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Abstract
RNA polymerases transcribe diverse classes of genes and the produced RNAs need to be targeted
to their appropriate cognate biochemical maturation pathways. The vast majority of the human
transcriptome consists of long non-coding RNAs (lncRNAs), which is a heterogeneous group of
RNAs that is inadequately divided into classes based e.g. on length, stability and association with
protein-coding genes. We reasoned that further classification based on biochemical properties, in this
case transcription termination and the mechanistically coupled RNA 3’-end processing, would enable
a better understanding about the biogenesis and possible functionality of such transcripts. Many
lncRNAs are short-lived, which makes them difficult to detect with standard methods. Therefore, we
applied a specialized next generation sequencing protocol called transient transcriptome sequencing
(TT-seq) that allows the study of transcription termination on genes encoding both stable and unstable
transcripts.
We successfully obtained TT-seq data enriched for unstable lncRNAs from human cells depleted
of factors known to be involved in transcription termination and RNA 3’-end processing. We
developed a data-driven annotation protocol, which aided the discovery of transient RNA species and
enabled determination of the pathways responsible for transcription termination on a multitude of
genes. Our results demonstrate that genes corresponding to specific RNA classes do not pertain to
one specific transcription termination pathway. For example, contrary to prediction, a subset of
protein-coding genes utilise the machinery used by genes encoding U snRNAs. This same machinery
is predominantly used by a class of lncRNA genes, encoding so-called PROMPTs, despite the
presence of sequence elements predicted to guide the usage of the pathway mainly used by proteincoding genes. Thus, our results underscore the importance of functional studies over bioinformatic
prediction. Analyses of several individual genes indicated putative regulatory properties of
transcription termination events. Further studies are needed to find common denominators such as
sequence motifs, secondary structures, or other signals that govern the choice of a specific RNA
cleavage and transcription termination pathway.
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Résumé
RNA polymeraser transskriberer forskellige typer af gener, og de derved producerede RNA
molekyler gennemgår derefter en række biokemiske modningstrin. Denne modning kan foregå på
forskellige måder, hvilket blandt andet dikteres af gentypen og RNAets sammensætning. Størstedelen
af det menneskelige transskriptom (fællesbetegnelse for samtlige RNA molekyler i en celle) tilhører
en uensartet gruppe kaldet lncRNA (lange ikke-kodende RNA), der er yderligere opdelt i klasser
baseret på bl.a. deres længde, stabilitet og tilknytning til protein-kodende gener. Klassificeringen af
lncRNA er på nuværende tidspunkt mangelfuld, men den kan formodentlig forbedres ved at
kortlægge yderligere biokemiske egenskaber af de enkelte lncRNAer og deres tilsvarende gener. Med
dette projekt har vi udført en global undersøgelse af transskriptionensterminering og den mekanistisk
koblede RNA 3’-ende processering. Et stort antal lncRNA er kortlivede, hvilket gør dem svære at
detektere med almindelige metoder. Vi har derfor anvendt en specialiseret ‘next generation’
sekventeringsprotokol kaldet ‘transient transskriptom’ sekventering (TT-seq), som kan bruges til at
studere transskriptionsterminering på gener, der koder for både stabile og ustabile transskripter.
Vi har genereret TT-seq data fra menneskeceller, hvor en række faktorer med kendte funktioner
i transskriptionensterminering og RNA 3’-ende processering var deaktiverede. For at afhjælpe
identificeringen af kortlivede RNA, har vi udviklet en data-drevet annoteringsprotokol. Derved var
det muligt at bestemme transskriptionstermineringsmekanismen for bred vifte af gener. Vores
resultater viser, at gener svarende til specifikke RNA klasser ikke nødvendigvis benytter sig af en
bestemt transskriptionstermineringsmekanisme. Som eksempel kan nævnes, at en delmængde af
protein-kodende gener uventet anvender et maskineri, der er kendt fra gener, der koder for U
snRNAer. Det samme maskineri benyttes hovedsagligt af en klasse lncRNA gener, der koder for
såkaldte PROMPTs, på trods af at disse gener indeholder sekvenselementer, der har ført til
forudsigelsen, at de skulle anvende maskineriet fra det typiske protein-kodende gen. Således
illustrerer vores resultater vigtigheden af funktionelle studier fremfor bioinformatiske forudsigelser.
Analyser

af

individuelle

gener

antydede

desuden

muligheden

for

at

visse

transskriptionstermineringsbegivenheder kan have betydning for regulering af genekspressionen.
Yderligere studier er nødvendige for at finde generelle elementer, såsom sekvensmotiver, sekundære
strukturer eller ander signaler, der styrer hvilke faktorer der skal bruges til RNA 3’-ende processering
og afslutning af transskriptionen.
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1 Introduction
1.1 Pervasive transcription
This project was started as an attempt to broaden our knowledge about long non-coding
(lnc)RNAs with a focus on their transcription termination and 3’ end processing. We hypothesized
that our approach could uncover some general rules of transcription termination, since previous
research shows that lncRNAs use termination and 3’ end processing machineries involved in the
maturation of both coding transcripts and snRNAs. A detailed description of lncRNAs is therefore
initiating my Introduction.
There are three RNA polymerase enzymes in the nucleus of eukaryotic cells. Generally,
RNAPII transcribes protein-coding genes, snRNAs and lncRNAs, while RNAPI and RNAPIII
transcribe rRNA and tRNA, respectively. Most of our knowledge about RNAPII transcription comes
from studies on mRNA and snRNA. Due to their high abundance in cells, they can be easily detected
and visualised, which makes them easy targets to study.
Until recently, it was believed that the canonical RNA classes mentioned above, are dominant
in eukaryotic cells. However, new data emerging from high-throughput RNA detection methods, such
as tilling arrays and next generation sequencing, led to the discovery of huge amounts of previously
unknown transcripts. Large-scale projects, like FANTOM and ENCODE, discovered that around
75%-90% of the human genome is transcribed (Carninci et al., 2005; Djebali et al., 2012). Only half
is comprised by already annotated mRNAs and other well studied RNA species. The remaining part
is comprised of poorly characterised lncRNAs, which are generally of low abundance, but
ubiquitously transcribed, and thus called pervasive transcription products. It was found that
transcription occurs on both DNA strands and that most transcription units (TUs) have multiple start
and end sites, giving transcription a greater level of complexity than previously anticipated.
LncRNAs are commonly defined as being >100–200 nucleotides (Quinn & Chang, 2016). A
major fraction of these transcripts is associated with promoters of mRNA genes and enhancer regions.
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So far, clear functions have established for only a small number of long intergenic non-coding RNAs
(lincRNAs), which resemble mRNAs with the exception of their absent coding capacity. For instance,
Xist is required for X chromosome inactivation (Wutz et al., 2002), while MALAT1 transcription is
involved in nuclear speckle formation (Tripathi et al., 2010). Functionality of other non-coding
transcripts is still under intense investigation. A substantial fraction of pervasive transcripts is
unstable and becomes detectable only after removal of degradation machineries such as the 3’-5’
exonucleolytic RNA exosome (Jensen et al., 2013; Preker et al., 2008). Therefore, it could be argued
that many lncRNAs are non-functional by-products of leaky transcription of the genome. Below the
RNAs of interest for this project are described in more detail.

1.1.1 PROMPTs
Multiple studies agree that the vast majority of mammalian mRNA transcription start sites
(TSSs) are linked to reverse-oriented TSSs (Andersson et al., 2015; Core et al., 2008; Preker et al.,
2008; Scruggs et al., 2015; Seila et al., 2009) producing promoter upstream transcripts (PROMPTs),
also called upstream antisense RNAs (uaRNAs) (Core et al., 2008; Ntini et al., 2013; Preker et al.,
2008). These lncRNAs are characterised as being relatively short (< 1kb), unspliced, unstable and
deriving from TSSs located in the upstream vicinity (up to 500 bp) and antisense to active mRNA
TSSs (Andersson et al., 2015; Core et al., 2008; Ntini et al., 2013; Preker et al., 2008). Altogether,
this creates a divergently transcribed PROMPT/mRNA pair (Figure 1.1) synthesized from one
nucleosome depleted region (NDR) suggested to be a full promoter (Andersson et al., 2015; Y. Chen
et al., 2016). In pairs of core promoters, forward transcription is generally elongation competent and
results in a stable transcript, while reverse-oriented transcription often terminates early and the
produced RNA is subjected to rapid nuclear degradation by the RNA exosome (Flynn et al., 2011;
Ntini et al., 2013; Preker et al., 2008; Seila et al., 2009). Transcription of at least a fraction of
PROMPTs is believed to be terminated in a process dependent on the canonical cleavage and
polyadenylation machinery (Ntini et al., 2013) and their transcription units are characterised by a high
density of pA signals (PASs) and a low density of 5’ splice sites (Almada et al., 2013; Ntini et al.,
2013). This creates an obvious asymmetry with mRNAs being depleted of PASs in the TSS-proximal
region and at the same time enriched for 5’splice sites. As U1 snRNP bound 5’splice sites were
demonstrated to supress cryptic pA site usage (Kaida et al., 2010), this asymmetry is thought to
contribute to the different fates of PROMPTs versus their neighbouring mRNA (Almada et al., 2013;
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Ntini et al., 2013).
Any common functionality of PROMPTs remains unknown. Increased levels of PROMPTs,
as e.g. upon exosome depletion, do not generally correlate with changed expression of their
neighbouring genes (Lloret-Llinares et al., 2016; Preker et al., 2008). Instead, it has been proposed
that divergent transcription can broaden the NDR next to the mRNA TSS and allow for more robust
transcription factor binding upon stimuli (Scruggs et al., 2015). Nevertheless, the question remains
what kind of signals drive the transcription termination of PROMPTs, including whether the observed
PASs are functional and processed by the Cleavage and Polyadenylation Specificity Factor (CPSF)
complex or whether a different machinery might play a role.
RNA exosome

RNAP II

RNAP II

PROMPT

mRNA

Figure 1.1 A PROMPT/mRNA pair
A divergent promoter in which the mRNA transcribed in the forward direction (green) is stable, while the
reverse oriented PROMPT (red) is targeted for degradation by the RNA exosome complex (grey packman).
The arrows indicate the direction of transcription.

1.1.2 eRNAs
Enhancer RNAs (eRNAs) are PROMPT-like lncRNAs which do not accompany a proteincoding gene, but are derived from enhancers, typically producing divergent eRNA/eRNA pairs
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(Andersson et al., 2015; Sigova et al., 2013), as presented in Figure 1.2. It has been shown that eRNAs
are cell-type specific and activated upon stimuli such as the addition of hormones (Lai et al., 2015).
Indeed, the produced RNA is a good indicator of enhancer activity (Andersson et al., 2015). The
biochemical properties of eRNAs are like those of PROMPTs, including exosome sensitive and a
sequence depleted of 5’ splice sites. Still, eRNAs are typically of even lower abundance than
PROMPTs. This is despite their high rate of transcription, and due to their extremely short half-lives
of just a few minutes (Schwalb et al., 2016).

RNA exosome

RNAP II

RNAP II

eRNA

eRNA

Figure 1.2 A eRNA/eRNA pair
eRNA transcription units (red) are transcribed from a divergent promoter and are targeted for degradation by
the RNA exosome complex (grey packman).

1.1.3 nNATs
A peculiar situation occurs when two convergent mRNAs are partially overlapping on
opposite strands, giving rise to so-called NATs (Faghihi & Wahlestedt, 2009; Lehner et al., 2002).
This arrangement of TUs can occur for mRNA/lncRNA pairs as well. This is common, as antisense
transcription initiating downstream of sense transcription initiation was observed at one fourth of
promoter regions in HeLa cells (Y. Chen et al., 2016; Mayer et al., 2015). Chen et al. uncovered a
large number of such cases and termed the observed previously unannotated transcripts nNATs A
schematic arrangement of the mRNA/nNAT pair is presented in Figure 1.3. These lncRNAs were
shown to be RNA exosome substrates of less than 1000 nucleotides in length (Y. Chen et al., 2016).
However, in contrast to mRNA-PROMPT pairs that originate from single NDRs, convergent
mRNA/nNAT pairs originate from two distinct NDRs, separated most likely by 1-2 nucleosomes
with distances of around 150 bp (Mayer et al., 2015) or longer (Y. Chen et al., 2016).
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nNATs initiating close to mRNA transcription start sites (TSSs) (often in the first exon or first
intron) can traverse beyond the host mRNA TSS, whereas more distally positioned nNATs might
exhibit their 3’ ends in the gene body region of the hosting mRNA transcription unit (TU).
Interestingly, mRNAs that host nNATs are generally lowly expressed (Mayer et al., 2015) and it was
proposed that such low expression could be a consequence of nNAT transcription disturbing mRNA
promoter function (Mayer et al., 2015). Indeed, a subset of nNATs traversing the host mRNA
promoter appeared to negatively impact mRNA levels (Y. Chen et al., 2016).
Finally, in contrast to regular mRNA/PROMPT promoters, the region occupied by nNATs is
GC-rich and depleted of PASs (Y. Chen et al., 2016). This provokes the question about how nNATs
are 3’end processed and how their transcription is terminated.

mRNA
RNAP II
RNAP II

nNAT

RNA exosome

Figure 1.3 A nNAT-hosting mRNA
A protein-coding gene (green) hosts an exosome-sensitive nNAT (red) in its promoter-proximal region. These
TUs are transcribed in a convergent manner.
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1.2 3’ end processing of canonical RNA species
Ends of RNAPII-transcribed genes undergo three kinds of maturation events. The common
characteristic is a sequence or a structure which, when recognised, serves as a signal for the 3’ end
processing machinery to cleave the nascent transcript. The best-known type of processing occurs at
the end of protein-coding genes and is coupled to polyadenylation of the cleaved transcript (Figure
1.4). Replication-dependent histone (RDH) genes are the only mRNAs that lack a polyadenylated
(pA) tail, as they end with a stem-loop instead (Marzluff, 2005). snRNAs undergo the third type of
processing, which starts with site-specific cleavage at a so-called 3’box sequence (Egloff et al., 2008).
There are other 3’-processing pathways known, however, below I will focus on the most common
ones.

1.2.1 3’end processing of polyadenylated mRNAs
Maturation of the 3’end of mRNAs plays an important role in the life cycle of the molecule.
A vast number of research demonstrates that it greatly enhances transcription termination efficiency
(Nojima et al., 2015; West et al., 2004; H. Zhang et al., 2015) and a properly formed 3’end is essential
for the molecule to be functional as it facilitates RNA export to the cytoplasm (Vinciguerra & Stutz,
2004), transcript stability (Wickens et al., 1997) and translation (Wilusz et al., 2001). Mammalian
pre-mRNAs contain primary sequence elements that define the pA region. These elements consist of
the consensus hexamer ‘AAUAAA’ called PAS, a U-rich upstream auxiliary elements (USEs) and a
G/U-rich downstream element (DSE). It is worth noting that a number of pA sites possess a noncanonical hexamer (Beaudoing et al., 2000). Still, the PAS hexamer is well conserved, while the DSE
has a higher sequence variability (Zhao et al., 1999). The cleavage site, positioned between the PAS
and the DSE, is not a strictly conserved sequence (F. Chen et al., 1995; Mandel & Tong, 2007).
Interesting work of Wu et al. revealed that 3’-ends of mRNAs are generally more folded than
other mRNA regions (Wu & Bartel, 2017). The authors pointed out that even though the majority of
mRNAs have a clear preference for PAS-pA site distances of 13-25 nucleotides, this distance is longer
for about ten percent of transcripts. In these instances, folding of the intervening region appears to
enhance the maturation process by shortening the physical distance from the PAS to the cleavage site.
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Moreover, an optimal distance enhances the metabolic stability of the RNA, however, the molecular
reason for this is not known (Wu & Bartel, 2017).
It is well established that 3’ end processing of mRNAs consists of their cleavage and
subsequent polyadenylation (Mandel et al., 2008). Purification of the mammalian 3’end processing
machinery revealed four main multiprotein complexes representing CPSF, cleavage stimulation
factor (CstF), cleavage factors I and II (CF I and CF II) and poly(A) polymerase (PAP) (Mandel et
al., 2008; Millevoi & Vagner, 2010). CPSF consists of six polypeptides; CPSF-30, -73, -100 and 160, Fip1 (Kaufmann et al., 2004), and WDR33 (Y. Shi et al., 2009). First, CPSF160 was thought to
be the subunit interacting with the PAS (Murthy & Manley, 1995), however, recent studies
demonstrated that CPSF30 and WDR33 synergistically recognize and bind the hexamer (Chan et al.,
2014), while CPSF160 interacts with RNA in a broad region upstream of the cleavage site (Martin et
al., 2012). Fip1 binds to U-rich RNA sequences upstream of the AAUAAA hexamer in vitro (Chan
et al., 2014) and together with CPFS160 recruits PAP to the mRNA 3′ processing site (Kaufmann et
al., 2004; Murthy & Manley, 1995). Last, but not least, CPSF73 is the endonuclease that catalyses
the 3’ end cleavage (Mandel et al., 2006).
CstF is a trimeric complex consisting of CstF77, CstF50, and CstF64 implicated in the
selection of pA sites (Takagaki et al., 1990). It specifically recognizes the DSEs, which are generally
characterized as U/GU-rich and important for 3’end formation (Takagaki & Manley, 1997). The
DSEs are highly diverse, and thus an important question is how CstF recognizes such variable
sequences. Recent in vivo and in vitro analyses of CstF64– RNA interactions showed that CstF only
binds to PASs, which are characterized by GU-rich sequences in the first 20 nucleotides downstream
from the cleavage site followed by U-rich sequences (Yao et al., 2012). In contrast, PASs, which
contain more G-rich DSEs are not stably bound by CstF. These results raise the possibility that there
may be different types of PASs recognised by different combinations of factors. In agreement with
this idea, a study revealed that the PAS of p53 contains a G-rich DSE, which forms a unique Gquadruplex structure and is recognized by hnRNP F/H to allow 3′ end formation of p53 mRNAs after
DNA damage (Decorsiere et al., 2011).
Cleavage factor I (CFI) is an RNA binding protein complex unique to higher eukaryotes and
originally identified as a key factor in alternative cleavage and polyadenylation (Brown & Gilmartin,
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2003; Ruegsegger et al., 1996). Knockdown of one of the CFI subunits leads to preferential use of
the more proximal among alternative pA sites. It was thus proposed that CFI may act to restrict the
CPSF action at the proximal sites (Martin et al., 2012; Ruegsegger et al., 1996).

