPs
harbor part of the sequence previously identified in a random SELEX experiment that binds
to the Pol Il CTD with an estimated Kp of 600 nM (38) This is reminiscent of the
stereochemical hypothesis of genetic code origin that suggests that the code evolved in part
from direct binding preferences between amino acids and their codons (27-29). Recently, we
have extended this hypothesis to suggest that proteins, especially if unstructured, might in
general bind specifically to RNAs that share codon composition with their mMRNAs (30-32).
We therefore also translated all the enriched human RAPs into amino acids in all three 5 —3’
reading frames and surprisingly found a strong bias for amino acids proline, serine and

threonine, which are present in the Pol [l CTD heptapeptide repeat YSPTSPS (Fig. 3F).

LINE1 retrotransposons are rich in RAPs

Another class of repeats prominent in our selection were the LINE elements, which was
especially interesting because they had previously been reported to disrupt their own
expression (33). There are multiple RAPs located within the 4 kb LINE1 ORF2 sequence

(Fig. 4A). LINEs were shown to inhibit transcription when introduced into a reporter construct
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(Fig. 4B) and transfected into HelLa cells (33). In this context, it had not been possible to
narrow down the sequences responsible for disruption of transcription, though the effect was
clearly dependent on the length of the LINE sequence. These results possibly indicate that
LINEs contain sequences reducing their expression to avoid active invasion and damage of
the genome caused by retrotransposition. The fact that RAPs were especially enriched in
active full-length LINEs supports this hypothesis (S| Fig. S4). We repeated the above-
mentioned experiments and analyzed the role of RAPs in LINE silencing. As can be seen in
Figure 4C, the presence of ORF2 abrogated transcription of the reporter gene (L1), and
elimination of the flanking RAPs led to a partial recovery (L1BS). These results corroborate
the notion that sequences within the LINE1 ORF2 interfere with transcription. The fact that
these sequences were enriched in the SELEX experiment suggests that the silencing is

mediated by RNA-Pol Il interaction.

RAPs disrupt transcription in cis

Encouraged by this observation, we used the same system to test whether highly enriched
RAPs, such as ACRO1 repeats and RAP 5765, could also lead to transcriptional disruption.
Single RAPs inserted into the GFP-LacZ reporter system had no or only a minor effect on
steady-state RNA levels (Fig. 4D). However, insertion of multiple ACRO1 repeat units into
the reporter resulted in a strong transcriptional disruption. A short insert of 0.3 kb containing
two ACRO1-derived RAPs already had a visible effect, and ACRO1 insertion of 1.1 and 1.4
kb almost completely eliminated the RNA product (Fig. 4F and Sl Fig. S5). When multiple
RAPs of the highly enriched genic 5765 aptamer were cloned in tandem, they severely
disrupted transcription of the GFP reporter and the number of RAPs correlated with the
extent of transcriptional repression (Fig. 4E and Sl Fig. S5). This down-regulating effect of
the RAPs was alleviated when reverse complement sequences were used as controls
confirming sequence and/or structural specificity and ruling out the possibility that a trans-

acting DNA-binding factor constitutes a roadblock to transcription.
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We further focused our analysis on ACRO1 satellites and asked whether the
promoter has an impact on the transcriptional downregulation mediated by RAPs. Replacing
the CMV with the alpha-globin promoter in the GFP-LacZ reporter resulted in similarly
depleted GFP expression levels (Fig. 4G). In addition, RAPs did not have an effect on the
cognate locus in trans (Fig. 4H). It is thus possible that RAPs either regulate their expression
co-transcriptionally or affect the stability of the mature RNA.

To distinguish between post- and co-transcriptional regulation, we monitored
transcript levels upstream and downstream of the ACRO1 insertion by RT-gPCR (Fig. 5A).
Total RNA was isolated and RT-gPCR primer pairs were designed to flank the ACRO1
sequence. We compared transcript levels at three loci upstream and three loci downstream
of the ACRO1 insert. The decrease of the downstream RNA levels in ACRO1-containing
construct, but not in reverse complement (ORCA) or no-insert (-ins) controls, indicates that
RNA production was compromised at the ACRO1 locus. We repeated the experiment with
separated Poly(A)+ and Poly(A)- fractions of total RNA (S| Fig. S12). We reasoned that the
Poly(A)- fraction contained incomplete products of ongoing transcription and could thus
uncover true co-transcriptional regulatory events, whereas the Poly(A)+ fraction contained
full-length RNAs that escaped the regulation (Sl Fig. S13). Indeed, the RNA profile in the
Poly(A)+ fraction was comparable between ACRO1 construct and controls, but the
downstream RNA did strongly decrease in the Poly(A)- fraction indicating that RAPs have no
impact on the fate of the mature full-length transcript (Fig. 5B and C). These results show
that the RAP-mediated inhibition is co-transcriptional, spatially restricted to the vicinity of the
RAP template and that RAP-containing RNAs are stable once fully transcribed.

To test whether individual RAPs exert transcriptional repression in their endogenous
context, we took the same approach to quantify transcript levels upstream and downstream
of the most highly enriched genic RAP 5765 within the MARK4 gene intron 13 (Fig. 5D). The
results show a moderate decrease of downstream RNA indicating that even a single RAP

can modulate transcriptional output in its endogenous context.
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Discussion

Genomic SELEX is a powerful tool to extract silencing information from genomes
Transcription is a central process in cellular life, and its regulation occurs at multiple levels.
The number of proteins known to interfere with this process is large. However, we reasoned
that RNA might also be a potent regulator of transcription, and that especially the nascent
RNA might contain signals that communicate with the transcription machinery. Genomic
SELEX using the complete human DNA as source of RNAs and purified Pol Il as bait is a
powerful approach in this context because this procedure is unbiased and also includes DNA
sequences that are expressed at a very low level or not at all in vivo (34). Because the
human genome contains a high percentage of non-transcribed repetitive elements, we
hypothesized that their silencing could be linked to their underlying RNAs of origin. Many
retroelements in the human genome are derived from retrotransposed functional non-coding
RNAs (35, 36). LINE retrotransposons, for example, are known to disrupt transcription in cis
(33). Using this unbiased approach, we identified a large number of human RNA Pol I
aptamers (RAPs) encoded throughout the human genome both in unique and, most
prominently, in repetitive elements. RAPs do not constitute a single RNA family with one
common motif or structure, although they are generally CA-rich. RAPs are very diverse
suggesting that there are many different ways that RNAs can interact with Pol Il, perhaps not
surprisingly, as the Pol Il complex is very large and contains many potential interaction sites
on its surface and in its active site. The yeast Pol |l active center has been shown to be very
flexible and able to accommodate quite large RNAs (23), and a recent cryo-EM analysis of

the mammalian Pol Il showed high degree of similarity between the two enzymes (37).

ACRO1 satellites are derived from Pol Il CTD and might shed light on the origin of the
genetic code

Recently, we have demonstrated that nucleobase-density profiles of typical mRNA
coding sequences match closely the nucleobase-affinity profiles of their cognate proteins,

with anti-matching seen only in the case of adenine profiles (30-32). This finding generalized
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the stereochemical hypothesis of the origin of the genetic code (27-29), but also suggested
that proteins, especially if unstructured, may bind in a co-aligned, complementary fashion to
their cognate mRNAs, but also other RNAs that share features with their mMRNAs (30-32). In
direct support of this proposal, here we could show that, remarkably, ACRO1 satellites
encode a protein sequence similar to the Pol Il CTD and that, in addition, the RAPs are
enriched in codons for the amino acids proline, serine and threonine, which feature heavily in
the Pol Il CTD sequence. This, in turn, allows us now to propose that the mechanism of RAP
binding to Pol Il may in part involve direct interactions between the codons contained in
RAPs with their corresponding amino acids in Pol Il and, especially, its CTD. Further analysis
of these exciting possibilities is a topic of our current work and will be published elsewhere.
Furthermore, it is possible that ACRO1 repeats are evolutionarily derived from the Pol
Il CTD to introduce an additional level of transcription regulation close to centromeres.
ACRO1 elements are moderately abundant in the human genome and are mainly located in
pericentromeric regions which are transcriptionally inactive. Their mobility could have been
provided by the mobile elements contained within the ACREs (Sl Fig. S3). This must be a

very recent acquisition as they can only be found in primates.

RAPs represent a novel type of regulatory RNA signals

In this work, we identified a novel level of transcription regulation by showing that
RNA signals on the nascent RNA can interfere with the transcribing Pol Il in cis, abrogating
transcription. It had already elegantly been shown that the secondary structure of the
nascent RNA affects the rate of Pol Il transcription in vitro by inhibiting backtracking and thus
preventing the polymerase to escape from pausing (17). Interaction between Pol Il CTD with
mRNA has also been reported to suppress transcription-coupled 3’-end processing (38).
RAPs are RNA sequences that were enriched in a SELEX procedure due to their virtue of
binding to Pol Il. They are not bona fide transcripts but rather domains within potentially
expressed RNAs that convey Pol Il binding capacity to their host transcripts. In the context of

our experiments, RAPs are part of the nascent transcript interacting with Pol Il in cis during
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transcription. We observed that their effect on transcription is additive and that the more
RAPs are present on the nascent RNA the stronger the inhibitory effect. Most importantly,
the inhibitory effect is co-transcriptional. Once the RNA is fully transcribed, RAPs have no
impact either on transcription or on the stability of the transcript. Based on these
observations, we hypothesize that the nascent RNA can cross-talk to Pol Il via many
potential interaction sites on its surface, or via the CTD, and thereby disrupt transcription
(Fig. 5E).

Recently, circular intronic long noncoding RNAs were shown to accumulate at the site
of transcription, associate with the elongating RNA polymerase and act as positive regulators
of transcription (39). Here we add another layer of transcriptional regulation that involves cis-
acting sequences within the nascent transcript that affect transcription elongation. This might
be an essential self-regulatory strategy for repeat elements to stay silent, enabling their
survival in the genome during evolution. In addition, we hypothesize that RAP-mediated
control of transcription might play a role in gene-regulatory processes, which depend on the
rate of Pol Il progression, such as alternative splicing and termination (40). Indeed, several

RAPs map downstream of alternative splice sites and alternative polyadenylation sites.

RAP-mediated transcription termination is a conserved phenomenon from bacteria to
yeast to humans.

In this work, we have presented evidence that Pol Il can "sense" the nature of
transcripts by means of direct interaction and that some RNA sequences encoded in the
human genome have the potential to interfere with their own transcription in cis. We propose
a novel mode of transcriptional control in human cells, wherein the nascent RNA binds to the
transcribing Pol Il making it elongation-incompetent (Fig. 5E). Similar screens have been
performed for the E. coli genome and the bacterial RNA polymerase and the yeast S.
cerevisiae genome and yeast Pol Il (Sedlyarova et al, in preparation; Klopf et al,
accompanying manuscript). E. coli RAPs cause Rho-dependent premature transcription

termination by uncoupling translation and transcription. Like human RAPs, yeast RAPs
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induce premature transcription termination demonstrating that RAP-mediated transcription
interference is a conserved phenomenon. A cross-talk between the nascent RNA and the
transcription machinery could provide the primary signal that determines the fate of

transcripts.

Materials & Methods

Library construction and Genomic SELEX

The genomic library was created as described previously %%

, with human genomic DNA
purchased from Sigma (CAS number 9007-49-2) as template. After transcribing the genomic
library into RNA, the RNA pool was bound to Pol Il of S. cerevisiae in an in vitro binding
reaction as described in ref (17). For the 1°-5" cycles, RNA was added at 1 pM and protein
at 100 nM. To increase stringency and competition, RNA was added at 1 yM and protein at

10 nM for the 6™ and 7" cycles. The binding buffer contained 10 mM HEPES pH 7.25,

40 mM NH;SOy4, 10 uM ZnCl,, 1 mM KCI, 10 mM DTT, 5 % glycerol and 10 mM MgCl,.

Co-immunoprecipitation

HelLa cells grown in 10 cm dishes were harvested at 80 % confluence with 1 ml lysis buffer
(10 mM HEPES pH 7.0, 100 mM KCI, 5mM MgCl, 0.5 % Nonidet P-40, 1 mM DTT,
100 U/ml RNAse inhibitor (Promega), 2 mM vanadyl ribonucleoside complexes solution,
25 pl/ml protease inhibitor cocktail for mammalian tissues) per 10 cm™ and removed from the
dish with a cell scraper. After 10 min on ice cells were centrifuged at 4 °C, 1000 x g. Whole
cell extracts were prepared for co-IP as described®. RNA purified from the
immunoprecipitates and input RNA were analysed by RT-PCR with the Qiagen RT-PCR kit

using primers specific for the different RNAs.

Antibodies
Pol Il and DNA polymerase antibodies were purchased from Abcam (ab817/ab5408 and

ab3181, respectively). Pol ll-antibody recognizes the phosphorylated as well as the
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unphosphorylated form of Polll. The concentration of antibodies used for

immunoprecipitations was 2 pl/ml.

Transfection, microscopy and RNA preparation

HelLa cells were grown to 70-90 % confluence and transfected with 0.4 mg of plasmid per
cm? of culture dish using Lipofectamine 2000 (Invitrogen) according to manufacturer’s
instructions. After 24 h, fluorescence was monitored with AxioObserver Z1 microscope
coupled to AxioCam MRm (Carl Zeiss Microlmaging) and RNA was extracted with TRI

Reagent (Sigma).

Northern blot

Total RNA was separated on a 0.8 % agarose gel containing 6.7 % formaldehyde, capillary-
blotted onto a Hybond-XL membrane (GE Healthcare) and UV-crosslinked. **P-labeled DNA
probe was hybridized in ULTRAhyb-Oligo Buffer (Ambion) at 42 °C overnight. The probe was

5’-labeled with T4 PNK (NEB).

Flow cytometry

GFP-positive cells were quantified by FACSCalibur (BD Biosciences) and data were
analyzed in Cyflogic (CyFlo Ltd, Finland) and SPSS (IBM) software. From each sample,
fluorescence of 10,000 cells was measured and only GFP-positive events, as determined by

mock-transfected cell fluorescence, were taken into account.

Poly(A) fractionation

150 pmol biotinylated Oligo(dT) (Promega) was bound for 10 min at room temperature to
0.6 ml MagneSphere® magnetic beads (Promega) prepared according to manufacturer's
instructions. 80 mg of total RNA was denatured at 65 °C, 10 min, chilled on ice for 5 min and
mixed with Oligo(dT)-beads solution. After 10 min incubation at room temperature the beads
were washed six times and Poly(A)+ RNA was eluted according to manufacturer's
instructions. Before washing of the beads, the first supernatant was taken as Poly(A)- RNA.

Both fractions were ethanol-precipitated.
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RT-PCR and RT-gPCR

2 mg of total RNA or 200 ng of Poly(A)-fractionated RNA was denatured with 200 pmol of
random nonamers (Sigma) at 70 °C for 10 min. The reaction was split in two, one without
reverse transcriptase as a control. RT was performed at 45 °C for 90 min using OmniScript
(Qiagen). 1/40 of the total reaction was used for PCR and approximately 1/30 was used per
gPCR well. gPCR was performed in Mastercycler® realplex (Eppendorf) with HOT FIREPoI®
gPCR Mix (Medibena) and primers specified in Supplementary Table S1. Transfection was
controlled for by normalizing expression values to neo and subsequently all amplicons were

normalized to GFP 1.

Accession numbers: The ACRO1 sequence used in the reporter assay has been deposited
in the Genbank with the number GenBank KF726396. The sequences presented in this work
are filed in a specific portal containing the RAP database and the link to the human genome

(http://alu.abc.univie.ac.at/pbe.