1.2.2 3’ end processing of replication-dependent histone mRNAs
RDH mRNAs are the only non-polyadenylated mRNAs in metazoans (Marzluff, 2005). RDH
genes are also intronless, and insertion of an intron into a histone gene impairs histone 3’end
processing and results in production of polyadenylated RNA (Pandey et al., 1990). Intriguingly, a
recent study revealed that a subset of RDH genes can produce polyadenylated transcripts in terminally
differentiated cells, most likely to provide replacement proteins of some histones (Lyons et al., 2016).
In the first step of RDH mRNA maturation, the stem loop binding protein (SLBP) binds the stem–
loop present at the 3’end of the mRNA and then U7 snRNP binds to the histone downstream element
(HDE), a purine-rich sequence located about 15 nucleotides after the 3’end cleavage site. Next,
cleavage of the pre-mRNA is performed by CPSF73 (Dominski et al., 2005) and occurs between the
stem-loop and the HDE (Davila Lopez & Samuelsson, 2008). The 3’end processing machinery
includes CPSF73, CPSF100 and Symplekin, all of which also take part in 3′end maturation of
polyadenylated mRNAs (Davila Lopez & Samuelsson, 2008).
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Figure 1.4 Different mRNA 3’ends
Upper panel; schematic model showing 3’end signalsof a polyadenylated mRNA together with
proteins involved in mRNA 3’end processing. Cleavage (red arrow) happens downstream of the PAS.
Bottom panel; schematic model showing replication dependent histone mRNA 3’end signals together
with proteins involved in histone mRNA 3’end processing. Cleavage (red arrow) happens
downstream of the stem loop bound by the SLBP. Adapted from Shi and Manley, 2015.
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1.2.3 3’ end processing of snRNAs
A third type of 3’end processing is occurring at snRNAs, which are not polyadenylated. This
requires the presence of a UsnRNA-specific promoter and a conserved sequence named the 3′box
(‘AAAAACAGACC’), located around 10-20 nucleotides downstream of the end of the mature
UsnRNA (Ciliberto et al., 1986; Egloff et al., 2008).
Integrator, a multisubunit protein complex, was shown to be the machinery responsible for
3’end formation of UsnRNAs (Baillat et al., 2005). Specifically, depletion of the Integrator subunit
11 (INTS11), caused accumulation of U1 and U2 snRNAs precursors (Baillat et al., 2005).
Immunoprecipitation experiments revealed that Integrator associates with the RNAPII CTD (Baillat
et al., 2005). INTS11 is a homolog of CPSF73, and thus called CPSF73 like (CPSF73L), while IntS9
is a homologue of CPSF100. This shows that 3’end processing of diverse RNAPII transcripts utilises
overlapping factors.

1.3 Transcription termination
Transcription in eukaryotic cells is a complex process regulated at every step. RNAPIImediated transcription is controlled at several levels and RNA processing events like capping,
splicing and 3’end formation are coupled to transcription (Bentley, 2014; Proudfoot, 2016). The
process is divided into three steps: initiation, elongation and termination. During these stages,
RNAPII carboxyl terminal domain (CTD) residues get phosphorylated and protein complexes which
take part in RNA maturation join and leave the polymerase. Transcription initiation occurs at the gene
promoter where RNAPII and General Transcription Factors (GTFs) form a Pre-Initiation Complex
(PIC) (Buratowski, 1989). After transcribing 50-100 nucleotides, further elongation is blocked by
DRB sensitivity inducing factor (DSIF) and negative elongation factor (NELF), an action called
pausing or stalling. Only after phosphorylation of these negative transcription elongation factors and
the RNAPII CTD domain by the positive elongation factor b (p-TEFb) will transcription continue
into productive elongation (Fujinaga et al., 2004; Yamada et al., 2006).
Transcription termination occurs when RNAPII encounters 3’end processing signals such as
the PAS, where RNAPII slows down and eventually dissociates from the DNA template (Kwak &
Lis, 2013). Depletion of 3’end cleavage factors has been shown to cause a transcription termination
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defect, thus functionally connecting these two processes (reviewed in(Porrua & Libri, 2015). Recent
studies suggest that 3’end processing of snRNAs is, similarly to mRNA genes, coupled to
transcription termination, as depletion of INTS11 causes misprocessing of snRNAs as well as a
transcription termination defect (O'Reilly et al., 2014; Yamamoto et al., 2014).
Despite extensive studies on transcription termination most of our knowledge still comes from
protein-coding RNAs and stable ncRNAs. Little is known about the molecular mechanisms that cause
stalling and polymerase dissociation. Below I will discuss available transcription termination models
in more detail.

1.3.1 The torpedo model
After transcribing the PAS, RNAPII continues on the DNA template, sometimes for several
kbs (N. J. Proudfoot, 2016). When the pre-mRNA is cleaved, it exposes an unprotected 5'end of the
nascent RNA emerging from RNAPII still transcribing the DNA template. This 5’end is uncapped
and therefore gets rapidly degraded by an RNA 5’-3’ exonuclease. When this exonuclease catches up
with RNAPII, it helps to remove the transcribing enzyme from the DNA template. This process is
depicted as a chase and therefore was dubbed the ‘torpedo model’, where the exonuclease is
symbolized as the torpedo sinking RNAPII (Connelly & Manley, 1988). Findings from different
groups point to the mammalian Xrn2 exonuclease (homologue of yeast Rat1) as the major nuclear
5′–3′ exonuclease to be involved in transcription termination, as its depletion causes increased
transcription downstream pA sites (so-called read-through transcription) (Brannan et al., 2012; Fong
et al., 2015; Nojima et al., 2015; West et al., 2004).
In a recent study, Fong et al. demonstrated a kinetic competition between the elongating
polymerase and the chasing exonuclease by using fast and slow polymerase mutants, which accelerate
or decelerate elongation, respectively (Fong et al., 2015). As predicted by the torpedo model,
transcription terminated sooner on the DNA template (closer to the 3’ end of the gene) in cells
expressing a slow RNAPII mutant, suggesting that Xrn2 catches up faster and wins this kinetic
competition. Accordingly, termination occurred further downstream in cells expressing a fast
polymerase. Moreover, the authors confirmed that this is a natural phenomenon by studying the
natural rate of elongation by in vivo pulse labelling. Genes transcribed with slow elongating rate
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exhibit generally more proximal termination while genes that are transcribed fast terminate further
downstream (Fong et al., 2015).

1.3.2 The allosteric model
Transcription termination occurs when polymerase binding to DNA weakens after having
recognised and transcribed the PAS. This happens due to dissociation of elongation factors and
conformational changes of RNAPII according to the allosteric model (Logan et al., 1987) which was
established in parallel to the torpedo model. Zhang et al. used an in vitro approach to separate the
transcription termination process from any exonuclease activity and focused on how a PAS, but not
pA site cleavage, might affect the polymerase (H. Zhang et al., 2015). They showed that a PAS alone
is sufficient to induce the conformational change in the active site of polymerase, leading to
termination. Nevertheless, all evidence indicates that transcription termination is most efficient in the
presence of all the factors (Zhang et al., 2015). With this in mind, Nojima et al. recently demonstrated
that the recruitment of the 3’end processing machinery to the elongation complex induces a slowdown effect of the elongation process (Nojima et al., 2015). Depletion of CPSF73 and Cstf64 resulted
in termination defects together with reduced RNAPII pausing immediately downstream of the
transcript end site (TES) hereby pushing the termination zone more downstream (Nojima et al., 2015).
The authors were able to accurately detect paused polymerase by using native elongating transcript
sequencing (NET-seq), which enables immunoprecipitation of elongating polymerase followed by
sequencing of the RNA still attached to the enzyme.

1.3.3 The backtracking polymerase model
Transcription termination sites (TTSs) are the exact places on the DNA template where
polymerase dissociates during transcription termination. These have for years been challenging to
pinpoint e.g. due to insufficient resolution of methods such as chromatin immunoprecipitation (ChIP).
Dissociation of elongation factors and polymerase phosphorylation changes were documented to play
roles in termination, but no specific DNA elements (downstream of PASs) have been identified.
However, Schwalb et al. developed transient transcriptome sequencing (TT-seq); a method which,
like 4SU-seq (Dolken et al., 2008; Rabani et al., 2011) uses brief thiouridine labelling pulses of RNA
in cells followed by sequencing of the labelled RNA and thus enables mapping of transcriptionally
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active region (Schwalb et al., 2016). TT-seq detects transient RNAs, including the RNA downstream
of PASs (Schwalb et al., 2016).
In their work, Schwalb et al. used TT-seq to find termination sites of mRNA TUs (4 per RNA
on average) and, importantly, predict a termination site consensus sequence. They found that TTSs
constitute a G/C-rich sequence, specifically (C/G)(2-6)A, which is immediately followed by a T- or Arich sequence. Transcription over the A/T-rich sequence is predicted to destabilize the DNA:RNAPII
complex because of the low melting temperature of the DNA-RNA hybrid (Kireeva et al., 2000).
According to the model, this may trigger backtracking of the polymerase to the high melting
temperature site and trap it at the upstream G/C-rich sequence, which forms a stable hybrid. Next, the
RNA may be cleaved at its 3′ end to yield a terminal A residue and polymerase can be released from
the template by Xrn2 (West et al., 2004).
Supporting evidence for both the allosteric and torpedo models suggests that these processes
might be acting together to elicit termination. One could therefore propose a ‘unified model’ with
allosteric changes causing polymerase slow-down, while at the same time Xrn2 attacks from the
cleaved RNA entry site. Backtracking of polymerase could make it more prone to dissociation upon
contact with Xrn2.

1.3.4 Roadblock termination
Transcription elongation is not an uninterrupted smooth process. On the contrary, polymerase
frequently stalls when it encounters sequences that are difficult to transcribe or chromatin structure
elements such as nucleosomes (Kireeva et al., 2002). The transcription elongation complex is stably
attached to the DNA template and temporary stalls can be released by the recruitment of elongation
factors. However, if polymerase is arrested for a long time it ends up being degraded (Wilson et al.,
2013). This happens in the case of a roadblock termination mechanism, which has been known to
occur in bacteria (Belitsky & Sonenshein, 2011) and has been reported in S. cerevisiae to be initiated
by the DNA-binding protein Reb1p (Colin et al., 2014). Reb1p stops the polymerase, which causes
its ubiquitination and removal. This kind of termination occurs at several sites of cryptic unstable
transcripts (CUTs) (Colin et al., 2014). In some instances, Reb1p binding overlaps with canonical
termination signals, suggesting these pathways could cooperate or that Reb1p might provide a fail-
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safe mechanism preventing transcription leakage into other genes (Colin et al., 2014).

1.3.5 Sen1p-dependent termination
In S. cerevisiae, a transcription termination pathway responsible for the termination of CUT
transcription and thus control of pervasive transcription in general, is facilitated by the Nrd1p-Nab3pSen1p (NNS) complex. NNS was first described to be involved in the termination of
snRNAs/snoRNAs (Steinmetz et al., 2001). Nrd1p and Nab3p are RNA-binding proteins that bind
nascent RNA in a sequence-specific manner (Carroll et al., 2007; Creamer et al., 2011; Porrua et al.,
2012). Next, Sen1p, an RNA helicase, joins Nrd1p and Nab3p on the nascent RNA, causing RNAPII
dissociation from the template, through a kinetic competition between the two enzymes (Han et al.,
2017; Hazelbaker et al., 2013). Hereafter the RNA is both adenylated and directed by the
Trf4/Air2/Mtr4p Polyadenylation complex (TRAMP) for degradation by the exosome (Porrua et al.,
2016). In human cells, direct homologues of NNS components have not been found, except for the
Sen1p homologue; Senataxin. However other factors share some of the functionalities of the S.
cerevisiae counterparts.

1.3.6 Rho-dependent termination
Two types of transcription termination mechanisms are described in bacteria. The first one is
called ‘intrinsic’ and is triggered by a DNA signal alone, which results in transcription of a hairpin
RNA structure preceding a run of uridine residues. The second type is factor-dependent and requires
the Rho protein to destabilize the transcription elongation complex (Peters et al., 2012). Rho is a ringshaped hexamer with ATPase activity. It binds to Rho-utilization (rut) sites on the RNA, which have
been described to be C-rich (reviewed in (Ciampi, 2006). RNA binding promotes ATPase activity
and Rho translocation along the RNA in the 5′–3′ direction. As Rho is more processive than the RNA
polymerase, shortly after binding to the rut sequence, it reaches RNAP and promotes its dissociation
from the DNA template and the release of the RNA transcript (Boudvillain et al., 2013). The exact
mechanism of Rho imposing dissociation of the polymerase is still under debate. The possible
scenarios are that Rho causes termination by pulling the RNA until the RNA:DNA hybrid is broken
(Richardson, 2002), or that it pushes RNAP out of the template (Park & Roberts, 2006). The most
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recent model suggests that Rho can enter the main channel of polymerase and unwind part of the
DNA:RNA hybrid, which subsequently leads to a conformational change and dissociation from the
DNA template (Epshtein et al., 2010). Interestingly, genome wide analysis in E. coli (Peters et al.,
2012) and B. subtilis (Nicolas et al., 2012) suggest that Rho-dependent termination plays a role in
repression of antisense transcription.

1.4 Transcriptional interference and gene boundaries
Transcriptional interference is the direct suppressive influence of one (more robust)
transcriptional process over another. It can occur when two TUs are closely positioned and
transcribed at the same time or when one transcription event changes the chromatin modification
pattern of another (Shearwin et al., 2005). The process has been extensively studied in bacteria, but
only a few studies describe possible mechanisms in eukaryotic cells (Mazo et al., 2007; Shearwin et
al., 2005). However, the pervasive nature of transcription in human cells gives ample opportunity for
interference between transcription units initiating in the same or opposite direction. Promoters of such
units can be either convergent or tandem (Figure 1.5). Transcriptional interference may be elicited by
failure in transcription termination. Read-through into a downstream gene may cause its
downregulation in both tandem and convergent arrangements (Greger et al., 2000).

A

B

Figure 1.5 Gene arrangements
A) Convergent genes, B) Tandem genes
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Transcriptional interference can occur in several possible ways. Occlusion (Figure 1.6A) is
most probable to happen in tandemly positioned genes, when the rate of polymerase transcribing the
upstream gene is high. If termination fails to occur before the downstream promoter, running
polymerases may limit the possibility of initiating transcription (Shearwin et al., 2005). This
phenomenon was observed in a study of human globin genes (Whitelaw & Proudfoot, 1986). It was
determined that transcriptional read-through from the upstream α2-globin gene, caused by a mutation
in its PAS, resulted in downregulation of the downstream α-globin genes (Whitelaw & Proudfoot,
1986). Furthermore, work done on GAL genes in S. cerevisiae showed that transcriptional readthrough from the upstream gene represses transcription of the downstream gene by limiting
transcription factor binding to its promoter (Greger et al., 2000).
Another way of transcriptional interference occurs when two elongating complexes collide.
Collision (Figure 1.6B) was documented to happen between convergent genes in S. cerevisiae, when
termination signals were deleted leading to decrease of mRNA levels of the genes in question
(Prescott & Proudfoot, 2002). Later, it was established that such collision causes transcriptional arrest
and trapped polymerases are cleared by poly-ubiquitylation and proteosomal degradation (Hobson et
al., 2012; Wilson et al., 2013). Thus, effective transcription termination is important in preventing
interference between adjacent genes.
Although these examples point to a failure in transcription termination as a cause of
interference, a recent finding in human cells showed that active enhancers residing inside proteincoding genes may attenuate host mRNA expression through polymerase interference (Cinghu et al.,
2017). Thus, transcriptional interference can be intrinsically used to regulate gene expression.
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Figure 1.6 Transcriptional interference
A) Transcriptional interference by occlusion. Polymerase transcribing the upstream gene (1) fails to terminate
(2) and continues transcription over the promoter of the downstream gene. This limits polymerase and
transcription factor binding to the promoter of the downstream gene (3).
B) Transcriptional interference by collision. In case of transcription termination failure polymerases
transcribing convergent genes collide and get trapped at the collision site.

Protein factors bound to DNA play an important role in preventing transcriptional readthrough. In S. pombe, cohesin – a DNA-binding protein, is recruited to the sites between convergent
genes, where it promotes gene-proximal transcription termination by blocking polymerase passage
(Gullerova & Proudfoot, 2008). Hence, roadblock termination, as described above for the Reb1p
protein, can be executed by different DNA-binding proteins. However, in human cells, any S. pombe
homologs might have a different function. A situation when cohesion proteins form ‘cohesin islands’
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between convergent genes could only be established in the absence of the CCCTC-binding protein
(CTCF), another DNA-binding protein, which has no known S. pombe homolog. It has been proposed
that cohesin is first loaded at the active TSS and then pushed by the elongating transcription complex
until it is bound by CTCF (Busslinger et al., 2017).
Taking all the mentioned examples into account, I hypothesize that closely spaced tandem and
convergent genes are good candidates to look for strong terminators, including sequences and proteinbinding sites, which would elicit transcription termination and thus protect from transcriptional
interference.

1.5 The nuclear 3’-5’ RNA degradation machinery
The RNA exosome is a multisubunit and well conserved complex, which is present in the
nucleus and the cytoplasm of all eukaryotic cells. The nuclear exosome is relevant for this project,
therefore, I will describe it in more detail. The catalytically inactive core of the exosome is composed
of nine proteins arranged in a barrel-like shape. Two ribonucleases; the exonuclease RRP6 and the
exo- and endonuclease RRP44 are positioned on opposite sides of the central core channel to ensure
its 3’-5’ exonucleolytic activity (Allmang et al., 1999; Chlebowski et al., 2013; Mitchell et al., 1997;
Schmid & Jensen, 2013; Schneider & Tollervey, 2013). A schematic representation of the complex
is presented in Figure 1.7. Among its numerous functions, the exosome is central for most cases of
quality control, removing both cryptic transcripts but also incorrectly processed coding RNAs. These
functions are of importance, since accumulation of such aberrant transcripts can be harmful, because
they might aggregate or compete with properly matured RNAs for factor binding (Chlebowski et al.,
2013; Kilchert et al., 2016; Schmid & Jensen, 2013).
The large variety of exosome substrates was originally provoking the question of how such
different classes of transcripts could all be delivered to the same decay machinery. Now, it is known
that a panel of exosome adaptor proteins is responsible for recognising specific types of RNA
substrates. The first human exosome adaptors to be discovered were the human TRAMP and nuclear
exosome targeting (NEXT) complexes (Lubas et al., 2011). Human TRAMP is composed of hTRF42, ZCCHC7 and the RNA helicase Mtr4, and adenylates pre-rRNA degradation intermediates targeted
by the exosome (Lubas et al., 2011). NEXT is comprised of Mtr4, now contacting both the RNA
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exosome and the adaptors RBM7 and ZCCHC8 (Lubas et al., 2011). The NEXT complex was
determined to target newly synthesised and mainly unprocessed transcripts, such as PROMPTs and
eRNAs (Andersen et al., 2013; Andersson et al., 2014; Lubas et al., 2015). Recently, Mtr4 was shown
to also be a key component of the pA tail exosome targeting (PAXT) connection together with the
ZFC3H1 and nuclear pA-binding protein (PABPN1) factors (Meola et al., 2016). PAXT targets were
found to be processed and polyadenylated RNAs, exemplified for instance by spliced snoRNA
hosting mRNAs (Meola et al., 2016). A schematic representation of the NEXT and PAXT complexes
can be found in Figure 1.8. Strikingly, depletion of Mtr4 or ZFC3H1 not only increases lncRNA
levels but also leads to their accumulation in the cytoplasm (Ogami et al., 2017), where they can be
translated into deleterious proteins. Besides its function in nuclear RNA decay the PAXT connection
may therefore also serve an RNA nuclear retention function.

Figure 1.7 The nuclear RNA exosome
A schematic illustration of the nuclear exosome. The core consists of nine proteins arranged in a barrel-like
shape (green). Two processive ribonucleases RRP44/Dis3 and RRP6 associate on two sides of the core
channel. Illustration adapted from Lubas et al., 2011.
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Figure 1.8 RNA exosome adaptors
Schematic illustration of the nuclear RNA exosome adaptors NEXT (left) and PAXT (right). Protein-protein
interactions within complexes are indicated. Question mark indicates that the ZFC3H1-PABPN1 interaction
might not be direct. Illustration adapted from Meola et al., 2017.

1.6 ARS2
ARS2 (for arsenite resistance gene 2) is a zinc finger protein encoded by the highly conserved
eukaryotic SRRT gene, producing a protein essential for early mammalian development (Wilson et
al., 2008). ARS2 has no documented cleavage activity but it is clearly involved in transcription
termination of short TUs such as those producing snRNAs, RDH mRNAs, PROMPTs and eRNAs,
since ARS2 depletion results in the production of such 3’extended species (Andersen et al., 2013;
Hallais et al., 2013) as well as triggers obvious transcription termination defects (Iasillo et al., 2017).
Furthermore, ARS2 depletion leads to increased RNA-seq signal within the first intron of multiple
mRNAs, pointing to its relevance in the decay of prematurely terminated mRNAs (Iasillo et al.,
2017). It was initially established that ARS2 is an adaptor protein of the cap binding complex (CBC)
(Gruber et al., 2009). Later on the complex between ARS2 and the CBC was named CBCA, and
CBCAP if also including the export factor PHAX (Hallais et al., 2013). Moreover, ARS2 was shown
to interact with the ZC3H18 protein and the NEXT complex, creating a so-called CBC-NEXT
(CBCN) complex (Andersen et al., 2013), possibly connecting the 5’cap of short transcripts, like
PROMPTs, to their premature termination followed by degradation. The specificity of this reaction
has not been established, since ARS2 has no motif specificity and the CBCA appears to bind to all
capped RNAs (Giacometti et al., 2017). Indeed, the decision about RNA fate – export or degradation
– was interrogated using live cell imaging, which showed a dynamic and constant competition
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between PHAX and ZC3H18 for binding to the CBCA complex (Giacometti et al., 2017). It was
suggested that RNPs are constantly remodelled during their transcription and a checkpoint, such as
the 3’ end processing signal emerging from transcribing RNAPII, contributes to the decision about
the posttranscriptional life of the molecule; rather than this decision being determined already at the
promoter.
Since genes sensitive to ARS2 depletion are short, the distance from the emerging 3’ end
processing signal to the TSS is most likely important in determining RNAPII elongation capacity
(Anderssen et al., 2013; Chen et al., 2016; Iasillo et al., 2017). Competition for CBCA binding may
spread to other export factors. For example, the mRNA export factor ALYREF competes with Mtr4
for binding to ARS2 and the CBC (Fan et al., 2017). The competition may also be an important
checkpoint to prevent unwanted nuclear export of aberrant transcripts. The importance is clear as
Mtr4/ZFC3H1 absence leads to the accumulation and illegitimate export of lncRNAs (Meola et al.,
2016; Ogami et al., 2017). ALYREF not only binds to the 5’end of mRNAs but also to their 3’ends
by a direct interaction with CstF64 and PABPN1, and specific binding motifs were shown to be
enriched in highly exported mRNAs (Shi et al., 2017). Perhaps, transcripts targeted for degradation
are depleted for these motifs, which could factor in deciding which complex wins the competition of
the RNA fate.
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1.7 Aim of the project
The main goal of my project has been to characterise 3’ end processing and transcription termination
pathways of lncRNAs, which might in turn shed light on the reason for their instability. For my
analysis, I focused on the CPSF and Integrator 3’ end processing machineries, as they had already
been reported to influence some lncRNA species. I also included the ARS2 protein in my study, as
its depletion impairs both transcription termination and degradation of lncRNAs. More specifically,
the CPSF complex was shown to promote termination of a few PROMPTs (Ntini et al., 2013),
whereas Integrator was shown to be important for termination of some eRNAs (Lai et al., 2015), with
ARS2 affected both transcript classes (Iasillo et al., 2017). However, I presumed, that the termination
mode of a given lncRNA is likely not determined by transcript type, but rather by specific molecular
properties of the RNA or the TU from where it is produced. More generally, how lncRNAs are
selected for the CPSF, Integrator, or ARS2 pathways is not known and the main purpose of this thesis
was to identify targets for all three pathways, allowing identification of critical determinants and
possibly overlapping mechanisms.
A crucial element for my analysis was to obtain a reliable dataset, which would represent RNAs in
an unbiased manner, but with focus on their 3’ends in a very high resolution. In other words, I needed
a protocol, which would enrich the RNA sample for unstable, short and lowly abundant transcripts.
Moreover, I needed to create annotations of transcripts de novo, based on my dataset, as most of the
transcripts of my interest are not properly annotated as they often go undetected in publicly available
data. Annotation would help me defining termination sites and consequently look for general rules
for a given pathway, such as 3’ end processing signals and any motifs of DNA-binding proteins.
Classification of lncRNA 3’ end processing/transcription termination needs more information on
which biochemical properties are relevant. Defining these properties might help us understand why
some transcripts are unstable while others evade nuclear exosomal decay.
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1.8 RNA purification protocol for the 3’ end sequencing
In the early stages of my PhD studies, I sought to develop an RNA purification protocol,
enriching for newly-transcribed, unstable lncRNAs and couple this with 3’end sequencing. The
resulting sequencing data were somewhat disappointing. For example, libraries were contaminated
by mitochondrial RNA, which occupied 60 to 80 percent of all reads. In consequence, signal coming
from lncRNAs was low and not suitable for the purpose of this project. Therefore, all presented
analyses are based on my TTseq data sets.
Although the 3’end sequencing was not used to generate results, the setting up and optimization
of the protocol itself was very educational for me and gave some useful insights. Hence, I am
including a small chapter about this protocol. I am describing some steps in more detail and I suggest
how the procedure could be optimized.

1.8.1 Optimizing the best RNA fraction: BrU-labelling and subcellular
fractionation
The following experiment was performed to determine the best condition for obtaining an
RNA sample enriched in unstable RNAs such as PROMPTs and consequently decreased for the more
plentiful mRNAs. As the project is focusing on nuclear transcripts, subcellular fractionation was also
performed, where cells were divided into nuclear (Nuc) and total (Tot) fractions. RNA from the
nuclear fraction was expected to have higher levels of PROMPTs and lower levels of mRNAs, as
compared to the total fraction, because mature mRNAs are primarily residing in the cytoplasm,
whereas PROMPTs are primarily nuclear.
The starting point was total RNA purified from HeLa cells labelled for one hour with
bromouridine (BrU) before harvest. BrU-labelling coupled with BrU-immunoprecipitation (BrU-IP)
enables isolation of the ‘new’ RNAs synthesized during the bromouridine labelling time. This should
favor the detection of short-lived transcripts, including RNAs generated by pervasive transcription.
Furthermore, a large part of unlabelled stable transcripts with a long half-life (such as mRNAs,
rRNAs) are washed away during the IP step, which is why we expected to see an enrichment of e.g.
PROMPTs over mRNAs in the labelled sample.

31

Combining the above experimental means, four samples were created: i) total non-labelled,
ii) nuclear non-labelled, iii) total BrU-labelled and iv) nuclear BrU-labelled. These four scenarios
were compared in order to give a rough estimate of the distribution of non-coding versus coding
transcripts. RT-qPCR was used for detection of a selected set of three PROMPTs (proRBM39,
proTMEM, proIFNAR1) and three mRNAs (GAPDH, b-actin, HPRT1) to estimate the relative levels
of these two transcript types in the samples. It is not trivial to compare total and BrU-labelled fractions
to each other, because they are different RNA populations. Therefore, ratios of PROMPT/mRNA
levels within samples were compared. These ratios were then used to evaluate which samples had the
highest enrichment of non-coding versus coding transcripts. BrU-labelled fractions proved to have
higher ratios compared to unlabelled ones (data not shown). Measuring individual transcript levels,
there was no clear conclusion about which cellular fraction was preferable (data not shown).
Therefore, the mean of signals of PROMPTs was divided by the mean of signals of mRNAs, resulting
in the plot below (Figure 1.9).

mean PROMPTs/mean mRNAs levels
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Figure 1.9 Comparison of PROMPT/mRNA ratios
Ratios obtained for four different RNA samples Total (total non-labelled), Nuclear (nuclear nonlabelled), BrU Total (total BrU-labelled) and BrU Nuclear (nuclear BrU-labelled) are indicated.

Based on these data, it was clear that the ‘BrU Total’ fraction gived the best enrichment of PROMPTs
over mRNAs when the mentioned transcripts are tested. This was somewhat surprising, since I was
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predicting that PROMPTs should be enriched in the nuclear fraction. An explanation could lie in the
fact that the sample used for this experiment was depleted of the RNA exosome subunit RRP40 (to
enrich for the RNAs I was interested in purifying). Recently, however, it was shown that depletion
of the RNA exosome adaptors Mtr4 and/or ZFC3H1 not only increases lncRNA levels but also leads
to their accumulation in the cytoplasm (Ogami et al., 2017). Thus, discarding the cytoplasmic fraction
would lead to removal of these transcripts. I therefore omitted the subcellular fractionation step and
total BrU-labelled RNA was used for the experiment.

1.8.2 Experimental setup
The protocol presented in the following section was developed and optimized to enable
enrichment of a specific subset of RNAs, which are present at low levels in cells. I will aim at
explaining why specific steps are included and why the exact order of steps depicted in Figure 1.10
as proposed.
The starting point was total RNA purified from HeLa Kyoto cells subjected to various
knockdown conditions and labelled for one hour with BrU before harvest. To enrich for unstable
transcripts in samples with 3’ end processing/transcription termination factors depleted, exosome
depletion was also included, resulting in the following double knockdowns: RRP40/ARS2,
RRP40/CPSF73, RRP40/INTS11. It is important here to mention, that in my later TT-seq samples
such double knockdowns were not included, because the 4TU labelling time in this experiment was
very short (5 minutes) and I therefore expected to enrich for unstable and unprocessed transcripts
even without depleting the RNA exosome.
Total RNA was next manipulated to obtain RNA samples suitable for sequencing. It is
important to point out that enriching the final sample for the transcripts of interest, on the other hand
meant depleting it of transcripts of minor interest. Thus, parts of the protocol address ways of
removing very abundant RNAs like: rRNAs, some mRNAs, snRNAs and snoRNAs. Building such a
complex protocol should be designed bearing in mind the final product. It was decided to use a library
preparation kit for Illumina sequencing optimized for the detection of RNA 3’ ends. Next Generation
Sequencing (NGS) of RNA, with Illumina sequencing as the current leading operator, is based on the
cDNA product. cDNA is then amplified by PCR. The library should be prepared in such a way as to
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faithfully reflect the original complexity of the source material, which in this case is the final RNA
sample. This is a great challenge for libraries with low input, because they often need an extended
number of cycles of PCR amplification. It has been well established that extensive amplification
creates biases in the form of preferential amplification of different sequences (Head et al., 2014). For
example, GC content has a substantial impact on PCR amplification efficiency (Aird et al., 2011).
Therefore, as few amplification cycles as possible should be used. In other words, the more input
RNA, the less technical bias. After performing BrU-IP the amount of RNA is around 1000-fold lower
than the input total RNA sample, thus only nanograms of RNA are used for library preparation. That
is why I aimed at obtaining as much input RNA as possible.
Since it is not well established how some lncRNAs are processed at their 3’ ends and how
extensively they are polyadenylated, another element of the plan was to separate the polyadenylated
and non-polyadenylated transcripts using oligo-dT beads. This step requires RNA in micrograms (not
nanograms), therefore pA selection/counterselection was applied prior to the BrU-IP. rRNA depletion
and transcript polyadenylation were added as the last steps due to cost considerations. Addition of
pA tails to the non-polyadenylated fraction of RNA was obligatory, because the primer used for
cDNA synthesis is an anchored dT primer, priming from the beginning of the pA tail. Enzymatic
reactions were used for both of these steps (5´-phosphate-dependent exonuclease for rRNA depletion
and pA polymerase for polyadeylation) and the less input RNA the less enzymes were needed.
The last step before library preparation was the size selection. Since I was primarily interested
in putative short-lived or low-abundance transcripts, I wanted to minimize the contribution from
mature mRNA species to the sequencing libraries. Several lines of evidence suggest that the species
of our interest are below 2000 nts in length (Ntini et al., 2013; Andersson et al., 2014). Additionally,
I used PacBio sequencing data of RNA from HEK293 cells (kindly provided by Søren LykkeAndersen) to estimate an approximate size distribution of the mRNA transcriptome. In principle
PacBio sequencing allows detection of full-length polyadenylated RNA species. PacBio sequencing
clearly has biases and the data are far from quantitative, but, nonetheless, they provide a better
estimate of transcript length and expression levels compared to a simple annotation table that only
counts each transcript once. Based on this, it was determined that a cutoff at 2000 nt would remove
~50% of all mRNA species, whereas a cutoff at 3000 nt would only remove ~13%. Therefore, I chose
to size select cDNAs in a size range between 200 and 2000 nt: which is why size selection of the
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cDNA on the gel was performed. The size selection had a low cutoff as well, 200 nt, which was
applied to remove most snRNAs and capped snoRNAs, as they represent very abundant transcripts
‘contaminating’ the resulting sequencing data. Taking into account the risk of degrading the sample
during manipulation, I decided to perform the size selection step at the level of cDNA. This gave the
added benefit that pA tail length, which can be highly variable, would not contribute to the ‘measured’
lengths. Thus, cDNA was synthesized using an oligo dT primer and size selected on a polyacrylamide
gel, which recovered ~50% of the cDNA material. After this experiment had been done, new size
selection columns entered the market. Possibly, they could be an alternative to size selection on a gel.
Nevertheless, the loss of material on the columns would have to be assessed.
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Figure 1.10 Overview of experimental procedure.
HeLa cells are labelled with BrU. RNA is isolated from the cells. Next, pA selection is performed: RNA is
divided into polyadenylated and non-polyadenylated fractions. Subsequently, BrU-labelled RNA is
immunoprecipitated using beads coated with antibody against BrU. In this way, only RNAs made during the
BrU pulse (newly synthesized) are captured on the beads. An enzymatic rRNA depletion is performed.
Afterwards, the polyA- fraction is polyadenylated. RNA samples are used to synthesize dT-primed cDNA,
which is subjected to size selection (range 200-2000 nt). The selected cDNA is used to prepare 3’ end
sequencing libraries.
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1.8.3 Sequencing results
Average library sizes were 9 mill. reads with an average of 80 percent of the reads being
uniquely mapped. Unfortunately, a substantial part of each library mapped to the mitochondrial
chromosome, as shown in Figure 1.11. This in consequence led to a low percent of reads deriving
from lncRNAs. I could not conclude why mitochondrial RNA 3’ends were so abundant in the samples
and hypothesized it might be due to combination of BrU-labelling and size selection. However, this
explanation was not validated.

reads uniquely mapped to
chrM - pA counterselected

reads uniquely mapped to
chrM - pA selected
100

100
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40
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Figure 1.11 Percentage of reads in the 3’-seq data mapping to the mitochondrial chromosome
To the left: libraries from samples with pA tails; to the right: libraries from samples with pA tails added in
vitro. Percentage of reads mapped to the mitochondrial chromosome (chrM) is presented on the y axis.