Supplementary Information is contained in the attached word file.
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Figure Legends

Figure 1. Genomic SELEX for RNA polymerase ll-binding elements (RAPs). (A) The
initial human DNA library was in vitro transcribed and the resulting RNA pool was bound to
the highly purified yeast Pol Il. Protein-bound RNAs were retained on the filter and non-
binding RNAs were discarded. Selected RNAs were eluted from the filter and reverse
transcribed into DNA. After PCR amplification, the resulting cDNA pool was subjected to
another cycle of SELEX. After sufficient enrichment the pool can be either cloned and
individually sequenced or subjected to parallel sequencing (17). (B) Enrichment of Pol II-
bound human RNAs is shown for each SELEX cycle. The percentage of the recovered RNA
was calculated in relation to the input RNA (red bars). In cycles 1-5 a 10:1 molar excess of
RNA over protein was used, whereas in cycle 6 and 7, the RNA to protein ratio is increased
to 100:1. BSA was used as a negative control (black bars). (C) To validate binding of
selected RNAs to human Polll in vivo, lysate of heat-shocked HelLa cells was co-
immunoprecipitated with RNA Pol II- or DNA polymerase-specific antibodies and subjected to
RT-PCR. 5S and Hsf1 are abundant cellular RNAs used as control that were not enriched by

SELEX.

Figure 2. Schematic of the workflow for the selection and the analysis of RAPs. (A) A
human RNA library was constructed and selected for RNAs binding to Pol Il. The enriched
pool from the 7" cycle was subjected to 454 sequencing and later the pool from the 6" cycle
was Solexa sequenced. The obtained reads were filtered, mapped to the human genome
(hg18 and hg19) and annotated to contigs of 400 nt in length. (B) Top enriched RAP 5765.
Typical read stacks mapped and annotated to the human genome and displayed as custom

track in the UCSC Genome Browser (http://genome.ucsc.edu/cgi-bin/hgGateway).

(C) Enrichment of RAPs in human ACRO1 satellites was weighed and normalized to their
frequency in the genome (blue bars). Arrows represent individual sequenced reads. Many of
the ACRO1-associated RAPs map to the ACRO-rich centromeric region of chromosome IV.
Each arrow corresponds to one read, its direction indicating the sequence orientation

compared to the reference genome (plus strand).
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Figure 3. The structure and distribution of ACRO1 satellites. (A) ACRE (ACRO-
containing repeat element) is a higher order repeat structure of 6 kb harboring the ACRO
satellite array. (B) Organization of the ACRE cluster in the pericentromeric region of
chromosome 4, the densest region of sequenced ACREs. Note that (A) shows consensus
ACRE, not specifically ACRE 12. (C) ACREs were found on chromosomes 1, 2, 4, 19 and
21. (D) Sequence of ACRO1 consensus repeat unit and its SELEX enrichment profile. (E)
Alignment of a translation of the consensus ACRO1 sequence with the human Pol Il CTD
(residue range given) with identical residues outlined in red. (F) Frequency of different

codons in RAP sequences in all 5’->3’ reading frames.

Figure 4. RAPs induce transcriptional silencing. (A) The LINE1 retrotransposon is
illustrated here with the restriction sites “B” and “S” indicated (26). LINE1-associated RAPs
from the 7" SELEX cycle were mapped to the consensus with at least 80 % identity.
(B) Vector used to monitor in vivo expression of the reporter cassette (adapted from (26)).
RAPs or control sequences were cloned between the GFP and the LacZ sequences or in
case of L1 and L1BS in place of LacZ gene. (C)-(H) Northern blot analyses of total RNA
extracted from HelLa cells transfected with various RAP-containing reporters show RNA
levels of the reporter gene (gfp) and a transfection control (neo). The minor bands visible
especially in (E), lanes 5-8, probably derive from unspecific hybridization to 28S rRNA (C)
The cassettes contained empty GFP-LacZ fusion (-ins), LINE1 ORF2 (L1), its shortened
version trimmed to the region between the “B” and “S” sites (L1BS), (D) Diverse RAP
sequences cloned into the reporter system. Apart from the single ACRO unit (9258), which
had about a 3-fold decrease compared to no-insert plasmid (-ins), none of the other RAPs
had an effect on the transcript levels. B2 RNA, which interferes with transcription in trans,
was tested as a control. (E) RAP 5765 cloned in tandem one to six times and six times in
reverse complement (inv) (F) ACRO1 as 0.3 kb, 1.1 kb and full 1.4 kb elements and its

reverse complement (ORCA). (G) Expression from the alpha-globin promoter. CMV promoter
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that drives expression of the reporter cassette was replaced with alpha-globin promoter and
transcription was monitored by Northern blot 24 hours after transfection. (H) To test whether
presence of ACRO element affects reporter expression on a different plasmid, cassettes with
empty GFP-LacZ fusion (-ins) and with full-length ACRO1 element (ACRO) were
co-transfected into HeLa and expression was assessed by Northern blot.

Figure 5. Autoregulation of RAPs is co-transcriptional. (A-C) RT-gPCR quantification of
six different amplicons along the reporter transcript. Total RNA was isolated from HelLa cells
24 h after transfection with vectors carrying no insert (blue lines), ACRO (green lines) or its
reverse complement ORCA (orange lines) inserts. In (B) and (C) RNA was further
fractionated according to the presence (+) or absence (-) of the Poly(A) tail. All values are
plotted on a log scale relative to GFP 1, the 5'-most amplicon. Note different scale in (C).
Error bars represent SEM of five (total RNA) and four (fractionated RNA) experiments. The
positions of the amplicons are indicated by red bars below the panel. The reporter gene is a
part of the vector from Figure 3B. (D) RT-gPCR quantification of four amplicons surrounding
the endogenous RAP 5765. Distance of the amplicon from the RAP (in bp) is indicated.
Values are plotted on a linear scale relative to amplicon -356. Error bars represent SEM of
three experiments. (E) Model of transcriptional inhibition by RAPs. Polll initiates at
transcription start site (TSS) and continues into productive elongation. When RAPs are
present on the nascent transcript, the RNA binds Pol Il, either in the active site or elsewhere,
rendering it elongation-incompetent. Presumably, the transcript then lacks a polyA signal and
is eliminated from the cell. Note that the combined action of several RAPs might be needed

for efficient regulation.
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ABSTRACT

The formation of RNA-DNA hybrids, referred to as
R-loops, can promote genome instability and can-
cer development. Yet the mechanisms by which R-
loops compromise genome instability are poorly un-
derstood. Here, we establish roles for the evolution-
arily conserved Nri1 protein in pre-mRNA splicing
regulation, R-loop suppression and in maintaining
genome stability. nr/1A mutants exhibit endogenous
DNA damage, are sensitive to exogenous DNA dam-
age, and have defects in homologous recombina-
tion (HR) repair. Concomitantly, nri1A cells display
significant changes in gene expression, similar to
those induced by DNA damage in wild-type cells.
Further, we find that nriTA cells accumulate high
levels of R-loops, which co-localize with HR repair
factors and require Rad51 and Rad52 for their forma-
tion. Together, our findings support a model in which
R-loop accumulation and subsequent DNA damage
sequesters HR factors, thereby compromising HR re-
pair at endogenously or exogenously induced DNA
damage sites, leading to genome instability.

INTRODUCTION

Genome instability in the form of increased rates of mu-
tations or chromosomal aberrations is a hallmark of most
tumor cells and a key factor in cancer development, progres-

sion and prognosis (1). While dysfunctional DNA repair is a
well recognized cause of genome instability (2), it is becom-
ing increasingly appreciated that defects in mRNA biogen-
esis may also destabilize genomes through the formation of
mutagenic structures referred to as R-loops (3). R-loops are
three-stranded structures, which form during transcription
when the nascent mRNA hybridizes to the complementary
DNA template, forming an RNA/DNA hybrid and a dis-
placed DNA strand (4). Through direct promotion of DNA
damage (5) and indirect effects on gene expression (6-10),
R-loops lead to different forms of genome instability. The
genome-threatening effects of R-loops also play a role in tu-
mor development (11-15), but the underlying mechanism is
poorly understood.

Pre-mRNA splicing is a key process in genome mainte-
nance (16,17), as reflected by its disruption in various can-
cer types (18). Increasing evidence suggests that splicing fac-
tors, R-loop suppression and DNA repair interface with
each other in a coordinated manner to safeguard genome
stability. Splicing factors can not only prevent R-loop for-
mation (19), but also promote homologous recombination
(HR) repair (20,21). Conversely, HR factors can both re-
press and promote R-loop levels in the cell (12,22), and in-
teract both physically and functionally with the splicing ma-
chinery (23,24). These findings suggest that perturbation of
splicing may lead to genome instability by inducing both
accumulation of R-loops and defects in DNA repair in the
cell.