I next wondered if there could be a way of removing mitochondrial RNA and a suggested
possibility was an enzymatic reaction. Mitochondrial mRNAs are tri-or diphosphorylated at their
5’ends (Montoya et al., 1982; Temperley et al., 2010). Degradation of such transcripts would include
two steps. First, RNA 5’polyphosphatase could be used to remove the γ and β phosphates from the
5′triphosphorylated RNA and 5′diphosphorylated RNA. Then, the 5′-phosphate-dependent
exonuclease, which was used to remove rRNA, could be used to digest the mitochondrial mRNAs
now having a 5’-monophosphate. This protocol has not yet been tested.
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1.8.4 Conclusions
Even though the final product of this experiment could not be used for the desired analysis, some of
the conclusions from quality checks of the data may prove to be useful in the future. The conditions
for obtaining the best enrichment of lncRNAs over mRNAs were established as BrU-labelled RNA
from whole cell fractions. Considerations on the size selection step are discussed in the Discussion
and Future perspectives.
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2 Materials and methods
2.1 Cell culture and RNA interference
HeLa Kyoto cells were grown in Dulbecco’s modified eagle medium (Invitrogen) supplemented with
10% fetal bovine serum and 1% penicillin/streptavidin at 37°C and 5% CO2. RNA interference was
used for depletion of the desired protein factors (siRNA sequences are shown in Table 2.1). Two
rounds of transfections were performed. The first transfections were performed using SilentFect
(Biorad) (final dilution 1:1000) in RPMI 1640 media 24 hours after seeding the cells. Two days after
the first transfection, the media was changed, and the transfection was repeated using Lipofectamine
2000 (final dilution 1:1000) in RPMI 1640 media. siRNAs were used at a final concentration of 20
nM of each siRNA. 23 hours after the second round of transfections, cells were labelled with 5bromouridine or 4-tiouridine and harvested.
Knock-down efficiency was confirmed by western blotting of whole-cell extracts. Pelleted cells were
resuspended in RSB100 (100 mM Tris pH 7.5, 100 mM NaCl, 2.5 mM MgCl, 0.5% TritonX100)
with proteinase inhibitor followed by sonication. Cell debris was removed by centrifugation at
4000×g and 4°C for 15 min. Samples were separated by 10% denaturing SDS-PAGE and transferred
to PVDF membrane (Milipore). Membranes were blocked in 5% skimmed milk powder in PBS for 1
hour and incubated with primary antibodies (Table 2.2) in 5% skimmed milk powder in PBS.
Membranes were washed three times for 10 min in PBS with 0.05% Tween20 and subsequently
incubated with goat-anti-rabbit or goat-anti-mouse secondary antibody (Dako) in 5% SMP in PBS,
washed again and exposed using Supersignal West Femto Substrate (Thermo Scientific).
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Target

Sense

Antisense

ARS2

CAACAAGCAUGCAGAGAAAdTdT UUUCUCUGCAUGCUUGUUGdTdT

CPSF73

CUUGUGGCCGUUUACGUCdTdT

CACAGUCACGACUAGGUCAdTdT

CPSF73L AGACAACAAGCAUGCGAAAdTdT CAUCAAGCAUGCAGAGAAAdTdT
RRP40

CACGCACAGUACUAGGUCAdTdT

UGACCUAGUACUGUGCGUGdTdT

eGFP

GACGUAAACGGCCACAAGUdTdT

ACUUGUGGCCGUUUACGUCdTdT

Table 2.1 siRNA sequences used for depletion experiments

Antibody

Target

Source

Ref. number

Dilution

α-ARS2

ARS2

Abcam

ab55822

1:2500

α-CPSF73

CPSF73

Sigma-Aldrich

HPA034657

1:2500

α-CPSF73L

CPSF73L/INTS11

Sigma-Aldrich

HPA029025

1:2500

α-EXOSC3

RRP40

15062-1-AP

1:2500

α-β-Actin

β-Actin

Sigma-Aldrich

A2228

1:200 000

α-XRN2

XRN2

Bethyl

A301-103A

1:5000

name

Proteintech
Europe

Table 2.2 Antibodies used for confirmation of knock-downs

2.2 Subcellular fractionation
Subcellular fractionation of HeLa Kyoto cells was performed as described before (Mapendano et al.,
2010). Briefly, the cells were washed in phosphate-buffered saline followed by scraping into PBS.
Cells were divided in two parts (total and nuclear) and pelleted. The nuclear fraction was incubated
with rotation for 15 minutes at 4° C in RSB10 buffer (10 mM Tris/HCl pH 7.4; 10 mM NaCl; 2.5
mM MgCl2) containing Ribolock RNase inhibitor and digitonin at a final concentration of 40 µg/mL.
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After cell lysis, the soluble fraction (cytoplasm) was separated from the insoluble fraction (nuclei) by
centrifugation at 2000 x g for 5 minutes. The pellet was kept as the nuclear fraction. RNA from the
two fractions was extracted using Trizol reagent according to the instructions of the manufacturer
(Invitrogen).

2.3 Labelling cells with bromouridine
HeLa Kyoto cells were transfected with siRNAs as described above. 23 hours after the second
transfection, cells were incubated for one hour with 5-bromouridine (BrU, 850187; Sigma) at 2 mM
final concentration in Dulbecco’s modified eagle medium (Invitrogen) supplemented with 10% fetal
bovine serum and 1% penicillin/streptavidin media. Next, cells were washed with ice-cold PBS and
harvested by scraping. An aliquote of cells was taken for protein extraction. The rest of the cells were
resuspended in Trizol reagent. RNA was isolated according to the manufacturer’s instructions.
Labelled transcripts were immunopurified as described below.

2.4 Poly(A) selection and counterselection
PolyA selection was performed in order to divide total RNA sample into two populations of RNAs:
polyadenylated (poly(A)+) and non-polyadenylated (poly(A)-).
Dynabeads Oligo(dT)25 (Thermo Fisher Scientific) were washed 2 times in Binding buffer (20 mM
Tris- HCl pH 7.5, 1 M LiCl, 2 mM EDTA) and resuspended in Binding buffer. A total RNA sample
of 700 µg was mixed with the Binding buffer in ratio 1:1 and incubated at 65° C for 2 minutes. RNA
was added to the washed beads and incubated rotating for 1.5 hour at room temperature. During this
time, polyadenylated RNAs were captured on the beads.
After placing the tubes on the magnet, the supernatant containing the poly(A)- RNA was aspirated
and transferred to a fresh tube. The concentration of LiCl in poly(A)- fraction was increased to 2.5 M
by adding 5 M LiCl and samples were incubated in -20° C O/N for precipitation. After incubation,
samples were centrifuged for 30 minutes at 12000 x g. The RNA pellet was washed in 70% ethanol
and finally resuspended in nuclease-free water.
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The beads were washed with Washing buffer (10 mM Tris-HCl pH 7.5, 0.15 M LiCl, 1 mM EDTA).
The poly(A)+ fraction of RNA was eluted from the beads by adding Elution buffer (10 mM Tris- HCl
pH 7.5) and incubating in 80° C for 2 minutes. Afterwards, the sample was placed on the magnet and
eluted RNA was transferred to a fresh tube and kept frozen at -20°C until RNA concentration
measurement. Both RNA fractions were used in BrU-IP described below.

2.5 Immunoprecipitation of BrU-labelled RNA
The BrU IP protocol was modified from Paulsen et al., 2013. All the incubation steps were performed
at room temperature, with rotation in BrU-IP buffer. Briefly, Sheep-Mouse IgG superparamagnetic
beads (Life Technologies) were coated in 1 mg/ml of Heparin (H3393; Sigma) for 1 hour.
Subsequently, beads were washed once in BrU-IP Hep buffer (NaCl 250 mM, Tris-Cl pH 7.5 20 mM,
Triton X-100 0.5%, BSA 0.5 mg/ml, Heparin 0.1 mg/ml) and coupled with Mouse-BrdU antibody
(0.5 mg/ml; clone 3D4, BD Pharmingen) for 1 hour. After a brief wash in BrU-IP Hep buffer,
antibody-beads complexes were blocked in 5 mM BrU for 30 minutes. Meanwhile, RNA sample was
denatured at 80° C for 2 minutes, cooled and incubated with blocked antibody-beads complexes in
BrU-IP buffer (1/1000 RiboLock 40U/µl [Thermo Scientific]) for 1 hour. After incubation, beadbound RNAs were washed 4 times in BrU-IP buffer followed by resuspension in nuclease-free water.
An equal volume of phenol:chloroform:iaa pH6.6 (25:24:1, Thermo Scientific) was added and
samples were agitated for 10 min at 65° C in order to separate the RNAs (in the aqueous phase) from
the antibodies and the beads (in the organic phase). Finally, RNA was purified following standard
procedures.

2.6 Ribosomal RNA depletion
For ribosomal RNA depletion, an enzymatic reaction was used. RNA was incubated with 5 ́Phosphate-Dependent Exonuclease (TerminatorTM, Epicentre) for 1 hour at 30 °C. After the
incubation, the poly(A)+ fraction was extracted with an equal volume of phenol:chloroform:iaa
pH6.6 (25:24:1, Thermo Scientific). Poly(A)- fraction was polyadenylated as decribed below.
Before choosing Terminator exonuclease as the method to remove rRNA in RNA samples for
sequencing, a test experiment was performed on 400 ng of total RNA (see results). Ribosomal RNA
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depletion efficiency was monitored using Agilent RNA 6000 Pico Kit Chip (Agilent Technologies),
which was run on Agilent 2100 Bioanalyzer instrument.

2.7 Polyadenylation of the RNA poly(A)- fraction
After rRNA depletion, the poly(A)- fraction was polyadenylated using E. Coli Poly(A) polymerase
(New England BioLabs). For each sample, one unit of Poly(A) polymerase was used. The reaction
was performed in 1x Poly(A) Polymerase Reaction Buffer, 0.1 mM rATP and incubated at 37 °C for
10 minutes. The reaction was inactivated by heating up to 65 °C for 20 minutes. After the incubation,
the polyadenylated poly(A)- fraction was extracted with an equal volume of phenol:chloroform:iaa
pH6.6 (25:24:1, Thermo Scientific).

2.8 Size selection of cDNA
For preparation of libraries, the purified RNA samples were used as templates for first strand cDNA
synthesis using the reverse transcriptase enzyme and the anchored oligo-dT adapter primer from the
QuantSeq 3’ mRNA-Seq Library Prep Kit (Lexogen). This kit is designed to generate libraries of
sequences close to the 3’ end of polyadenylated RNA species. Afterwards, the RNA template was
degraded, to allow second strand synthesis later on. At this point, single stranded cDNA was subjected
to size selection.
Denatured 100 bp and 1 kb DNA Ladders (Thermo Fisher Scientific) were used for size selection.
cDNA was resolved on a 4% polyacrylamide gel and the region of interest (size range of 200-2000
bases) was cut out. Gel slices were incubated O/N at 37° C with shaking at 1,100 rpm in TE buffer.
After incubation, eluted cDNA was precipitated in 1/10 volume of 3 M sodium acetate and 2.5
volumes of 100% ethanol at -20° C O/N. Samples were centrifuged at top speed for 1 hour at 4 °C,
washed with 70% ethanol and resuspended in nuclease-free water. RNA quality was checked using a
BioAnalyzer 2100 (Agilent Technologies).
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2.9 3’-seq library preparation
RNA libraries were prepared according to the QuantSeq 3’ mRNA-Seq Library Prep Kit instructions
(Lexogen). Briefly, second strand synthesis was performed using the size-selected RNA. Afterwards,
libraries were amplified by PCR and purified. All samples were sequenced on an HiSeq
2500 sequencer (Illumina).

2.10 Synthesis of spike-in RNAs
Spike-ins were generated by in vitro transcription using BrUTP and UTP in 4:6 ratio, treated with
DNaseI and gel purified. Lengths of the spike-ins were monitored by PAGE. Finally, spike-ins were
diluted to 20 ng/µL. Concentration measurements were performed using Qubit Fluorometer (Life
technologies) and Qubit HS RNA Assay kit (Molecular Probes).

2.11 Labelling cells with thiouridine
HeLa Kyoto cells were transfected with siRNAs as described above. The labelling with thiouridine
(4sU) and 4sU IP were performed as described in Schwalb et al., 2016. Briefly, 23 hours after the
second transfection, cells were incubated for 5 minutes with 4sU (4sU, NT06186, Carbosynth) at 500
µM final concentration in Dulbecco’s modified eagle medium (Invitrogen). Next, labelling medium
was aspirated and Trizol reagent was added to lyse the cells. An aliquote of cells was taken for protein
extraction. RNA was isolated according to the manufacturer’s instructions. Spike-ins were added to
the sample before RNA isolation. Labelled transcripts were immunopurified as described below.

2.12 Immunoprecipitation of 4sU-labelled RNA
The purified RNA was fragmented on a Covaris sonicator (Covaris Inc., Massachusetts, USA) to
approximately 1500 bp length. Fragmented samples were biotinylated in biotinylation buffer (10 mM
Tris, pH 7.5, 1 mM EDTA) supplemented with 0,2 mg EZ-Link HPDP-Biotin (21341, Thermo
Scientific) per sample. Biotinylated labelled RNA was separated from the unlabelled RNA using
µMACS streptavidin columns (130-074-101, Miltenyi Biotec). Briefly, columns were washed six
times with washing buffer (100 mM Tris pH 7.5, 10 mM EDTA, 1 M NaCl, 0.1% Tween 20) and the
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RNA was eluted with 100 mM DTT. Next, 4sU-labelled RNA was DNase-treated and purified on
columns using miRNeasy Micro Kit (217084, Quiagen). RNA concentration was measured using
Qubit. The quality of the RNA was checked on fragment analyser.

2.13 RNA-seq and TT-seq library preparation
RNA-seq and TT-seq libraries were prepared using TruSeq Stranded Total RNA Library Prep
(Illumina), using 400 ng of total RNA and 200 ng of 4sU-labelled RNA, respectively. RNA was
treated with Ribo-Zero Gold rRNA Removal Kit (Human/Mouse/Rat; Illumina) according to the
manufacturer’s instructions in order to remove the rRNA. All samples were sequenced on an HiSeq
4000 sequencer (Illumina).

2.14 Synthesis of spike-in RNAs
Spike-ins were generated by in vitro transcription using 4sUTP and UTP in 1:10 ratio, treated with
DNaseI and gel purified. Lengths of the spike-ins were monitored by PAGE. Finally, spike-ins were
diluted to 20 ng/µL. Concentration measurements were performed using Qubit Fluorometer (Life
technologies) and Qubit HS RNA Assay kit (Molecular Probes).

2.15 RNA isolation and RT-qPCR analysis
RNA was isolated using Trizol (Ambion) and treated with TURBO DNAse (Ambion) according to
the manufacturer’s instructions. cDNA was then prepared using the SuperScript III kit (Invitrogen)
with random hexamers or gene specific primers. To evaluate genomic DNA contamination, a negative
control was prepared in parallel by treating the same amount of RNA in the same way but without
adding the reverse transcriptase enzyme. qPCRs were performed with Platinum SYBR Green qPCR
SuperMix-UDG (Invitrogen).

The following oligonucleotides were used for qPCR (FD – forward primer, RE – reverse primer) and
cDNA synthesis (RT – reverse transcription):
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Oligonucleotide

Target

NFKBIL1

mRNA

NFKBIL1 3'ext
TTC21B
TTC21B 3'ext
MYO1E
MYO1E 3'ext
MCUR1
MCUR1 3'ext
HIST1H2AG

3'extended mRNA
mRNA
3'extended mRNA
mRNA
3'extended mRNA
mRNA
3'extended mRNA
mRNA

HIST1H2AG 3'ext 3'extended mRNA
proDNAJB4
proDNAJB4 3'ext
proNFKBIZ
proNFKBIZ 3'ext
proTPD52L2

PROMPT
3'extended PROMPT
PROMPT
3'extended PROMPT
PROMPT

Sequence
FD

TCCAGAGGAAGAAGCCTCCA

RE

CTCTTGGGCCGGCAGAC

FD

ACTGCATCCATTGTGAGGGG

RE

AGACCCCTTTGAGGCACTTG

FD

TGCGTCTTCCTTTAGGCTGC

RE

TCAAAGTCTTCAATTCCTGCGA

FD

CACAGTGCCCTGTATGCCA

RE

GCCTCCCTAGGGTGCTGC

FD

TGCAGTTCCACCAAGGGTTT

RE

CCTTCTGGTAGGACGGGAGT

FD

TCCCCAACCATGAAGGATGC

RE

GATTACGATGGGCTGGGACC

FD

GCCCTTACCCAGACAGACAG

RE

GCACGTAAATATAGACCCTGCT

FD

TGTTAGTACCCTCCCTGGCA

RE

ACCTTAGTACCCTGGGGTGG

FD

AGTGAGTTGCGCTCGCTATG

RE

CCTAGAAGAGCGAGTCTTGGC

FD

CACCAGTGGCTTCGTGAGTT

RE

TAGCCCGGGCGATAACTCTT

FD

TCGTCTTCAAAATTCCTGGGGT

RE

ACACAAACTTTCTGGCGTTTCT

FD

GCCCCACAGGATCCCTATTT

RE

TTTCCTGCAGCACCACAGTT

FD

GCGAGCTGTTAGCCCAGTTA

RE

TTTGAGAAGGGAGGCTACGC

FD

CTGCCTCTCCCTCCAACTTTT

RE

TGTTTTCCACAGATAAACCAAGGG

FD

TAGCTGGCGGTCAGGTAGAT
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RE

CATGTGCGTCATCTGCTTCG

FD

CTAAGTCCGGAGTGCTTGGG

RE

CCATGTCTGGACGTTCTGCT

FD

GCTCCAAACAGCAGTCGCTA

RE

TGATAAAGCCCGACGACCAA

FD

CAGTGCATTGTGAAAATATGCGAA

RE

TGCATTGTTCTTTACAAACATTCAT

FD

CTGGGTTAGAGGGATGCCAG

3'ext

RE

GAGAAAAGGGGCCTCTGGTG

KIF27 nNAT 3'ext 3'extended nNAT

FD

GCTTGCCTGCAAATCCGAG

RE

ACCCGTAGAAAGATGCTTGCG

FD

GAGTGAGCAGTGTTTCAGAGGA

RE

TTGGCAGCATCTACCATCCC

FD

GCCTCCTTTTCGAACCGTTG

RE

CCCATAGCCTCAAAGGAGCA

FD

TGTTTGGGAGGACTCGAACT

RE

TGACACTGCAATTTGGGAGGT

FD

GGACGGTTGGTCCAGTTCTC

RE

GCTCACCCCAAGTATCCGAC

FD

GTCAGCCGCATCTTCTTTTG

RE

GCGCCCAATACGACCAAATC

FD

GCCCGGCGCCATTCTATCCG

RE

GCCAACCGAACGGACATTTCGA

FD

CGAGTCGACCCGGGAATTCGG

RE

TGCTGGAGTTCGTGACCGCC

cDNA synthesis

RT

CACGGTGTGGAATCGTTCTC

nNAT cDNA synthesis

RT

GAAGAGGCCAAGCTAGCCG

proTPD52L2 3'ext
proIFNAR1

PROMPT

proIFNAR1 3'ext
NMRK1

PDE4B

3'extended PROMPT

3'extended PROMPT

nNAT 3'extended nNAT

nNAT 3'extended nNAT

3'ext
ZC3H6

nNAT 3'extended nNAT

3'ext
NMRK1 mRNA
ATRIP

mRNA

GAPDH

mRNA

T7_Luc_pA

spike-in

SP6_EGFP

spike-in

KIF nNAT RT
NMRK1

mRNA

RT
PDE4B nNAT RT

cDNA synthesis

RT

CGTGGGAGGCCTTCTATCCT

proDNAJB4 RT

cDNA synthesis

RT

TCTAGCTTTCCTGCAGCACC

proNFKBIZ RT

cDNA synthesis

RT

ACTGAAGTCTTGTGTTTTCCACA
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ZC3H6 nNAT RT

cDNA synthesis

RT

CTCAGTGTGTACTGTACGGGG

MYOE1 RT

cDNA synthesis

RT

GTTCAGGAGGGAGTCGCAAAGAGA
AGGAAT

ATRIP RT

cDNA synthesis

RT

GTGTCAAGCTCCTCCAGGTC

Table 2.3 Primers used for qPCR and cDNA synthesis
The following 5’-end labeled DNA oligonucleotide northern probes were used:
RNU12

GGGTCACCTTGAGGGCGACCTTTACCCGCTCAAAAATTCGTCTCACATTAG

RNU12 3’ext

TACGTCAGGTCTGGCGCATGCTGGAGGCTGGGGTTATATCAATGCAAAAG

KIF27 nNAT

GTTTTATCGCAGGCGTCTTTTTCCCACCGTAGAGGTTGAAACTTGGGCGCA

KIF27 nNAT CTTGCGCTCAGGCCTCACAGACCGGTCCCAGCGCGTTGGTGGGACACAAC
3’ext
HIST1H2AG

TGGGTGGCCCTGAAAAGAGCCGTTGGTTTGGACTCGATTTTACTTGAGCT

HIST1H2AG

TCACGAAGCCACTGGTGCTCTGTGGACACACACTGATTAAGTTTAAAATT

3’ext

Table 2.4 Probes used for Northern Blotting Analyses
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2.16 Bioinformatic analyses
2.16.1 Mapping
Raw sequence reads (stored in fastq files) were mapped using STAR aligner (Dobin et al., 2013)
together with samtools (Li et al., 2009). The reference genome was derived from the catenation of
fasta files with the human genome release hg38 and six spike-in RNAs. Uniquely mapping reads were
kept for further analyses.
2.16.2 Sizefactors
Sizefactors were obtained using the DESeq2 algorithm (Love et al., 2014) with HTSeq count data
(Anders et al., 2015) on a merged Gencode v21 annotation.
2.16.3 Visualization
For each sample, the uniquely mapped reads were used to calculate the coverage at each individual
chromosomal position using a customized python script. The coverage was adjusted using the samplespecific sizefactors and stored in wig files. Wig files were then converted to bigwig files using the
UCSC wigToBigWig tool (Kent et al., 2010). bigwig files were visualized in the IGV browser
(Robinson et al., 2011).
2.16.4 Customized annotation
Due to our interest in transcripts of low steady-state abundance, which are rarely annotated, we
reasoned that we needed to create a customized annotion based on our own data. This is a work in
progress, and the presented annotations are not final. In brief, control and RRP40 depletion samples
were used for the annotation. The RRP40 depletion samples were included to increase the likelihood
to detect unstable transcripts such as PROMPTs, eRNAs and nNATs. Data from the labeled RNA
samples were used to identify regions of continuous transcription based on a hidden markov model
approach using STAN software (Zacher et al., 2014). This initial annotation was refined by
combining disconnected transcripton regions that are in fact connected based on the exon-exon
junction information in the data from total RNA samples. Finally, identified transcription units were
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further refined including trimming and determination of major transcripts using customized python
scripts.
2.16.5 Read-through analysis
The customized annotation was used to identify loci for read-through analysis. A locus was chosen
as relevant for read-through analysis if it had a distance of more than 100 bp to both the previous and
the next locus on the same strand. The mean coverage per nucleotide within the upstream 100 bp had
to constitute less the 20% of the mean coverage per nucleotide within exonic regions in the locus.
This was to avoid detecting read-through coming from an upstream locus. The loci that passed these
criteria (total number of analysed loci are indicated in individual figures) were then subjected to
analysis of read-through. The mean coverage per nucleotide within the full region downstream of the
locus of interest (i.e. until the start of the next locus) was calculated and compared between
knockdown and control samples.
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3 Results
3.1 Generation of TT-seq libraries
It was important to find a protocol, which would enrich the RNA sample for transcripts like
PROMPTs, eRNAs and nNATs. Hence, the sequencing libraries were made in collaboration with
Prof. Patrick Cramer’s laboratory, where the TT-seq method (Schwalb et al., 2016) was developed.
The procedure is depicted in
Figure 3.1. TT-seq uses short (5 min) labelling of RNA with the uridine analogue – thiouridine
(4sU). Only RNA produced during the pulse will contain 4sU residues. Three in vitro transcribed
4sU-labelled and three non-labelled spike-ins were added to aid the assessment of the 4sU-labelled
RNA purity at the TT-seq data quality control step. Prior to separation, the RNA was fragmented
using sonication (to around 1.5 kb) in order to prevent purification of unlabelled regions. Next,
labelled RNA was biotinylated owing to the presence of the thiol groups in 4sU. Afterwards, labelled
RNA was captured and purified on streptavidin beads. Finally, RNA was used for creating the
sequencing libraries. Successful depletion of proteins of interest is depicted in Figure 3.2. EGFP
knockdown was used as a negative control.
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Figure 3.1 Generation of TT-seq libraries
4sU is directly added to the culture media for 5 minutes and is incorporated into actively transcribed
RNA. Afterwards, the isolated RNA is fragmented. A fraction of the total RNA is taken for generation
of RNA-seq libraries. 4sU-labelled RNA is biotinylated and captured on streptavidin beads (4sU-IP).
Purified 4sU-labelled RNAs are used for generation of TT-seq libraries.
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A

B

a-ARS2

a-CPSF73

a-ARS2

a-CPSF73

a-INTS11
a-INTS11

a-RRP40

a-!-actin

a-XRN2

Figure 3.2 Control of RRP40, ARS2, CPSF73 and INTS11 depletion
Western blotting analysis showing protein depletion upon siRNA treatment. Green Fluorescent Protein (EGFP)
was used as siRNA control. A) Samples used for the first experiment. b-actin was used as a loading control;
B) Samples used for the second experiment. Note that both RRP40 replicates were included in the second
experiment. XRN2 was used as loading control.

Two replicates of libraries were generated independently and six months apart. Importantly,
the RRP40 knockdown was included only in the second experiment. Therefore, both biological
replicates of siRRP40 were done in the same batch of libraries. How this influenced data analysis will
be discussed further. In Table 3.1 information about sequencing runs and the numbers of mapped
reads are given. After quality control and preliminary analysis, labelled RNA libraries from run 1 and
run 2 were sequenced deeper (run 3), to improve the resolution of the data. The deep sequenced
libraries were used to generate the data presented in this chapter.
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A
Sequencing_

replicate 1

runs

replicate 2

KD

total RNA

EGFP

2016.10.25

2016.10.25

2017.06.23

2017.04.13

2017.04.13

2017.06.23

*

*

**

**

**

**

2016.10.25

2016.10.25

2017.06.23

2017.04.13

2017.04.13

2017.06.23

*

*

**

**

**

**

2016.10.25

2016.10.25

2017.06.23

2017.04.13

2017.04.13

2017.06.23

*

*

**

**

**

**

2016.10.25

2016.10.25

2017.06.23

2017.04.13
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(deep)
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B
Mapped

replicate 1

pairs
Knockdown
EGFP

total RNA

replicate 2

labeled RNA

total RNA

labeled RNA

21.841.550

26.103.145

482.510.030

29.265.354

30.845.442

329.533.182

ARS2

20.458.363

24.368.673

335.305.790

30.045.518

28.691.255

335.747.418

CPSF73

20.504.098

24.484.101

282.664.572

28.876.732

22.721.764

467.780.658

INTS11

19.721.952

23.428.595

320.970.570

30.027.852

32.205.194

371.041.336

RRP40

30.958.454

30.200.854

310.483.948

28.095.636

28.393.997

321.872.150

run 1

run 1

run 3 (deep)

run 2

run 2

run 3 (deep)

(CTRL)

Table 3.1 Information about replicate 1 and 2 libraries
A) Dates of total and labelled libraries from replicate 1 (run 1) and replicate 2 (run 3) experiments generation.
Labelled libraries from both replicates were sequenced deeper and these libraries are referenced as the run 3.
* indicates samples from the first experiment; ** indicates samples from the second experiment. B) number
of mapped paired reads in each library is given.

In this project, we aimed to determine termination sites of TUs producing lowly abundant
RNA species. We could not use the publicly available annotation databases such as Gencode or
RefSeq, because they include transcripts from different cell lines, thus they are not HeLa-specific.
Moreover, these databases are based on RNA-seq from total RNA, which means a lot of data on
unstable and lowly-abundant species are lost due to the detection limits. Therefore, we decided to
create a de novo annotation based on our TT-seq data and gave it a working name ‘STAN_L020’.
Only then were we able to detect and analyse transcripts of interest. It was important to generate both
the TT-seq (labelled – L) and the RNA-seq (total –T) libraries in parallel. The L libraries detected
transcriptionally active regions with higher resolution compared to the total RNA libraries. On the
other hand, as 3’ends of processed transcripts were more precisely detected using total RNA, T
libraries were an important dataset for defining mature transcripts during de novo annotation.
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Moreover, they were used to assess the purity of the L libraries. Libraries prepared from the total
RNA were generated according to the regular RNA-seq protocol. A comparison of the two
sequencing outcomes is depicted in Figure 3.3; showing a genome browser view of RBM39 mRNA
with its PROMPT (proRBM39) in T and L libraries. This example demonstrates the advantage of
TT-seq over RNA-seq in detecting unprocessed and unstable transcripts. In T samples (Figure 3.3A),
proRBM39 signal is low in all libraries, except for the T_RRP40 sample (yellow), where transcript
abundance is increased and therefore is present in levels high enough to be detected. At the same
time, the signal at the mRNA 3’ end exhibits a sharp drop in agreement with the annotation. In the L
libraries (Figure 3.3B), proRBM39 shows high coverage in all the samples. Furthermore, the effect
of the RRP40 knockdown is not as pronounced in the L as in the T samples. This demonstrates that
during the very short labelling time, only a fraction of 4sU-labelled proRBM39 is degraded, and
therefore PROMPTs can be detected in the presence of the RNA degradation machinery in the control
sample (L_EGFP). TT-seq also captures the read-through RNA transcribed downstream of the
cleavage site and thus enables mapping of transcription termination sites, while RNA-seq enables
more accurate estimation of the mRNA 3’ end, with very little coverage in downstream regions.
Overall, the L and T libraries were of good quality and were included in generation of databased annotation of RNA. At the stage when this thesis was being written, the annotation was
constantly improved, since it was difficult to create an annotation which would detect unstable
transcripts with a high precision. The detected transcripts were then classified as PROMPTs, eRNAs
and nNATs using coordinates generated previously (Chen et al., 2016) based on Transcript isoform
sequencing (TIF-seq) data, which identifies transcript isoforms by selective sequencing of full-length
mRNA molecules with 5'caps and poly(A) tails (Pelechano et al., 2013).
In the following sections, I will describe some overall observations and considerations about
technical variability and limitations that had to be taken into consideration for the global analysis of
these data.
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Figure 3.3 Comparison of RNA-seq and TT-seq generated data
Genome browser view showing the RBM39 locus. Libraries are grouped and scaled according to directionality
(plus and minus). The track at the bottom shows RefSeq gene annotation. The mRNA TSS and directionality
is indicated with a black arrow, PROMPT TSS is indicated with a red arrow. Tracks showing results from
EGFP knockdown libraries are called T_EGFP (total) or L_EGFP (labelled). EGFP track is orange, RRP40 –
yellow, ARS2 – green, CPSF73 – purple, and INTS11 – blue. A) Replicate 2 of total RNA-seq libraries. B)
Replicate 2 of TT-seq libraries.
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3.2 Quality control of the 4sU-labelled RNA
Phenotypes observed in the TT-seq data were validated manually using RT-qPCR. Material
used for this validation was produced in the same way as the RNA used for TT-seq libraries, with
one exception. In the manual validation, primers spanning the mature and the read-through region of
transcripts were used, thus the integrity of RNAs was important. Therefore, the sonication step, in
which RNAs are fragmented, was omitted.
To check the 4sU IP efficiency and ensure that the labelled sample was not contaminated with
total RNA, two in vitro transcribed spike-in RNAs (different from the ones used in TT-seq libraries
preparation) were added to RNA at the start of RNA isolation from 4sU-labelled cells. Levels were
measured before and after the IP. The SP6 EGFP spike-in was transcribed using only regular
nucleotides, while the T7 Luc pA spike-in was transcribed using 4sU and U residues in a 1:9 ratio.
Thus, in the sample before IP (total RNA) the two transcripts were at similar levels, whereas in the
sample after IP (labelled RNA), the T7 Luc pA transcript was expected to be enriched over the SP6
EGFP RNA. Figure 3.4 shows Ct values obtained in the RT-qPCR reaction for both spike-in RNAs.
Note that in this representation, samples containing less cDNA template have higher Ct values. In
total RNA (A), levels of both tested transcripts are similar, while in the 4sU-labelled RNA (B) T7
Luc pA (blue bars) is enriched and thus has a lower Ct value, while Sp6 EGFP (orange bars) has a
higher Ct value. Only labelled RNA with ³ 6 Ct difference between Ct values of the two spike-ins
was considered pure (not contaminated with total RNA) and used for manual validation.
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SP6 eGFP
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CPSF73