In this study we show that the evolutionarily conserved
protein Nrll associates with the spliceosome, affects pre-
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mRNA splicing of a subset of genes and non-coding RNAs,
and contributes to genome stability by both suppressing
R-loops and promoting HR repair in the fission yeast
Schizosaccharomyces pombe. Our findings suggest a model
in which R-loop formation acts to sequester the HR ma-
chinery, thus leading to inhibition of HR repair. As the
human ortholog of Nrll is down-regulated and associated
with Copy Number Loss (CNL) in cancer (25,26), this
mechanism may have important implications for the emerg-
ing yet still elusive role of R-loops in cancer.

MATERIALS AND METHODS
Strains, media and growth conditions

The genotypes of the strains used in this study are listed in
the Supplementary Table S6. Strains carrying a deletion or
a TAP-tagged version of nrl/l have been constructed as de-
scribed in (27) and (28), respectively. The strains were grown
at 30°C in standard yeast extract with supplements (YEG6S),
minimal medium (EMM), or Pombe Minimal Glutamate
(PMG), and crosses were performed at 25°C. For spot as-
says exponential phase cultures were serially diluted 5-fold,
spotted onto the indicated media in the presence or absence
of genotoxic drugs and incubated at 32°C for 3 days before
analysis. For irradiation experiments, cells were grown to
mid-log phase and exposed to 100 Gy of gamma irradia-
tion (3.3 Gy/min, for 30 min). After irradiation cells were
recovered for 30 min at 30°C. For plasmid rescue experi-
ments PIRT3-based plasmids containing a LEU2 gene were
transformed into leul/-32 strains and selected on leucine-
deficient media before being spotted onto YE6S plates as
indicated.

Colony sectoring and DSB assay

The sectoring assay was performed as previously described
(29). The minichromosome Ch'®-LMYAU was crossed into
wild-type and nrll A strains from a donor strain. Cells
were grown on selective media with thiamine (2uM) to re-
press HO expression from rep81X-nmt-HO (Leu+) inte-
grated into SPCC1795.09 on the left arm of Ch!®-LM YAU.
Cells were then diluted in MQ water and ~100 cells plated
onto sectoring plates (containing either EMM+ arginine
(15 mg/1), histidine (15 mg/1), uracil (15 mg/1), leucine (15
mg/l), and adenine (5 mg/l) with and without thiamine
(break off/on) to identify break-dependent, and indepen-
dent Ch'® loss. To detect break-induced LOH, cells were
treated as above but grown in the absence of leucine to select
for the left arm of the minichromosome. Plates were incu-
bated for 56 h at 32°C and stored for 48 h at 4°C before
being scored for the presence of sectored colonies. Results
were confirmed by repeating the assay two further times.

Site-specific DSB assay

The DSB assay was performed as previously described (29).
Wild-type and nrll A strains containing the minichromo-
some Ch!®-RMYAH and either p28 (rep81X-HO) or p40
(rep81X) were grown exponentially in EMM liquid cul-
ture (with appropriate supplements to select for the plasmid
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while allowing for loss of Ch!®-RMYAH) for 48 h in the ab-
sence of thiamine to induce expression of HO endonuclease
The percentage of colonies undergoing NHEJ/SCR (R* YR
A* H*), GC (R* YS A" H*), Ch'® loss (R~ YS A~ H")
and extensive break-induced LOH (R* YS A~ H™) were
calculated. To determine the levels of break-induced GC,
Ch'® loss and LOH; background events at 48 h in a blank
vector assay were subtracted from break-induced events in
cells transformed with rep81X-HO. Each experiment was
performed three times using three independently derived
strains. A minimum of 1000 colonies were scored for each
strain.

Protein purification and LC-MS/MS analysis

Isolation of Nrll1-TAP associated proteins, proteolytic di-
gest (trypsin) and chromatographic separation of the pep-
tides were performed as previously described (30) (Supple-
mental Methods). Raw data were searched with MaxQuant
1.5.1.2 (31) against the S. pombe database (http://www.
pombase.org/) with tryptic specificity, 5 ppm precursor tol-
erance, 20 ppm fragment ion tolerance, filtered for 1% FDR
on peptide and protein level.

Yeast two-hybrid assay

All constructs were made using vectors supplied in the
Matchmaker GAL4 2-hybrid system (Clontech). Two-
hybrid DNA-binding domain (BD) constructs were made
in the pAS2-1 vector containing the TRPI gene for selec-
tion on tryptophan-deficient media and activation domain
(AD) constructs were made in the pGADT?7 vector con-
taining the LE U2 gene for selection on leucine-deficient me-
dia. Saccharomyces cerevisiae strain PJ69-4A was cotrans-
formed simultaneously with both AD and BD constructs by
the lithium acetate method as described in the Yeast Proto-
cols Handbook of the Matchmaker system (Clontech). Co-
transformants growing on both ~Ade and —His selective me-
dia were assayed for B-galactosidase activity.

RNAseq library preparation and bioinformatic analysis

WT, nril A, WT+IR and nrll A+IR strand specific cDNA li-
braries were prepared with lexogen SENSE protocol using
poly(A)* RNA as previously described (32). Two biological
replicates were used for each sample and libraries were se-
quenced using the Illumina platform. The resulting paired
end sequencing reads (100-bp long) of each sample and bi-
ological replicate were aligned independently using Tophat
v2.0.11. The following (not default) parameters were used
for performing the alignment: -i 30, -I 2000, -p 16, -a 15 —
library-type fr-firststrand, —b2-very-sensitive, —microexon-
search and -G (gene annotation S. pombe ASM294v2).
Splicing analysis of WT and nrll A was performed us-
ing the splice junctions predicted by Tophat. Only those in-
trons that present at least two unique reads in both biolog-
ical replicates were used for further analysis. Introns were
classified as new if they were not included in the gene an-
notation (ASM294v2). To determine differences in intron
splicing, the PSI (percentage of spliced in) was calculated
by using uniquely mapped splice junction and exonic reads.
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Only those changes over 15% (APSI > 15) and a P-value
< 0.05 between WT and nrll A are illustrated in Figure 5
and listed in Supplementary Table S3. For obtaining differ-
entially expressed genes between a pair of samples (Supple-
mentary Tables S5.1-S5.5) Cuffquant and Cuffdiff from the
Cufflinks v2.2.1 package were used.

Nuclear Spreading and Indirect Immunofluorescence

Chromosome spreads were performed as previously de-
scribed (33). For R-loop detection, slides were incubated
with the mouse monoclonal antibody S9.6—kind gift of N.
Proudfoot (Sir William Dunn School of Pathology, UK)
and L. Székvolgyi (University of Debrecen, Hungary)—as
previously described (34). For RNase H controls, slides
were incubated with 2 U of RNase H (Roche) and 1 pg
RNase A (Roche) in PBS buffer for 2 h prior to antibody
treatment. For co-localization analysis cells were grown in
YE6S medium at 25°C in a shaking incubator for ~20 h
to reach mid-log phase and then were treated with or with-
out 3 pM Bleomycin at 25°C for 4 h before harvesting. Pri-
mary antibodies (59.6, KeraFAST; rabbit anti-GFP anti-
body ab290, Abcam Inc) at 1:500 dilution and secondary
antibodies (approciate Cy2 conjugated Donkey anti-Mouse
IgG2 antibody, Jackson; Texas Red conjugated Goat anti
Rabbit IgG antibody; Jackson) were used in these experi-
ments. After a final wash step, the slides were mounted with
~10 pl of mounting medium containing DAPI (Invitrogen).

Image collection

Images were acquired with a DeltaVision Core widefield
deconvolution microscope (Applied Precision, Issaquah,
WA, USA) using an Olympus 603/1.40, PlanApo, NA =
1.40 objective lens and a 12-bit Photometrics CoolSnap
HQII CCD, deep- cooled, Sony ICX-285 chip. The sys-
tem x-y pixel size is 0.1092 mm x-y. softWoRx v4.1 (Ap-
plied Precision) software was used at acquisition electronic
gain = 1.0 and pixel binning 1 3 1. Excitation illumina-
tion was from a solid-state illuminator (seven-color ver-
sion); Cy2 was detected with a 0.1-s exposure; Texas Red
was detected with a 0.1-s exposure; DAPI was detected
with a 0.2-s exposure. Suitable polychroic mirror Sem-
rock DAPI/FITC/A594/Cy5 API#52-852112-000 bs gen-
erally: 433/55-522/34-593/64—-655LPish was used. Twelve
z sections at 0.4 mm were acquired. Three-dimensional
stacks were deconvolved with manufacturer-provided op-
tical transfer function using a constrained iterative algo-
rithm and images were maximum- intensity projected. Im-
ages were contrast adjusted using a histogram stretch with
an equivalent scale and gamma for comparability.

RESULTS

Nrll associates with the spliceosome and affects pre-mRNA
splicing

In the worm Caenorabditis elegans the protein NRDE-2
is required for nuclear RNAI silencing by a mechanism
based on inhibition of transcription elongation (35). We
performed a computational analysis of NRDE-2, and iden-
tified homologous proteins in other eukaryotes, includ-
ing human (Supplementary Figure S1). Surprisingly, these
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NRDE-2 like factors were unrelated to any known RNAi
factors but were structurally similar to splicing proteins
(Supplementary Figure S2).

To explore the function of NRDE-2 factors further, we
studied the NRDE-2 like gene SPBC20F10.05, which we
named nrll (NRDE-2 like 1), in the tractable model or-
ganism S. pombe (Figure 1A). Nrll and its worm and hu-
man orthologs share a conserved domain of unknown func-
tion and a common three-dimensional structure containing
Half-A-Tetratricopeptide (HAT) motifs, which closely re-
sembles the domain architecture of pre-mRNA processing
and splicing factors such as Syfl and Syf3 (36) (Figure 1A,
Supplementary Figure S2).

To analyze Nrll in its cellular context, we isolated Nrll-
associated factors by tandem affinity purification (TAP) of
Nrll-TAP tagged strains, and identified the purified pro-
teins by mass spectrometry (MS) (28,37). We performed
TAP purification both in presence and absence of RNase
A to distinguish between core complex proteins and fac-
tors indirectly binding to Nrll through RNA-mediated in-
teraction (Figure 1B, Supplementary Figure S3, Table S1).
Nrll copurified with an RNA-resistant core complex con-
sisting of the pre-mRNA processing factors Mtll and Ctrl
and an RNA-sensitive sub-complex including components
of the U2-U5-U6 spliceosome and Prpl9 complexes (38).
However, we also performed yeast-two-hybrid analysis and
found that Nrll interacts directly not only with Mtll and
Ctrl but also with the splicing proteins Ntr2 and Syf3,
which is structurally related to Nrll (Figure 1C, Supple-
mentary Figure S2, Table S2). This suggests that the RNA-
binding proteins Ntr2 and Syf3 represent bridge binders
between an RNA-independent core complex (Nrll-Mtll-
Ctrl) and an RNA-dependent sub-complex consisting of
other splicing and RNA-processing factors. In contrast, no
RNAI factor copurified with Nrll (Supplementary Table
S4). These findings are consistent with a recent publication
in which Nrll was shown to interact with spliceosome com-
ponents (39), and further identify splicing proteins Ntr2 and
Syf3 as proteins attracting Nrll into the spliceosome.

To gain functional insights into the role of Nrll, we
created an nrll deletion mutant (nr/l A) by replacing the
nrll* gene with a natMX4 drug resistance cassette (strains
16594-5), and analyzed its phenotype. To explore a pos-
sible role for Nrll in pre-mRNA splicing we performed
high-throughput paired-end sequencing of polyA+-selected
mRNA (RNA-Seq) from wild-type and nrll A cells. To de-
termine differences in intron splicing, the PSI was calculated
by dividing the number of uniquely mapped exonic reads
by the sum of uniquely mapped exonic reads and uniquely
mapped splice junction reads spanning exon-exon borders.
An intron was considered to be differentially spliced if there
was a difference in its retention of more than 15% (APSI
> 15 with a P-value < 0.05) between wild-type and nr/l A
cells. All introns obtained in our RNA-seq experiments
were evaluated, and 43 introns in protein-coding genes and
non-coding RNAs met the criteria mentioned above (Sup-
plementary Figure S4, Table S3). The affected genes were in-
volved in a variety of processes including cellular transport
and metabolism, transcription regulation and pre-mRNA
processing. Together, these findings indicate that Nrll phys-
ically and functionally associates with the splicing machin-
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Figure 1. Nrll associates with spliceosome proteins. (A) Comparison of S. pombe (Spo) Nrll, C. elegans (Cele) and Homo sapiens (Hs) NRDE-2 like
proteins. HAT = halfa-tetratricopeptide domain. (B) Nrll-associated proteins were isolated from exponentially growing WT cells harboring a TAP-tagged
nrll allele (17106) in the presence or absence of RNase A by tandem affinity purification and identified by mass spectrometry (MS) analysis. A core
complex consisting of Nrll, Mtll, Ctrl, Ntr2 and Syf3 associates through RNA-dependent interactions with the spliceosome. Blue: Nrll; pink: splicing
factors; orange: mRNA processing factors. Only the top 30 proteins based on spectral counting are shown. (C) Yeast-two-hybrid interaction map of Nrll
interactome. All constructs were made using vectors supplied in the Matchmaker GAL4 2-hybrid system (Clontech). Two-hybrid DNA-binding domain
(BD) constructs were made in the pAS2-1 vector containing the TRPI gene for selection on tryptophan-deficient media and activation domain (AD)
constructs were made in the pPGADT7 vector containing the LEU2 gene for selection on leucine-deficient media.
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ery and its loss results in changes in the splicing patterns of
a subset of introns.

nrll deletion leads to accumulation of endogenous DNA dam-
age

Unexpectedly, nrll A cells exhibited several markers of en-
dogenous DNA damage. nrll A cells were elongated (aver-
age cell length = 16.4 pm) compared with wild-type cells
(average length = 10.8 pm) with a subpopulation of giant
cells (3—5% of cells) reaching 30-50 wm and exhibiting nu-
clear fragmentation together with chromatin hyperconden-
sation (Figure 2A, left). This elongated phenotype is fre-
quently observed in cells accumulating unrepaired DNA le-
sions, which activate DNA damage checkpoint pathways to
delay the cell cycle and provide an opportunity for DNA re-
pair (40). We therefore tested whether the depletion of the
G2/M checkpoint kinase Chkl or the intra-S phase check-
point kinase Cdsl could attenuate the elongated cell phe-
notype of nrllA. We found nrll A chklA double mutants
but not nrll A cdsl A double mutants exhibited a cell length
comparable to wild-type (average length of 9.8 pm and 15.8
pm, respectively) with no detectable giant cells. This find-
ing indicates that loss of Nrll activates the DNA damage
checkpoint resulting in Chk1-triggered G2/M arrest (Fig-
ure 2A, right). We next assayed Chkl1 activation by Rad3-
catalyzed phosphorylation, which is evident as a mobility
shift on western blots (41,42) (Supplementary Figure S5).
While Chkl activity was detected in response to MMS in
both wild-type and nrll A cells, no Chkl activity was de-
tected in untreated cells. Thus, it is likely that Chk1 activa-
tion is triggered endogenously in a minority of cells reflect-
ing the elongated G2-arrested subpopulation of nr/l A.

To investigate the nature of the endogenous DNA dam-
age observed in nr/l A, we measured the accumulation of
spontancous Rad52 DNA repair foci in wild-type and nr/l A
strains bearing a yellow fluorescent protein tagged Rad52
(Rad52-YFP) (Figure 2B). Rad52 is a repair protein, which
accumulates at DNA lesions to facilitate repair of DNA
double-strand breaks (DSBs) through the HR pathway (43—
45). Strikingly, a significant increase in Rad52-YFP foci was
observed in nrll A (23%, P < 0.05) compared with wild-type
(7%) under normal growth conditions. Together these ob-
servations indicate that loss of Nrll leads to endogenous
DNA damage, accumulation of Rad52-bound DNA lesions
and activation of the G2/M checkpoint.