INTs11

T7 Luc pA

Figure 3.4 4sU-IP efficiency control
Spike-in levels in total (A) and 4sU-labelled (B) RNA. SP6 EGFP unlabelled spike-in levels are represented
by orange bars and 4sU-labelled T7 Luc pA spike-in levels are represented by blue bars.
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3.3 The batch effect
The second batch of TT-seq libraries was produced a few months after the first one, as discussed
above (Table 3.1). The library preparation kits and spike-ins came from different batches. A way of
checking the global effect of a given knockdown was to plot the average coverage of a given sample
over protein-coding genes (scaled to 1500 bp), with the signal aligned to TSSs and pA sites. Such
analysis is shown in Figure 3.5 A for EGFP- and CPSF73-L library replicates 1 and 2. It is clear,
based on the profiles of the read coverage, that samples group according to the replicate and not
according to the knockdown. Moreover, as presented in Figure 3.5 B, both replicates of RRP40 group
together with the control from replicate 2. This result was expected, since both RRP40 samples were
produced in the second batch.
Therefore, even though the replicates showed good reproducibility, some differences could be
observed. For instance, for some unstable RNAs, one of the replicates had higher coverage. An
example of this occurs at the proNDUFAF3 depicted in Figure 3.6 A. Here, PROMPT coverage is
lower in batch 1 samples for all libraries. Note that both replicates of RRP40 belong to batch 2. A
similar situation is observed at the read-through region of the NDUFAF3 gene, as presented in Figure
3.6 B. These examples illustrate the importance of considering batch information for analysis of this
dataset. Hence, for global analysis, the two batches were analysed separately, and compared to the
respective control from the same batch. For the sake of saving space and obtaining better image
resolution, results from replicate 2 will be shown for the rest of the thesis.
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Figure 3.5 Samples from two TT-seq replicates group according to the batch
Average coverage of labelled samples from replicate 1 and 2 is plotted for protein-coding genes which are
scaled to 1500 bp. The signal is aligned at the TSSs and pA sites of genes. A) replicate 1: L_EGFP_1 – black,
L_CPSF73_1 – yellow; and replicate 2: L_EGFP_2 – green, L_CPSF73_2 – red. B) L_EGFP_1 – black,
L_RRP40_1 – yellow; and replicate 2: L_EGFP_2 – green, L_RRP40_2 – red.
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Figure 3.6 Comparison of TT-seq replicates 1 and 2 in labelled libraries
Genome browser views of the NDUFAF3 locus. Results from both replicates are shown. Samples
from replicate 1 are named 1_EGFP, while the ones from replicate 2 - 2_EGFP, etc. A) proNDUFAF3
on the minus strand, NDUFAF3 mRNA on the plus strand. mRNA TSS is indicated with a black
arrow, PROMPT TSS is indicated with a red arrow; B) NDUFAF3 read-through on the plus strand,
spanning the region of a downstream IMPDH2 gene. mRNA TSSs is indicated with a black arrow.
Note that 1 and 2 samples are from batch 1 and 2 respectively, except for 1_RRP40, which belongs
to batch 2.
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3.4 Read-through analysis optimization
TT-seq data was generated to allow detection of 3’extended RNAs and analyse transcription
termination. To be able to determine which factor or factors are responsible for proper 3’processing
and transcription termination of the individual RNAs, we needed to establish a bioinformatics
pipeline customized for this purpose. Figure 3.7 illustrates the regions of interest and criteria for the
distances between loci, which were a basis for the analysis. A locus had to be separated from other
loci. Therefore, a transcription unit was included in the analysis if the distance from its 5’ end to the
3’ end of the upstream locus was > 100 bp, and if the distance from its 3’ end to the 5’ of the
downstream gene was > 100 bp. It is important to note, that the lengths of read-through signals varied
between the knock-downs, and thus, the number of genes which met the requirements varied between
the samples. Coverage was defined as the mean coverage per base pair.

Figure 3.7 A scheme of a locus for read-through analysis.
Schematic representation of a locus with the length constrains of its upstream and read-through regions. Loci
which met the requirements were included in the analysis. Locus N is represented by a green line. Upstream
and read-through regions are represented by orange lines. The distance limits between locus N and loci N+1
and N-1 are given.

Two approaches of read-through discovery were tested. In the first, read-through coverage
was normalised to gene body coverage. In this way, we wanted to exclude the cases in which changes
in expression (e.g. PROMPTs in RRP40-depleted cells) would increase the coverage at the 3’ end of
the unit and create false positive cases. Read-through signal determined using this approach is
therefore referred to as ‘gene-body normalised’. Both replicates were analysed together. The second
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approach was based on counting the absolute coverage per nucleotide in the read-through region.
Here, read-through signal was not normalised to the signal in the gene body, but instead, it was
compared to the signal in the control (EGFP) and therefore called ‘raw read-through’. Due to the
batch effect, this analysis was done for each replicate separately. Comparison of the two approaches
is discussed further below.
As it has been a well-established fact that CPSF is responsible for the 3’ end processing of
mRNAs, we anticipated that the outcome of our approaches on these transcripts would be a good
control. Gene-body normalised read-through analysis showed that 21% of protein-coding genes were
significantly affected by CPSF73 depletion (t-test P < 0.05). The results are presented in Figure 3.8A
as a box plot (on the left) and a scatter plot (on the right). The box plot shows a general trend in the
RNA population; CPSF73 knockdown causes transcriptional read-through on a global scale. The
scatter plot on the right shows individual cases. The genes are represented as dots and coloured red if
the read-through is significantly upregulated and cyan if it is significantly downregulated, compared
to the control sample. To obtain P < 0.05 in t-tests (indicated above the graph) with only two
replicates, there had to be a high reproducibility between the replicates. A major fraction of mRNA
genes exhibited a read-through phenotype in the CPSF73 knockdown sample. Results for INTS11
and ARS2 knockdowns are shown in Figure 3.8B and 3.8C. By comparing box plots from 3 different
conditions, it could be concluded that CPSF73, out of all knockdowns, had the largest effect on 3’
end processing of mRNA. The raw read-through analysis depicted in Figure 3.9A showed that 26%
of genes were significantly affected by the CPSF73 depletion. Here, due to the batch effect, replicate
1 and 2 were analysed separately and are presented on separate graphs. Interestingly, both analyses
showed that some genes (6% and 8% respectively) were sensitive to Integrator knockdown (Figure
3.8B and Figure 3.9B) and some (5% and 9% respectively) were sensitive to ARS2 knockdown
(Figure 3.8C and Figure 3.9C). In conclusion, the two applied methods gave similar results for mRNA
genes.
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Figure 3.8 Gene-body normalised analysis of read-through in protein-coding genes upon
knockdown of CPSF73, INTS11 and ARS2
Box plots to the left: A) Log2-fold change was computed as: log2[mean(read-through coverage/gene
body coverage)rep1+2] distributions for CPSF73 and EGFP knockdowns. The median is represented
as the black horizontal line. The p-value from a Wilcoxon one-sample test is shown above the plot.
B) INTS11 vs EGFP, C) ARS2 vs EGFP.
Scatter plots to the right: A) EGFP (x-axis) and CPSF73 (y-axis). Red dots represent genes which are
significantly up in CPSF73 knockdown (t-test p < 0.05); cyan dots: significant represent genes which
are significantly down in CPSF73 knockdown (t-test p < 0.05). Significant up (u), down (d) and total
number of genes (n) are shown above the plot. B) INTS11 vs EGFP, C) ARS2 vs EGFP.
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Figure 3.9 Analysis of raw read-through in protein-coding genes upon knockdown of CPSF73,
INTS11 and ARS2
Box plots to the left: A) Log2-fold change was computed as: log2[mean(read-through coverage)]
with distribution for each of the EGFP and CPSF73 knockdown replicates. The median is represented
as the black horizontal line. The p-value from a Wilcoxon one-sample test is shown above the plot.
B) INTS11 vs EGFP, C) ARS2 vs EGFP.
Scatter plots to the right: A) EGFP (x-axis) and CPSF73 (y-axis). Log2[read-through coverage,
CPSF73] (y-axis) vs log2[read-through coverage, EGFP] (x-axis). Red dots represent genes which
are significantly up in CPSF73 in both replicates (t-test p < 0.05); cyan dots: represent genes which
are significantly down in CPSF73 (t-test p < 0.05). Significant up (u), down (d) and total number of
genes (n) are shown above the plot. Left: replicate 1, right: replicate 2.
B) INTS11 vs EGFP, C) ARS2 vs EGFP.
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3.5 Manual validation of protein-coding genes
Some genes showing a read-through phenotype in the TT-seq experiment were chosen to be
manually validated using RT-qPCR. NFKBIL1 is an example of an mRNA processed by the canonical
pathway. In the CPSF73 knockdown, it produces a very long (~17 kb) read-through signal running
through downstream inactive genes. The effect is visible in both L and T libraries, as depicted in
Figure 3.10A. RT-qPCR analysis (Figure 3.10 B) targeting the 3’extension region confirmed the TTseq results by showing that 3’extension was increased 11-fold on average in the CPSF73 knockdown,
compared to the control.
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Figure 3.10 NFKBIL1 is processed by CPSF73
A) Genome browser view of NFKBIL1 mRNA. A long read-through is visible in both L and T libraries upon
CPSF73 knockdown. mRNA TSS is indicated with a black arrow. PAS genome browser track shows
localisation of PASs and pA sites. B) Manual validation targeting the 3’extension region by RT-qPCR
performed on 2 biological replicates, which are plotted next to each other, followed by the average with
standard deviations indicated.
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Another transcript, the TTC21B mRNA, also showed an extremely long read-through signal
in the siCPSF73 sample, continuing for approximately 100 kb longer than in the control (
Figure 3.11A). As TT-seq can be used as a pseudo transcription assay, this example shows
that the absence of the conventional 3’ end processing machinery has a major effect on transcription
termination. It is an interesting example, because the final termination event seems to occur only after
transcribing the PAS of the downstream inactive GALNT3 gene, as no PASs are annotated between
these two genes. It is not obvious why the downstream PAS elicits transcription termination when
the TTC21B PAS does not, even though both genes have the canonical hexamer at their 3’ ends. It
can be speculated that this could be due to decreased processivity of the transcription elongation
complex. On the other hand, downstream of the GALNT3 TES, there could be a roadblock disabling
RNAPII passage, as previously described in yeast with Reb1p DNA-binding protein (Colin et al.,
2014), or the region could be enriched in transcription termination site motives (Schwalb et. al.,
2016). Comparison of such cases would have to be based on motif analysis, which is planned for the
near future. Surprisingly, transcription termination of TTC21B was also affected by ARS2 depletion,
which is more visible in the zoom in of the read-through region (
Figure 3.11B). Despite the effect being less pronounced than in the siCPSF73 sample, it seems
that in both knockdowns, RNAPII terminates in the same region downstream of the GALNT3 locus.
Since most known transcripts affected by ARS2 depletion are short (RDHs, snRNAs, PROMPTs),
this example shows that ARS2 may also be involved in termination of some mRNA coding genes.
However, in this specific example, the observed effect could be due to the noncoding RNA
NR_045375 located between TTC21B and GALNT3, illustrating the complexity of interpreting the
observed phenotypes. RT-qPCR analysis depicted in
Figure 3.11C supports the TT-seq data. Moreover, MYO1E is another example of an mRNA
affected by both CPSF73 and ARS2 knockdowns (Figure 3.12).
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Figure 3.11 TTC21B termination is affected by CPSF73 and ARS2 depletion
A) Genome browser view of TTC21B mRNA in TT-seq. In CPSF73 (purple) and ARS2 (green)
knockdowns, a long read-through is visible in both L and T libraries. B) Zoom in of the TTC21B
read-through region transcribed over inactive GALNT3 gene. C) Manual validation targeting the
3’extension region by RT-qPCR done on 2 biological replicates, which are plotted next to each other,
followed by the average with standard deviations indicated.
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Figure 3.12 MYO1E termination is affected by ARS2 and CPSF73 depletion
A) Genome browser view of MYO1E mRNA in TT-seq. Note that only L libraries are presented.
Directions of the strands are indicated by the black arrows. B) Manual validation by RT-qPCR was
done on 2 biological replicates, which are plotted next to each other followed by the average with
standard deviations indicated.
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The MCUR1 mRNA, on the other hand, was affected by depletion of INTS11 and its readthrough reached the downstream gene, as shown in Figure 3.13A. RT-qPCR results (Figure 3.13B)
show that MCUR1 was affected by siCPSF73 as well, however to a lesser extent. Since the expression
of the mRNA does not seem to be changed, the higher coverage downstream from the pA site is not
caused by higher levels of the mRNA. It is possible that Integrator is the major complex responsible
for the 3’end processing or transcription termination of this transcript.
I next analysed RDH mRNAs, which are processed by a different set of factors than
polyadenylated mRNAs. However, CPSF73 is still the protein, which cleaves both types of mRNAs
(Davila Lopez & Samuelsson, 2008). It has previously been shown that ARS2 depletion leads to the
production of 3’extended histone species (Gruber et al. 2012; Iasillio et al., 2017). However, it has
not been established if any roles of these factors overlap in the termination process. Overall, RDHs
responded primarily to ARS2 and CPSF73 knockdowns. Figure 3.14 and Figure 3.15 show examples
of RDHs mRNAs affected by these two factors, however, the profiles at these genes are not the same.
While HIST1HAG (Figure 3.14) responded to ARS2 knockdown to a great extent, HIST1H2AC was
more sensitive to CPSF73 depletion (Figure 3.15). It is difficult at this point in time to imply what
could be the cause of these different responses of RDH genes to the same knockdown.
In conclusion, protein-coding genes provided good positive controls of successful functional
depletion of the interrogated factors. Moreover, the results demonstrated that the pipeline developed
for read-through detection was working well. However, lncRNAs are shorter than mRNA genes.
Therfore, the next step was to test the analysis approach on short genes.

75

A

L_EGFP_minus
L_RRP40_minus
L_ARS2_minus
L_CPSF73_minus
L_INTS11_minus
T_EGFP_minus
T_RRP40_minus
T_ARS2_minus
T_CPSF73_minus
T_INTS11_minus
PAS

Fold change normalised to siEGFP control,
GAPDH mRNA and gene body

B
18
16
14
12
10
8
6
4
2
0
EGFP

RRP40

ARS2
rep1

rep2

CPSF73

INTs11

average

Figure 3.13 MCUR1 termination is affected by INTS11 depletion
A) Genome browser view of MCUR1 mRNA. In INTS11 knockdown a long read-through is visible
in both L and T libraries. B) Manual validation by RT-qPCR done in 2 biological replicates, which
are plotted next to each other, followed by the average with standard deviations indicated.
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Figure 3.14 HIST1H2AG termination is affected by ARS2 and CPSF73 depletion
A) Genome browser view of HIST1H2AG mRNA. Read-through is visible in both L and T libraries.
Read-through in ARS2-depleted cells is more prominent than in CPSF73-depleted cells. B) Manual
validation by RT-qPCR done in 2 biological replicates, which are plotted next to each other, followed
by the average with standard deviations indicated.