Further, nrll A cells were hypersensitive to exogenous
DNA damage as shown by treatment with the geno-
toxic drugs bleomycin (Bleo), methylmethane sulphonate
(MMS), and camptothecin (CPT) (Figure 2C). In contrast,
nrll A cells were not hyper-sensitive to hydroxyurea (not
shown). Notably, nrll A rad3A and nrll A rad52A double
mutants were synthetically sick and exhibited even greater
sensitivity to DNA damage than single mutants (Supple-
mentary Figure S6). These observations confirm that in the
absence of Nrll cells accumulate unrepaired DNA dam-
age, which further sensitizes HR and checkpoint mutants
involved in the DNA damage response.
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Nrll is required for efficient DSB repair by homologous re-
combination

The accumulation of Rad52 foci in response to endoge-
nous DNA damage and nrll A hypersensitivity to exogenous
DNA insults suggested that Nrll might be required for effi-
cient DNA DSB repair. To explore a possible role for Nrll
in DSB repair, we employed a previously described colony-
sectoring assay to allow rapid visualization of defects in
repair of a broken nonessential minichromosome (Ch!e-
LMYAU) following site-specific DSB induction by the HO
endonuclease (29). Consistent with a role for Nrll in DSB
repair, nrll A cells exhibited elevated levels of break-induced
minichromosome loss and break-induced chromosomal re-
arrangements resulting in loss of heterozygosity (LOH) as
determined by the break-induced sectoring assay (Supple-
mentary Figure S7TA-B)

To quantify DSB repair in nrllA cells DSB-induced
marker loss was assessed using a DSB assay in which a pre-
viously described minichromosome (Ch'®-RMYAH) was
cleaved uniquely at the M ATa target site following HO en-
donuclease derepression from a plasmid (pREP81X-HO)
(46) (Figure 3A). Following break induction by thiamine
depletion, cells were plated onto YE6S plates and colonies
were replica plated to selective plates to determine the
marker loss profile for each colony (Figure 3B). The DSB
repair profile indicated that colonies exhibiting a gene con-
version (GC) phenotype (arg* hyg®, ade™ his™) were signif-
icantly reduced in an nr/l A background (49%) compared
to wild-type levels (72%, P < 0.05). Compared with wild-
type, nrll A also showed a significant increase in failed re-
pair events resulting in both Ch!® loss (arg™ hyg®, ade™ his™
colonies: nrll A = 29%, wild-type = 18%; P < 0.01) and
LOH phenotype (arg* hyg® ade™ his™ colonies: nrllA =
18%, wild type = 5%; P < 0.01). No significant difference
in levels of arg™ hygR ade™ his* colonies, arising from Non
Homologous End Joining (NHEJ)/sister chromatid recom-
bination (SCR), was observed (nrll A = 10%, wild-type 8%).
The low levels of GC and high levels of both failed DSB re-
pair (Ch'® loss) and misrepair (LOH) indicate that Nrll is
required for efficient HR repair of DSBs and thereby for
maintaining genome stability.

Loss of Nrll results in prolonged accumulation of RPA and
Rad52 foci upon DNA damage

The first key step in HR repair is sensing the presence of
DSB:s to recruit the effectors of the DNA damage response
(DDR). Radll (RPA1), is a component of the replication
protein A (RPA) complex which binds to single-stranded
DNA (ssDNA) at resected DSBs, thereby promoting DNA
damage sensing (47). To analyze whether Nrll might be re-
quired for this early step of the HR pathway, we measured
the kinetics of recruitment and unloading of Rad11 by fluo-
rescence microscopy in wild-type and nr/l A cells bearing a
green fluorescent protein tagged Radll (Rad11-GFP), fol-
lowing exposure to 50 Gy of ionizing radiation (IR) (Figure
4A). Remarkably, Rad11 foci, which tailed off 90 min after
irradiation in wild-type cells, persisted at very high levels up
to 5 h after irradiation (Rad11 positive cells: WT = 19%,
nrll A = 50%). The dramatic increase and prolonged persis-
tence of Radl11 foci in nrll A cells suggested that the down-
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Figure 2. nr/I™ deletion leads to accumulation of endogenous DNA damage and sensitivity to genotoxic agents. (A) Top: Depiction of DNA-damage
induced cell cycle arrest and elongated cell morphology. Bottom: Fluorescent microscopy analysis of DAPI-stained wild-type (WT) (TH8342), nrll A
(TH8341), nrll A chkl (5972) and nrll A cdsl (16594). Arrowheads indicate abnormally elongated cells displaying chromatin fragmentation. Scale bar = 10
pm. (B) Left: Fluorescent microscopy analysis of DAPI-stained Rad52-YFP harboring WT and nr/l A cells. Right: Quantification of cells with one or more
Rad52-YFP foci. Mean and standard deviation were scored from five experiments, n > 200. The asterisk (*) indicates a significant difference compared
with WT as determined by Wilcoxon signed rank test (P = 0.0313). (C) nrll A strains are hypersensitive to genotoxic agents. Five-fold serial dilutions of
WT (TH2094) and nrll A (TH8103) on YEG6S, methyl methanesulfonate (MMS), bleomycin (Bleo) and camptothecin (CPT) at indicated concentrations.

stream HR repair response might also be impaired in nr/l A
cells. We therefore analyzed foci accumulation of yellow flu-
orescent protein tagged Rad52 (Rad52-YFP) and cyan flu-
orescent protein tagged Rad51 (Rad51-CFP) in wild-type
and nrll A cells following exposure to IR (50 Gy). Rad52
facilitates the displacement of Radl1 from ssDNA and its
replacement with Rad51, the central recombinase of the HR
pathway, which catalyzes strand invasion into homologous
sequences during GC events (48). Consistent with the in-
crease of Radl11 foci, Rad52 foci persisted at very high lev-
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els up to 5 h after irradiation (Rad52 positive cells: WT =
17%, nrll A = 49%) (Figure 4B). In contrast, despite peak-
ing at 30 min after irradiation in both wild-type and nr/l A
cells, overall Rad51-CFP foci formation was considerably
lower in nrll A cells (35%) compared with wild-type cells
(65%; Figure 4C). Importantly, this phenotype was not due
to a decrease of Rad51 protein, as levels of Rad51-eCFP
were comparable between wild-type and nr/l A cells (Figure
4D). This finding indicates that Nrl1 is required for efficient
loading of RadS1 at DSBs, which is consistent with the sig-
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outcomes following DSB induction at MATa target site (scissors). (B) Quantitative DSB assay. Percentage of DSB-induced marker loss in WT Ch!¢-
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difference compared with WT (P < 0.01). NHEJ: Non Homologous End Joining; SCR: sister chromatid recombination; Ch loss: chromosome loss; LOH:

loss of heterozygosity.

nificantly reduced levels of Rad51-mediated GC observed
in nrll A compared to wild-type cells following DSB induc-
tion.

We therefore tested whether Nrll could directly recruit
Rad51 or other DDR factors to DSBs. To this end, we ex-
amined Nrll-associated proteins from Nrll1-TAP strains ex-
posed to IR (100 Gy). However, no new protein or DNA
repair factor was found to interact with Nrll upon expo-
sure to IR compared with untreated cells (Supplementary
Table S4). This indicates that Nrll is not required to di-
rectly recruit DDR factors to sites of DNA damage and
that other mechanisms underlie its requirement for efficient
Rad51 loading at DSBs.

Nrll depletion and DNA damage result in similar transcrip-
tional changes

Given its association with spliceosomal factors, we exam-
ined whether Nrll might indirectly affect HR repair by af-
fecting the splicing or expression of DDR genes. We there-
fore tested the splicing of intron-containing HR transcripts
whose proteins act upstream of Rad51 loading, including
radll”, rad55", rad57" and swi5", in untreated and irradi-
ated (IR; 100 Gy) wild-type and nrll A cells by RT-PCR.
None of these genes showed differential splicing in nrll A
(Supplementary Figure S8). Next, we performed RNA-
Seq of polyA+ selected mRNA from irradiated cells (wild-
type+IR, nrll A+IR; 100 Gy) and compared the sequencing
data with those obtained from untreated cells (wild-type,
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time points. (D) Protein levels of Rad51 are not affected in nr/l A cells. Western blot of Rad51-eCFP tagged WT (TH3607) and nrll A (TH8123) cells in the

presence (+) or absence (—) of bleomycin (bleo, 3 pM).

nrll A). In both irradiated and untreated cells, nr/l deletion
did not affect the expression of any known DNA repair
genes (Supplementary Table S5.1, Table S5.4). In contrast,
in untreated cells, nrll A induced profound transcriptional
changes, which were remarkably similar to those induced
by IR in wild-type cells. A total of 231 genes were differ-
entially expressed between wild-type and nrll A, whereby
85 genes displayed similar transcriptional changes to nrll A
compared to wild-type +IR cells (85 out of 153, 55%; r
= 0.86, P-value < 2.2e-16; Figure 5, Supplementary Table
S5.1, Table S5.3). Notably, this common fraction of genes
affected in both nrllA and wild type +IR is significantly
higher than the previously reported fraction of genes af-
fected in both wild-type cells exposed to IR and wild-type
cells treated with the alkylating drug MMS (30%, P-value <
4.5e-11) (49). Consistent with these findings, only 42 genes
were differentially expressed in nrll A+IR compared with
nrll A (Supplementary Table S5.4), while no genes showed
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significant expression changes in wild-type +IR compared
with nrll A+IR (Supplementary Table S5.5). These findings
indicate that the absence of Nrll results in transcriptional
changes similar to those induced by IR.