77

L_EGFP_plus
L_RRP40_plus
L_ARS2_plus
L_CPSF73_plus
L_INTS11_plus
T_EGFP_plus
T_RRP40_plus
T_ARS2_plus
T_CPSF73_plus
T_INTS11_plus
PAS

Figure 3.15 HIST1H2AC termination is affected by ARS2 and CPSF73 depletion
Genome browser view of HIST1H2AC mRNA. Read-through is visible in both L and T libraries.
Read-through in CPSF73-depleted cells is more prominent than in ARS2-depleted cells
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3.6 The short transcription unit effect
As we were interested in unstable transcripts, which are often short, we decided to check how
a well-known class of short transcripts responded to our analysis. For this purpose, we picked snRNA
genes. We expected that Integrator and RNA exosome depletions would increase the stability of 3’extended snRNA forms and thus increase the read-through coverage, as Integrator was identified as
the snRNA 3’processing machinery (Baillat et al., 2005) and the RNA exosome degrades snRNA
precursors (Chlebowski et al., 2013). However, as presented in Figure 3.16A, the gene body
normalised analysis did not detect any read-through signal for snRNA genes in INTS11 depleted
cells. In fact, it showed that a subset of these genes had a higher level of 3’extended transcripts in
control conditions, compared to the RRP40 knockdown (Figure 3.16B). We concluded that when
using this approach, the higher levels of coverage in gene bodies cancelled out any increased signal
in the read-through region. Thus, no specific response was revealed.
We therefore turned to our second analysis approach. The results plotted in Figure 3.17
illustrate that INTS11 is responsible for upregulation of read-through signal in snRNA genes. Thus,
the raw read-through detection method was suited for analysis of short transcripts, since it gave an
expected result. Other gene classes were also analysed using this algorithm. Since both siRRP40
replicates were done in the same batch, it was not needed to incorporate them in this analysis. In fact,
RRP40 knockdown was included in the libraries to enrich for unstable transcripts and not as
termination affecting factor. Therefore, it was not crucial to include it in the analysis of the readthrough regions.
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Figure 3.16 Gene-body normalised analysis of read-through in snRNA genes
A) INTS11 vs EGFP; B) RRP40 vs EGFP. Plotted as in Figure 3.8.
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Figure 3.17 Analysis of raw read-through in snRNA genes
INTS11 vs EGFP. Plotted as in Figure 3.9
Nevertheless, it was important to find out why gene-body normalised analysis was ineffective
when short TUs were studied. During preliminary analysis of the TT-seq data, we found that changes
in expression of short transcription units should be taken cautiously. I will demonstrate this ‘short
transcription unit effect’ using the example of the snRNA 12 gene (RNU12). snRNA genes are well
studied, therefore the way their resulting transcripts are captured by TT-seq and RNA-seq reveals
some technical limitations of the library preparation. Specifically, library clean-up steps, which
remove adapter dimers, decrease the number of transcripts shorter than 150 nucleotides such as
snRNAs. The transcript isoforms accumulating in samples with transcription termination and
3’processing defects are longer, and thus less depleted. In the case shown in Figure 3.18, siRRP40,
siARS2, and siINTS11 samples all accumulate extended snRNA, but also signal coverage in the gene
body is higher compared to the control. To show that this was a technical rather than a biological
effect, northern blotting analysis was performed using probes targeting mature RNA or the
3’extended RNA separately. Misprocessed transcripts were stabilised upon ARS2, RRP40 and
INTS11 depletion, as previously reported (Hallais et al., 2013; Andersen et al., 2013; Baillat et al.,
2005). Northern blotting analysis (Figure 3.19) showed that RRP40 and INTS11 knockdowns
produced 3’extended forms without increasing levels of mature RNA. This proved that the effect seen
in the sequencing data was not biological but rather technical. Interestingly, ARS2 and RRP40
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knockdowns resulted in the accumulation of one misprocessed species (RNU12 3’ext_1), while
Integrator depletion resulted in the production of two 3’extended species (RNU12 3’ext_1 and
RNU12 3’ext_2) paralleled by a reduction of the mature form. This suggests that these proteins have
different modes of action in transcription and processing of snRNAs. According to ChIP-seq data
from our group (Iasillio et al., 2017), ARS2 knockdown moderately, but significantly, increases
RNAPII occupancy downstream of the TESs of snRNA genes. This would be consistent with the fact
that specific isoforms accumulate in the different knockdowns. However, we could not find a pA site
downstream of this gene. Hence, the nature of these extended species is still unclear.
In conclusion, comparison of the TT-seq and Northern blotting analysis proved that, for very
short TUs, higher expression could be the consequence of 3’extended species accumulation upon
depletion of the 3’processing machinery. Thus, in our analysis, we had to take into account that in
case of TUs shorter than 150 nt, TT-seq results could be biased due to the short transcription unit
effect. However, we did not apply a size cut off for the global analysis. Since we decided to use the
analysis for raw read-through discovery that does not normalise to the size of the gene body, size cut
off was not relevant. However, future analysis might be focused on expression levels and in that case,
this technical limitation should be considered.
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Figure 3.18 RNU12 gene is affected by RRP40, ARS2 and INTS11 depletion
Genome browser view of the RNU12, TSS is indicated with a black arrow. Only the plus strand is
shown in L and T libraries. Annotated RNU12 form is 150 nt long. In RRP40, ARS2 and INTS11,
3’-extended forms the snRNA are observed and at the same time, they are more abundant. However,
this is a technical and not a biological effect, called the short transcription unit effect.
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RNU12 3’ext_1

RNU12
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Figure 3.19 snRNA U12 Northern blotting analysis
The Northern membrane was hybridized with a probe directed against the read-through region of
snRNA U12 (RNU12 3’ext), mature snRNA U12 (RNU12) and 18S rRNA levels were detected as
an internal loading standard. Total RNA isolated from HeLa Kyoto cells depleted for the indicated
factors was used. Lengths (not indicated) of forms detected by Northern blot correspond to the lengths
detected in TT-seq data.
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3.7 PROMPTs
Results obtained for protein-coding genes were considered as a positive control, demonstrating
the performance of the pipeline. We were now interested in testing how different knock-downs would
affect transcription termination of short lncRNAs. However, even though PROMPTs could be
detected better in L than in T samples, their coverage was low (around 350 PROMPTs were reliably
detected in each condition). Moreover, an occasional lack of reproducibility between the two TT-seq
replicates could also lower the actual number of transcripts to be studied. Despite these circumstances,
metagene analysis showed that PROMPTs are affected by all the factors tested (
Figure 3.20A). Since RRP40 replicates were not included in this analysis, it could not be
estimated to which extent the ARS2 effect was caused by its role in decay through the exosome.
Nevertheless, ARS2 targeted a number of transcripts, as presented in the upper panel in
Figure 3.20A. Despite some PROMPTs being downregulated in this condition (represented by blue
dots in the scatter plots), most cases were upregulated (red dots). PROMPTs are generally enriched
in with PAS motifs (Almada et al., 2013; Ntini et al., 2013). Therefore, they are expected to be
processed by the canonical cleavage and polyadenylation machinery. The plots in the middle panel
Figure 3.20A show that some transcripts were affected by the CPSF73 knockdown, in agreement with
such motif content. Even though only 34 cases were confirmed as significant (red dots), the overall
trend presented in the scatter plots showed that most transcripts were upregulated (grey dots).
To our surprise, and as presented in the bottom panel of
Figure 3.20A, Integrator had the strongest influence on PROMPT termination. As shown in
the Venn diagram in
Figure 3.20B, the overlap between factors was marginal. This result demonstrated that
PROMPTs, as a class, can be divided into biochemically different groups of transcripts, supporting
the aim of this project. Moreover, it showed that functional analysis is important and should be used
to verify the hypothesis based on the motif analysis.
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Figure 3.20 PROMPTs are affected by INTS11, CPSF73 and ARS2.
A) Plotted as in Figure 3.9. B) Venn diagram groups TUs according to their factor-sensitivity and
shows the overlap between samples. Number of genes affected by one factor and numbers of genes
affected by 2 factors are given in the non-overlapping and overlapping areas.

In the protein-coding gene section of my thesis, only the RefSeq annotation was presented in
the genome browser views. However, RefSeq annotation does not include many unstable lncRNAs.
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The annotation developed in our laboratory, referred to as STAN_L020, proved to be successful in
annotating lncRNAs as separate TUs. Therefore, genome browser views in this and the following
sections will include a track with the STAN_L020 annotation. Several cases of PROMPTs are
presented below. The first example - proDNAJB4, as expected, accumulated in exosome and in ARS2
depleted samples (Figure 3.21A). The L_ARS2 profile was similar to the L_RRP40 profile, which
therefore points to a role of ARS2 in degradation and not in termination. Note, that since proDNAJB4
is ~ 400 bp, this example was not affected by the short transcription unit effect and the signal
enrichment within the gene body was of biological relevance. Importantly, STAN_L020 in opposition
to RefSeq, did annotate the PROMPT. In Figure 3.21B, the scaling of data in the genome browser
was different; each track was scaled individually to the maximum coverage, so that the signals in
L_EGFP and L_CPSF73 samples became visible and profiles could be compared. This way of
presenting the data revealed that the PROMPT was not affected by CPSF73 depletion, even though
it harbours a PAS. On the contrary, the L_INTS11 profile showed accumulation of more 3’extended
transcripts. As predicted by the global analysis, proDNAJB4 was one of the PROMPTs affected by
INTS11 depletion. TTseq data was validated using RT-qPCR. cDNA used for this analysis was
produced using a gene specific primer, since proDNAJB4 overlaps with a read-through transcript
from an upstream gene on the plus strand (L_CPSF73 plus). This analysis (Figure 3.21C) confirmed
that Integrator depletion had the greatest impact on this unstable transcript.
Another example of a PROMPT affected by both INTS11 and ARS2, proNFKBIZ, is
presented in Figure 3.22. However, in this case there was more read-through signal in L_ARS2 than
there was in L_RRP40. Therefore, in this case, both transcription termination and degradation were
affected by ARS2 depletion.
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Figure 3.21 proDNAJB4 is affected by INTS11 knockdown
A) Genome browser view of DNAJB4 (plus strand) and proDNAJB4 (minus strand). mRNA TSS is
indicated with a black arrow, PROMPT TSS is indicated with a red arrow. Note that STAN_L020
annotation is below the RefSeq annotation. B) Genome browser view of proDNAJB4, note that
libraries are autoscaled, so that coverage in L_EGFP and L_CPSF73 are visible. C) Manual validation
by RT-qPCR was done in 2 biological replicates, which are plotted next to each other, followed by
the average with standard deviation indicated.
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Figure 3.22 proNFKBIZ is affected by Integrator and ARS2
A) Genome browser view of NFKBIZ (plus strand) and proNFKBIZ (minus strand). mRNA TSS is indicated
with a black arrow, PROMPT TSS is indicated with a red arrow. Note that STAN_L020 annotation is below
the RefSeq annotation. B) Manual validation by RT-qPCR was done in 2 biological replicates, which are
plotted next to each other, followed by the average with standard deviation indicated.
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We also identified numerous examples of PROMPTs affected by CPSF, as illustrated by the
next two examples, proTPD52L2 (Figure 3.23) and proIFNAR1 (Figure 3.24). proTPD52L2 seems
to employ CPFS73 for termination and is also sensitive to RRP40 knockdown, but not affected by
ARS2 of INTS11. proIFNAR1 is, on the other hand, clearly affected by ARS2 depletion. This RNA
is also interesting, since it has a very well-defined 3’end, which is unusual for PROMPTs. Even in
the CPSF73 knockdown, the proIFNAR1 3’extension is very short. RT-qPCR analysis shows only a
small enrichment of read-through in CPSF73 knockdown compared to the control. Therefore, this
could be an instance where a DNA-binding protein positioned just downstream of the PROMPT could
establish a roadblock enforcing transcription termination. The global analysis and manual validation
of individual cases demonstrated that PROMPTs employ different transcription termination and
decay pathways. Future work, including motif analysis, will help us understand what determines these
differences.
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Figure 3.23 proTPD52L2 is affected by CPSF73
A) Genome browser view of TPD52L2 (plus strand) and proTPD52L2 (minus strand). mRNA TSS
is indicated with a black arrow, PROMPT TSS is indicated with a red arrow. Note that STAN_L020
annotation is below the RefSeq annotation. B) Manual validation by RT-qPCR was done in 2
biological replicates, which are plotted next to each other, followed by the average with standard
deviation indicated.
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Figure 3.24 proIFNAR1 is affected by CPSF73
A) Genome browser view of IFNAR1 (plus strand) and proIFNAR1 (minus strand). mRNA TSS is
indicated with a black arrow, PROMPT TSS is indicated with a red arrow. Note that STAN_L020
annotation is below the RefSeq annotation. B) Manual validation by RT-qPCR was done in 2
biological replicates, which are plotted next to each other, followed by the average with standard
deviation indicated.
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3.8 eRNAs
Our eRNA analysis revealed a response of these transcripts similar to PROMPTs. This result
was in agreement with the fact that eRNAs and PROMPTs share biochemical properties including
low expression, exosome sensitivity, depletion of 5’splice sites and premature transcription
termination (Andersson et al., 2015; Chen et al., 2016). It has been previously reported that 3’end
processing and transcription termination of EGF-inducible eRNAs were Integrator-dependent (Lai et
al., 2015). Indeed, our data agree that most cases of transcription termination defects were detected
in INTS11-depleted cells, as presented in Figure 3.25. In agreement with a previous study (Iasillo et
al., 2017), a subset of transcripts was affected by ARS2 knockdown. However, according to our data,
a substantial fraction of eRNAs utilise CPSF.
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Figure 3.25 eRNAs are affected by INTS11, CPSF73 and ARS2.
A) Box plots to the left represent the general trends in each knockdown. Read-through of each
replicate is compared to the control read-through from the same batch. Graphs to the right show
individual cases. Plotted as in Figure 3.9. B) Venn diagram groups TUs according to their factorsensitivity and shows the overlap between samples. Number of genes affected by one factor and
nubers of genes affected by 2 factors are given in the non-overlapping and overlapping areas.
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A question we had in mind while working on the project was whether two eRNAs arising
from the same promoter would always employ the same transcription termination machinery. To
answer this question, we studied individual examples of divergently transcribed eRNA pairs. Three
cases are presented in Figure 3.26. The first one, presented in Figure 3.26A, is an extragenic enhancer
localised downstream from the TBC1D1 gene. This is an example of an enhancer in which both
eRNAs utilise the same factor – INTS11 – for termination. The effect is dramatic for the transcript
on the minus strand, as the read-through continues for ~ 9 kb and stops just before reaching the
TBC1D1 3’end.
An example of an intragenic enhancer is presented in Figure 3.26B. Here, the divergent
eRNAs were localised in the ABLIM2 last intron. eRNA levels were in this case higher than that of
the mRNA, perhaps playing a role in enhancer-mediated gene attenuation (Cinghu et al., 2017). While
termination of the eRNA on the plus strand was exclusively affected by CPSF73 depletion, the eRNA
transcribed in the opposite direction was not affected in this condition. Instead, it showed sensitivity
to ARS2 and INTS11. The last example, shown in Figure 3.26C, was positioned 90 kb downstream
of the NR4A1 gene and had a similar profile to the ABLIM2 eRNAs, with the exception that the eRNA
on minus strand was affected only by the ARS2 and not by the INTS11 knockdown. All the presented
eRNAs were exosome sensitive, and the accumulation was more pronounced in T libraries (data not
shown).
In conclusion, both global analysis and inspection of individual examples indicated that
eRNAs utilise different transcription termination pathways. It also showed that eRNAs arising
divergently from the same promoter might not behave similarly, as they can depend on different
factors for their proper processing.
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Figure 3.26 eRNAs transcribed from one promoter utilise different termination pathways
Genome browser views of eRNA pairs. eRNA TSSs are indicated with red arrows. A) Extragenic
enhancer located 10 kb downstream of TBC1D1 gene. B) Intragenic enhancer located in the last intron
of ABLIM2 gene. C) Extragenic enhancer located 90 kb downstream of the NR4A1 gene.
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3.9 nNATs
As nNATs were discovered quite recently (Mayer et al., 2015; Chen et al., 2016), the nature of
their processing is not known. Chen et al. reported that nNATs contain an extended GC-rich region
between the host mRNA and the nNAT TSSs (Chen et al., 2016). Therefore, we hypothesized that
nNATs, which terminate within the mRNA territory (UBA3 nNAT as an example in Figure 3.27A),
would not use the canonical 3’ end processing machinery, since the GC-rich termination regions are
unlikely to encompass PASs. However, it is important to take into account, that the 3’ ends of nNATs,
which traverse beyond mRNA TSSs (KIF27 nNAT as an example in Figure 3.27B), may well contain
PASs. The gene-internally and externally terminated examples of nNATs presented in Figure 3.27
were both 3’extended and upregulated in the INTS11 knockdown, and both were exosome and ARS2sensitive, while CPSF73 depletion had no effect on their length or expression level.
Global analysis showed that nNATs were affected by the three factors to a similar extent
(Figure 3.28A). Yet, the Venn diagram in Figure 3.28B illustrates that the overlap between nNATs
affected by different factors was minor. The pipeline, which had been established by the time I was
writing this thesis, was not able to distinguish the promoter-traversing and non-traversing nNATs.
Therefore, we were aware whether we were analysing a non-homogenous group of transcripts. Thus,
future and more refined analysis could give a different result. Moreover, it is important to bear in
mind that the number of nNATs discovered was quite low. Furthermore, while inspecting individual
cases of nNATs, we found that some nNATs as identified in Chen et al., were falsely annotated and
are more likely to be regular PROMPTs. Hence, the nNATs that responded to CPSF73 depletion may
indeed be PROMPTs. Manual validation of four nNAT 3’extension regions showed that they were
generally affected by ARS2 and INTS11 depletion to a higher extent than to CPSF73 depletion
(Figure 3.28C).
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Figure 3.27 nNATs are hosted in mRNA introns
Genome browser views of nNATs and promoter-proximal region of the host mRNAs. nNAT TSSs are
indicated with red arrows, mRNA TSSs are indicated with black arrows. A) UBA3 nNAT is gene-internally
terminated B) KIF27 nNAT is gene-externally terminated as it traverses beyond host mRNA TSSs.
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Figure 3.28 nNATs are affected by INTS11, CPSF73 and ARS2
A) Box plots to the left represent the general trends in each knockdown. Read-through of each replicate is
compared to the control read-through from the same batch. Graphs to the right show individual cases. Plotted
as in Figure 3.9. B) Venn diagram groups TUs according to their factor-sensitivity and shows the overlap
between samples. Number of genes affected by one factor and nubers of genes affected by 2 factors are given
in the non-overlapping and overlapping areas.
C) RT-qPCR analysis of the read-through regions of four nNATs. As cDNA for nNATs validation was
produced using gene specific primers, qPCR values were normalised to the internal control (mRNA), but not
to the gene body.
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Most nNATs reside in the proximity of mRNA TSSs which could indicate a regulatory
function. For example, upregulation of antisense nNATs may lead to decreased expression of the
mRNA through transcriptional interference. Chen et al. reported that the small subset of host gene
promoter traversing nNATs appeared to negatively impact host mRNA levels (Chen et al., 2016).
Moreover, a recent study of eRNAs residing in the introns of protein-coding genes suggested that
their expression impacted the expression of the host mRNA (Cinghu et al., 2017). These studies point
out that transcription of unstable units residing in protein-coding gene territories, can impact
expression of mRNAs negatively through transcriptional interference.
To investigate if nNAT-hosting mRNA levels were changed in the different knockdown conditions,
we first plotted nNAT signal against the signal of host-mRNA (sense) in all the L library conditions.
If there was a general trend of nNAT upregulation leading to downregulation of the corresponding
sense transcript, we would expect to see a negative correlation. This analysis is depicted in Figure
3.29 and shows that no such correlation was observed, arguing against a general strong influence of
nNATs by transcription interference.
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Figure 3.29 Expression of nNATs and their host genes
Scatter plots show the nNAT signal (x axis) plotted against the signal of host-mRNA called ‘sense’
(y axis) in ARS2, CPSF73 and INTS11 knockdowns. There is no correlation observed. Red circle
corresponds to KIF27 nNAT/mRNA pair.
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The global analysis of nNATs was challenging due to the aspects mentioned above. However,
individual examples of nNAT-hosting mRNAs were found which exhibited interesting profiles in
specific knockdowns. One such example was a region with divergently situated genes NMRK1 and
OSTF1. The NMRK1 gene hosts a nNAT in its first intron (Figure 3.30A). This nNAT was
upregulated in exosome, ARS2 and INTS11 depleted cells. Interestingly, the INTS11 knockdown
induced a unique profile with more signal in the 3’end of the nNAT. Therefore, Integrator seemed to
significantly affect transcription termination of this nNAT. Interestingly, in Figure 3.30B, one can
see that the first intron of the OSTF1 mRNA located just downstream of the NMRK1 nNAT was
downregulated in RRP40, ARS2 and INTS11 knockdowns. This downregulation extended
throughout the gene body to its 3’end and was quite dramatic in RRP40 and ARS2 knockdowns.
Since lover levels of OSTF1 mRNA correlate with higher levels of the nNAT, it is possible that in
the case of a transcription termination defect of the nNAT, RNAPII runs into the OSTF1 promoter
region, limiting transcription initiation or elongation of this gene.
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Figure 3.30 NMRK1 and OSTF1 loci
A) Genome browser view of NMRK1 and OSTF1 promoter proximal regions. NMRK1 hosts a nNAT, which
traverses the mRNA TSS in RRP40, ARS2 and INTS11-depleted cells. nNAT TSS is indicated with a red
arrow, mRNA TSSs are indicated with black arrows. B) OSTF1 decreased expression in RRP40, ARS2 and
INTS11-depleted cells. First intron’s (marked with a black star) levels decrease in the same libraries where
NMRK1 nNAT’s levels increase. Only plus strand was shown for a better image resolution.