Nrll prevents HR-dependent R-loop accumulation

The DNA damage-like transcriptional profile of nrllA
and the association of Nrll with the splicing machin-
ery suggested that nr/l/A might accumulate endogenous
DNA Iesions in the form of R-loops. R-loops are genome-
threatening structures consisting of an RNA:DNA hybrid
and a displaced ssDNA, which can arise from defects in
splicing (19). We therefore sought to analyze R-loop for-
mation in nrll A. To this end we performed immunostain-
ing on chromosome spreads from wild-type and nr/l A us-
ing the mouse monoclonal S9.6 antibody, which recognizes
RNA/DNA duplexes (50). nrll A cells showed a dramatic
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increase in R-loop accumulation (53%) when compared
with wild-type cells (7%; P = 0.01; Figure 6A-B, Supple-
mentary Figure S6). Furthermore, this increase was even
higher upon exposure to IR (wild-type = 10%, nrllA =
71%; P = 0.003). The observed immunostaining signals
were sensitive to pre-treatment with RNase H, which specif-
ically degrades RNA/DNA hybrids, thus confirming these
foci as R-loops (Figure 6A). These findings indicate that
nrll A accumulates R-loops.

We next tested whether R-loops might be a source of en-
dogenous DNA damage in nrll A. A prediction from this
was that removal of the R-loop degrading enzymes RNase
HI1 and RNase H2 should result in synthetic growth defects
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and enhanced sensitivity to DNA damage in an nr// A back-
ground due to increased accumulation of RNA/DNA hy-
brids. Consistent with this prediction, we found that cross-
ing nrll A with rnhl A gave a reduced number of viable
progeny compared to that expected, and the triple mutant
nrll A rnhl A rnh201 A was obtained much less frequently.
Accordingly, we found that nrll A rnhl A rnh2 A exhibited
acute sensitivity to bleocin (Figure 6C). Thus R-loops are
the likely source of DNA damage in nrll A.

These findings raised the intriguing hypothesis that HR
proteins may bind R-loops in nr/l A thus explaining the in-
creased levels of endogenous Rad52 foci and long-term per-
sistence of Rad11 and Rad52 foci following IR. We there-
fore analyzed the localization of HR proteins in relation to
R-loops by immunostaining in WT and nr/l A strains har-
boring a Rad11-GFP, Rad52-YFP or Rad51-CFP protein
by co-immunostaining both in the absence and presence of
DNA damage (Figure 7A-C). We observed approximately
25% colocalization between RNA:DNA hybrids and each
of these HR factors in the absence of exogenous DNA dam-
age in both wild-type and nr/l A. Strikingly, in the presence
of bleomycin, the percentage of RNA:DNA hybrids asso-
ciating with HR proteins increased dramatically-in both
wild-type and nrll A for Radll (wt = 75%, nrll A = 94%,
Figure 7A) and Rad51 (wt = 82%, nrllA = 91%, Figure
7B), but only in nrl/l A in the case of Rad52 (wt = 36%,
nrll A = 92%, Figure 7C). These findings indicate that, de-
spite their different pattern of foci formation, Rad11, Rad52
and Rad51 similarly associate with R-loops in nr/l A upon
DNA damage.

We next analyzed whether HR factors might associate
with R-loops to facilitate their formation. Rad51 and
Rad52 have recently been shown to catalyze R-loop forma-
tion in pre-mRNA processing mutants in S. cerevisiae (22).
We therefore tested whether HR factors might similarly me-
diate R-loop formation in the absence of Nrll in S. pombe.
Strikingly, R-loop formation was significantly decreased in
both nrll A rad51A (3%; P=0.01) and nrll A rad52 A (6%; P
= 0.02) mutants compared to nr/l A (53%; Figure 7D). The
increased IR-induced R-loop formation in an nrll A back-
ground also required both Rad51 and Rad52 (Figure 6C;
Supplementary Figures S9 and S10). These findings indi-
cate that HR proteins promote R-loop formation in nrll A.

The accumulation of HR-dependent R-loops in nr/l A
suggested that R-loops or their associated DNA damage
might sequester HR factors from exogenous DNA damage
lesions thus explaining the HR repair defect in nril A cells.
A prediction from this sequestration model was that overex-
pression of Rad51 would rescue nr/l A sensitivity to DNA
damage. Consistent with this, we found that Rad51 over-
expression (Rad510P) following transformation of nrll A
cells with pIRT-Rad51 plasmid, but not with empty vector,
partially suppressed the bleocin sensitivity of nrll A (Figure
7E). These findings support a model, in which the HR re-
pair defects in nrll A are due to sequestration of HR factors
at sites of R-loop formation.

DISCUSSION

We have investigated the function of the evolutionarily con-
served Nrll protein in fission yeast, and identified its role in
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both efficient pre-mRNA splicing and maintaining genome
stability through the suppression of R-loops and the pro-
motion of efficient HR repair.

We found that Nrll forms a core complex with the
mRNA processing factors Mtll and Ctrl and the splic-
ing factors Ntr2 and Syf3, which mediate the interaction
between the core complex and the spliceosome. Moreover,
deletion of nrll* led to significant changes in splicing pat-
terns at several genomic loci, thus identifying a link between
Nrll and pre-mRNA splicing. A possible role of Nrll in pre-
mRNA splicing is also supported by a study from Lee and
colleagues, in which Nrll was shown to interact with splic-
ing factors and regulate the splicing of non-annotated in-
trons of several developmental genes and retrotransposons
(39). While our findings broadly concur with those of Lee
et al., who reported that nr/l deletion affected the splicing
of 135 non-annotated introns, we detected a lower number
of differentially spliced introns in our study, with significant
changes in splicing at 10 newly identified non-annotated in-
trons out of 43 introns differentially spliced in nr// A com-
pared with wild-type. These differences may reflect differ-
ences in growth media, bioinformatic selection criteria (see
Methods) and the fact that Lee et al. used a different ge-
netic background (nrll A rrp6 A) for their study. These find-
ings raise important questions as to how Nrll functionally
interacts with the splicing machinery to influence the splic-
ing of this subset of introns. Whether Nrll binds directly
to the affected pre-mRNAs, and how its loss interferes with
splicing dynamics will be the subject of future studies.

Splicing mutants have previously been shown to promote
R-loop formation (19). In line with a role for Nrll in pre-
mRNA splicing, we additionally found that loss of Nrll re-
sulted in a remarkably high degree of R-loop formation. In
this respect, Nrll may suppress R-loops by ensuring timely
processing of pre-mRNAs, thus reducing their ability to re-
hybridize with the DNA template, as has been shown for
the splicing factor ASF/SF2 (19). Concerning the nature of
R-loop-induced DNA damage in nrll A, our data suggest
that the displaced ssDNA at R-loops may facilitate DNA
damage checkpoint activation thus leading to cell elonga-
tion, accumulation of endogenous Rad52 foci and a DNA
damage-like transcriptional response. It would be interest-
ing to determine the genomic distribution of R-loops ac-
cumulating in nrll A, as R-loops form at different loci in
different RNA processing mutants. While wild-type cells
accumulate R-loops on actively transcribed protein-coding
genes and ribosomal DNA regions, RNase H mutants dis-
play high levels of R-loops at tRNA genes, retrotransposons
and mitochondrial genes in S. cerevisiae (51). In contrast,
defects in the R-loop helicase Senl induces R-loop forma-
tion on short and actively transcribed genes, in line with
the transcription termination function of Senl at these loci
(52,53). To provide further functional insights into how
Nrll suppresses R-loop formation it would be interesting
to determine whether R-loops in nr/l A cells form at splice
sites, such as those detected in this study and reported by
Lee et al. (39) or at highly transcribed genes in the presence
or absence of DNA damage.

In addition to its role in R-loop suppression, we found
that Nrll is required for genome mainteinance. nr/l A dis-
played sensitivity to the DNA damaging agents MMS,
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bleomycin and CPT and defective DSB repair by HR- with
significantly reduced gene conversion, increased chromo-
some loss and extensive chromosomal rearrangements lead-
ing to loss of heterozygosity, as determined by the DSB as-
say. Moreover, nrll A displayed prolonged accumulation of
Radl1 and Rad52 foci, and reduced formation of Rad51
foci following IR compared with wild-type. Concomitantly,
we found that exposure to DNA damage results in sig-
nificantly increased levels of both R-loops and their co-
localization with Radl1, Rad52 and Rad51 in nrll A. Fi-
nally, consistent with these findings, we identified a role for
the HR machinery in facilitating R-loop formation in nr/l A
cells, with loss of either Rad51 or Rad52 abrogating R-loop
formation.

From our findings we propose the following model to ex-
plain the role of Nrll in R-loop suppression, genome stabil-
ity and HR repair: changes in pre-mRNA processing, aris-
ing either directly or indirectly through loss of Nrll, result
in increased R-loop accumulation. HR factors facilitate this
process, and are hence sequestered to sites of R-loop forma-
tion and/or R-loop induced DNA damage. This, in turn,
leads to both elevated levels of endogenous DNA damage
and defects in HR-repair of exogenous DNA insults (Fig-
ure 8). In support of this model, rad51 overexpression allevi-
ates the sensitivity of nrll A to genotoxic agents, suggesting
that an excess of Rad51 may increase the pool of free pro-
teins, thus rescuing the function of the sequestered form.
This sequestration model explains why Nrll is required for
efficient HR repair despite not interacting directly with HR
factors nor affecting their expression or splicing. This model
also provides a unifying mechanism to explain the compos-
ite genome instability phenotype of nrll A. In this respect,



the finding that R-loop formation increases after IR expo-
sure in nr/l A may reflect an increased HR activity follow-
ing DNA damage, with subsequent promotion of R-loop
formation and/or stability. Consistent with this is the ob-
servation that the levels of colocalization between HR fac-
tors and R-loops significantly increase upon DNA damage
in nrll A. Alternatively, the increased levels of R-loops fol-
lowing IR may result directly from DNA damage-induced
blocking of RNA polymerase progression, which may po-
tentially increase R-loop formation in the presence of defec-
tive splicing in nr/l A. In agreement with a role for HR fac-
tors in R-loop formation is also the aberrant pattern of HR
protein foci observed in nrll A upon IR exposure- with pro-
longed accumulation of Rad11 and Rad52 foci, and reduced
formation of Rad51 foci. We speculate that while Radl1,
Rad52 and Rad51 are similarly recruited to nascent R-loops
to facilitate their formation, only Radl1l and Rad52 may
bind to secondary lesions arising from R-loops. These re-
gions are likely to consist of ssSDNA stretches, and may no
longer associate with Rad51 either because they are not
substrates, or because they are subject to repair through
a Rad52-dependent and Rad51-independent pathway such
as single strand annealing (SSA). In favor of this hypoth-
esis, Rad52 co-localizes with R-loops upon DNA damage
only in nrll A, which is consistent with the increased lev-
els of endogenous Rad52 foci and possibly indicates persis-
tent binding at R-loop associated DNA lesions. In addition,
nrll A rad52 A double mutants exhibit increased sensitivity
to bleomycin compared to the parental strains. As Rad52 is
required for R-loop formation in nr/l A, this increased sen-
sitivity may arise from the formation of a genotoxic R-loop
precursor in nrll A rad52 A cells, which cannot be repaired
in the absence of Rad52. Notably, R-loop induced DNA
damage in senl S. cerevisiae mutants is also associated with
Rad52 foci accumulation and repair through the HR path-
way (53).

These observations are in line with previous findings that
mutations in pre-mRNA processing factors can result in R-
loop formation (10,11,19) and genome instability (5,11-15),
and that this process is dependent on Rad51 and Rad52 in
S. cerevisiae (22). Therefore, our data suggest an evolution-
arily conserved role for HR in facilitating R-loop forma-
tion in pre-mRNA processing mutants. Further, our find-
ings that deletion of the RNase H1 and H2 genes sensitized
nrll A cells to bleomycin closely mirror those of Lazzaro
et al. (2012), which show that budding yeast strains lacking
both RNase H1 and H2 as well as Rad51 (rnhl A rnh201A
rad51A) are sensitive to genotoxins, and that loss of RADS52
is lethal in rnhl A rnh201A strains (54). Finally, a recent
study by Keskin et al identified a similar link between R-
loops and the HR machinery by showing that RNase H not
only degrades mutagenic R-loops but also inhibits RNA-
templated HR repair (55). RNA-DNA hybrids may thus
act as a double-edged sword in HR repair: they may pro-
mote HR repair through RNA-templated HR repair across
a break-site as reported by Keskin et al., but they may also
compromise it when present at multiple different genomic
loci by sequestering HR factors as proposed here.

Taken together, our data provide the first evidence that
the spliceosome-associated factor Nrll can promote both
HR repair and R-loop suppression, and suggest a mech-
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anism of genome instability through R-loop mediated se-
questration of HR factors. According to our model, the
emerging yet elusive function of R-loops in tumor devel-
opment may underlie both direct promotion of DNA dam-
age, as shown previously (5), and indirect inhibition of HR
repair. These findings therefore suggest how the human ho-
molog of Nrll is implicated in cancer (25,26), and provide
mechanistic insights into the oncogenic effects of R-loops
(11-15).
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CONCLUSIONS

As stated in the introduction, the basis for complex systems is not a complex starting material,
but rather extensive interaction networks build on basic elements using simple rules. RNA tran-
scription and processing are among the most potent cellular processes in respect to diversifica-
tion and regulatory potential. The work presented here adds a previously unknown layer of
regulatory interactions to this network.

The impact of intrasplicing on shaping the transcriptome has been shown with a set of
examples, yet the extend of the obtained intra-splicing dataset implies that intrasplicing is a
commonly induced (or occurring) event that has the potential of being a global regulator of
gene expression. As this finding opens up new implications, it also poses more questions
towards the regulation of these splicing events. How many of them are regulated and how
many a random mis-splicing event? Is mis-splicing still mis-splicing when it is used to actively
down-regulate expression of a certain gene? How many of the identified recursive splicing
events are a side-product of high U1-occupancy in introns due to PCPA-prevention? And how
many subsequent recursive splicing patterns are merely a fail-safe to rescue these transcripts,
whose introns have been prematurely committed to splicing? Future studies will provide
answers to these questions, leading to a more complete, yet more complex picture of the
splicing processes and their impacts in cellular environments.

The second manuscript sheds light on the transcriptional processes at genomic centromeres
and the interaction of the resulting a-satellite RNA and polll. This interaction results in RNA
dependant RNA polymerase activity and a potential role of satellite RNA as a transcription
regulator.

A similar interaction is observed in the ACRO-derived RNA, where small RNA aptamers were
found to serve as a silencer of ACRO transcription. Besides this activity, these motifs have the
potential to tune RNA splicing, as their positioning within introns could potentially lead to
altered polymerase transcription speeds and thus influence splice site selection. The abundan-
ce and diversity of RNA polymerase binding aptamers identified in this study imply a novel and
very diverse regulatory layer that sits directly at the core of transcription: the RNA itself.

The essential role of proteins in transcription and processing is showcased by Nrl1. Discovered
by Lucia Aronica in yeast, it showed a close interaction with RNA processing and splicing
factors. Its role in maintaining splicing patterns and genomic integrity, in complex interaction

with other cellular factors, are exemplary for the diversity of regulatory networks in the cell.
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