109

3.10 Exosome-sensitive prematurely terminated transcripts utilise different
termination pathways
I spotted an interesting phenomenon while looking at the nNAT-hosting mRNAs. The NMRK1
gene seemed to produce exosome-sensitive prematurely terminated transcripts, as presented in the
T_RRP40 track of Figure 3.31A. These transcripts terminate in the promoter-proximal region (first
intron) and accumulate in exosome-depleted cells. ARS2 was reported to play a role in early
premature transcription termination events of protein-coding genes whose intronic 3’ends are targeted
by the RNA exosome (Iasillo et al., 2017). Here, however, ARS2 depletion lead to the opposite effect,
as expression of the transcript was downregulated. This phenomenon was indeed hard to explain. On
the other hand, CPSF73 knockdown lead to a dramatic increase in expression levels of the full-length
mRNA. Hence, it could be speculated, that CPSF is involved in the 3’ end cleavage of the promoterproximal transcripts, which are degraded by the exosome. In such a scenario, in CPSF73 absence,
RNAPII is not slowed down by the 3’end cleavage event, and this in consequence leads to the
production of the full-length mRNA. Interestingly, INTS11 knockdown had a similar phenotype,
however not as dramatic. Perhaps, these factors can be used in parallel to elicit an efficient termination
of such TUs. The TT-seq data was confirmed by RT-qPCR analysis, which detected the region
between the first and fourth exons of the mRNA (Figure 3.31B). More cases of nNAT-hosting
mRNAs with similar profile to NMRK1 are presented below in Figure 3.32.
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Figure 3.31 NMRK1 promoter-proximal prematurely terminated transcript is exosome-sensitive is
terminated by CPSF and Integrator
A) Genome browser view of the NMRK1 mRNA in L and T libraries. B) RT-qPCR analysis Manual validation
by RT-qPCR targeting first four exons of the NMRK1 mRNA was done in 2 biological replicates, which are
plotted next to each other, followed by the average with standard deviation indicated.
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Figure 3.32 Promoter-proximal prematurely terminated transcript are terminated by CPSF
Genome browser views of nNAT-hosting genes that produce promoter-proximal transcripts sensitive to RNA
exosome and in the same time produce full-length mRNA upregulated in CPSF73-depleted sample. nNAT
TSSs are indicated with red arrows, mRNA TSSs are indicated with black arrows. A) ZC3H6; B) PDE4B; C)
KIF27.

A global analysis of this phenomenon was performed, to investigate how widespread it is.
First, genes with the first intron region upregulated (at least 2-fold) in RRP40 knockdown samples
were selected. Next, the list of genes was sorted based on exon-responsiveness to the given
knockdown compared to control. Hosting a nNAT was not a requirement. Approximately 90 genes
were selected in each knockdown (data not shown). Interestingly, the CSTF3 gene, which encodes
one of the CPSF subunits, was one of the genes found to be upregulated in the CPSF73 knockdown
(Figure 3.33). There was no nNAT detected by TT-seq in the CSTF3 locus. Thus, genes which do not
host nNATs are regulated in a similar way. This example could be a type of autoregulation of factors
belonging to the 3’processing machinery. Further investigation would be required to answer if
changes in mRNA levels are dependent on changes in nNAT expression.
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Figure 3.33 CSTF3 full-length mRNA is upregulated in CPSF73-depleted sample
Genome browser view of CSTF3 gene. CSTF3 produces promoter-proximal transcript sensitive to RNA
exosome and in the same full-length mRNA is upregulated in CPSF73-depleted sample.
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3.11 Convergent genes are globally affected in the absence of CPSF73
While analyzing the TT-seq data, we observed that in convergent pairs of protein coding genes,
one of the genes in a pair was often downregulated in CPSF73-depleted samples. The gene whose
expression was decreased had the lower expression in the control sample as compared to its
convergent and more dominant partner. Moreover, even though in these closely spaced genes, both
transcription termination zones would invade the gene body region of the neighbour, the gene with
lower expression would be affected (to a visible extent), as in the case of RPL23A, TLCD1 (Figure
3.34 A) and RPL31, TBC1D8 (Figure 3.34B). Even though the possibility cannot be excluded that
these genes are not expressed at the same time in the same cell, the effect of the CPSF73 knockdown
suggests that failure in transcription termination of the highly-expressed gene could disturb proper
transcription elongation of its convergent partner, perhaps through collision of RNA polymerases or
by alteration of chromatin modifications. Furthermore, the TBC1D8 promoter proximal region is not
affected to the same extent as the last exons (Figure 3.34 C), making the possibility of lower
expression caused by decreased transcription initiation a less attractive scenario.
A
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Figure 3.34 Convergent genes
Genome browser views of convergent gene pairs. A) RPL23A on the plus strand and TLCD1 on the minus
strand. In CPSF73 knockdown TLCD1 levels decrease significantly. B) RPL31 on the plus strand and TBC1D8
on the minus strand. In CPSF73 knockdown RPL31 produces a 3’-extended transcript which invades TBC1D8
locus and TBC1D8 mRNA levels are decreased. C) TBC1D8 levels are downregulated only at the 3’proximal
region.
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Another example is the CHMP2A gene located between TRIM28 on the opposite strand and UBE2M
on the same strand (Figure 3.35). CHMP2A has the lowest expression of the three genes. Therefore,
the lower levels could be caused by invasion of elongation complexes coming from both neighbouring
genes and thus work in both convergent and tandem genes.

L_EGFP_plus
L_RRP40_plus
L_ARS2_plus
L_CPSF73_plus
L_INTS11_plus
L_EGFP_minus
L_RRP40_minus
L_ARS2_minus
L_CPSF73_minus
L_INTS11_minus
PAS
RefSeq

Figure 3.35 Convergent and tandem genes
Genome browser view of a genomic region. TRIM28 (plus) and CHMP2A (minus) are a convergent gene pair,
whereas CHMP2A and UBE2M (minus) are a tandem pair. CHMP2A levels are decreased in the CPSF73
knockdown. mRNA TSSs are indicated with black arrows.

A global analysis to investigate the generality of this phenomenon was performed. Convergent
gene pairs were identified, and to narrow the investigation to focus on cases of genes, which are close
enough to realistically influence each other, only convergent genes with an absolute distance between
3'-ends of £ 1000 bp were included. After filtering out genes that were not expressed, 1105 gene pairs
were left to study. Only the control and CPSF73 samples were analysed. The analysis was inspired
by cases such as TBC1D8 (Figure 3.34), which showed a more pronounced downregulation at the
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3’proximal region, while the gene body was not severely affected. Therefore, we focused on the gene
ends. Read-through coverage was determined within regions of 250 bps downstream the gene 3' end,
while the gene 3’ end was defined to be 250 bps upstream of the annotated gene 3'-end. In the initial
approach, gene pairs where one of the genes displayed a read-through phenotype (CPSF73/CTRL ³ 2
in the read-through region) were selected (n=633) and then the changes in the corresponding
convergent gene 3’end coverage were plotted as shown in the left box plot of Figure 3.36. Next,
gene pairs where one of the genes displayed significant read-through (CPSF73/CTRL ³ 2 in the readthrough region and p < 0.05 based on t-test) were selected (n=92). Then, the changes in
the corresponding convergent gene-ends coverage were plotted as shown in the right box plot of
Figure 3.36. There was no overall trend when looking at all convergent genes, as a negative
correlation was expected. Genes selected based on read-through did not appear to correlate with down
regulation of the convergent gene-end.
Next, we tried a different approach. Here, genes which displayed downregulation of the geneends were the starting point. Gene pairs where one of the genes displayed a downregulation of the
gene-end coverage (CPSF73/CTRL £ 0.5 in gene-end) were selected (n=109) and then the readthrough changes in the corresponding convergent gene were plotted as shown in the left box plot of
Figure 3.37. Gene pairs where one of the genes displayed a significant downregulation of the geneend coverage (CPSF73/CTRL £ 0.5 in gene-end and p < 0.05 based on t-test) were selected (n=15).
Next, the read-through changes in the corresponding convergent gene were plotted as presented in
the right box plot of Figure 3.37. The expected result was to see a positive correlation between the
read-through of the gene paired to the gene which displayed a downregulation of the gene-end
coverage in siCPSF73. This analysis proved to be more successful for our purpose, yet the number
of significant cases was very low. In the future, it would be interesting to check how the expression
levels and the distance between gene ends affect this analysis. However, the cause of this correlation
requires further investigation.
In control conditions, convergent genes do not appear to be affected by one another even
though they are closely spaced. Therefore, we hypothesized that they have a very efficient
transcription termination process, which protects them from transcriptional interference. Future
analysis will include motif analysis and will show if termination regions differ between convergent
or tandem genes and genes which are not so closely spaced.
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Figure 3.36 Convergent genes global analysis. Correlation between the genes with read-through
and the gene end coverage of the paired gene.
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4 Discussion and Future perspectives
4.1 Considerations on the RNA purification protocol
In the early stage of my PhD studies, I tried to develop an RNA purification protocol enriching
for newly transcribed, unstable lncRNAs. The aim was to use the purified RNA obtained from cells
with depleted factors of interest to create 3’-seq libraries. 3’end processing of lncRNAs is an area that
has not been extensively studied, thus, 3’-seq data would have granted new and valuable information.
Unfortunately, the outcome yielded 3’-seq libraries severely contaminated with mitochondrial
mRNAs. In consequence, there was little signal coming from pervasive transcripts, which made the
data impractical for my project. I have not gone back to address which step, or steps, of the protocol
resulted in such enrichment of mtRNA.
The way different knockdowns would affect RNA properties had to be considered while
developing the purification protocol, as described in the chapter about 3’ end sequencing. First, RNA
isolated from whole cell extract vs nuclear extract were tested for enrichment of lncRNAs over
mRNAs. I expected that the nuclear fraction would have more pervasive transcripts, since most of
these are thought to be retained and degraded in the nucleus. On the contrary, the whole cell extract
happened to have a more desired ratio. It is important to mention that only a limited number of
transcripts was tested manually by qPCR, and therefore the result could have been biased. Moreover,
I was using RRP40-depleted cells to enrich for PROMPTs to increase their detection. Recently, it
was shown that depletion of the RNA exosome co-factors MTR4 and ZFC3H1 not only increased
PROMPT levels but also lead to their accumulation in the cytoplasm (Ogami et al., 2017). Thus,
discarding the cytoplasmic fraction would lead to removal of these transcripts. I therefore omitted the
subcellular fractionation step and used total (BrU-labelled) RNA for the experiment. At that time it
seemed to be the best choice. However, discarding the cytoplasmic fraction would have limited
contamination with mitochondrial mRNAs. These relationships should be considered when planning
future experiments.
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Another debate concerned the choice of material – RNA or cDNA – to be used for size
selection. Most pervasive transcripts, as mentioned above, become polyadenylated, if they are not
degraded. Therefore, size selection of RNA could lead to capturing different RNA populations in
control and exosome-depleted samples. Using cDNA solved this problem, since pA tails are not
reverse transcribed when an anchored dT primer is used for cDNA synthesis. On the other hand, using
cDNA carried another concern and it is important to note that size selection was performed to exclude
mRNAs longer than 2 kb from the sample. The probability of premature termination during reverse
transcription increases with the length of the RNA molecule (Wellenreuther et al., 2004; J. Zhang &
Byrne, 1999). As a result, truncated cDNAs coming from long mRNAs enter the selection range.
Indeed, we found a substantial signal coming from mRNAs longer than 2 kb in the sequencing data,
implying premature reverse transcriptase termination events, or that degradation products were being
reverse transcribed.
Even though the final product of this experiment could not be used for the desired analysis,
some of the conclusions from the quality checks of the data proved useful for my subsequent studies.

4.2 3’ end processing and transcription termination of some protein-coding
genes is controlled by the Integrator complex or ARS2
It has been well established that 3’ends of mRNA are processed by the cleavage and
polyadenylation machinery. Therefore, this class of transcripts was useful for testing our read-through
discovery pipelines. CPSF knockdown affected 3’processing and termination globally, in agreement
with previous studies (reviewed in Porrua and Libri, 2015). It is important to note, that mRNAs
showed a big range of responses to the CPSF73 knockdown; some genes produced very extended
read-through signals while others had a more efficient termination profile and exhibited shorter readthrough. Surprisingly, a small subset of genes was affected by Integrator or ARS2 knockdowns. Some
manually validated examples (Figures 3.11-3.13) represented transcripts which were affected by
more than one factor; e.g. CPSF73/ARS2 or CPSF73/INTS11, and in some ARS2 or INTS11 had a
greater effect on termination than CPSF73 (Figures 3.12-3.13).
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INTS11 is a CPSF73 homologue that harbours an endonuclease activity and thus, it could affect
3’processing directly, as it does in the case of snRNAs (Baillat et al., 2005). In my project, I generated
two distinct datasets: TT-seq and RNA-seq. TT-seq captured a substantial number of active
transcription events through mapping of pre-processed and unstable transcripts, while RNA-seq data
were comprised of mainly stable processed species and also included misprocessed transcripts caused
by depletion of the individual factors. Thus, 3’extended species observed in the TT-seq data could
arise from transcription termination defects, which were not connected to 3’end processing defects.
In other words, the transcript produced downstream of any cleavage site was detected and could not
be distinguished as a separate transcription unit. However, since RNA-seq data detected mainly stable
species, any 3’extended RNA would be a product of faulty 3’processing, that in consequence might
lead to a transcription termination defect. Since the global analysis was performed on TT-seq data, it
could be concluded that transcription termination was affected. Nevertheless, a mRNA sensitive to
INTS11 knockdown, MCUR1 (Figure 3.13) produced a 3’extended product, which was detected in
total RNA (RNA-seq) as well, arguing for a 3’processing failure. It’s important to note, that MCUR1
gene carries a PAS, yet no or a marginal read-through was detected upon CPSF73 depletion. It has
been previously observed by Stadelmayer et al. that the 3’box sequence, which is a termination signal
at the snRNA genes, was one of the most enriched motifs present at the 3’ends of genes differentially
expressed in Integrator depleted cells (Stadelmayer et al., 2014). However, any relevance of this
finding would require more experimental proof. Motif analysis will be performed to explore what
could underlie the choice of Integrator instead of the CPSF machinery and whether these genes bear
3’box sequences. Perhaps in a subset of protein-coding genes these machineries act in parallel to
ensure efficient termination.
As mentioned, ARS2 knockdown also affected transcription termination of a subset of proteincoding genes. It has been previously determined that ARS2 affects transcription termination at RDH
genes, which are otherwise processed by CPSF (Davila Lopez & Samuelsson, 2008). RDHs exhibit
termination defect upon ARS2 depletion indicated by the production of 3’extended species (Andersen
et al., 2013; Hallais et al., 2013; Iasillo et al., 2017). Moreover, ARS2 targets – RDHs, snRNAs, and
PROMPTs – are short and unspliced. Here, for the first time, it has been shown that genes producing
polyadenylated mRNAs exhibit termination defects upon ARS2 knockdown. However, the
mechanism of ARS2 action on these sites is not understood. Perhaps these mRNAs have terminator
sequences or structures similar to the ones found at the 3’ends of other ARS2 targets.
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4.3 lncRNAs utilise different termination pathways
The most important part of the experimental effort was to give a global overview of the 3’end
processing and transcription termination pathways responsible for termination of pervasive
transcription events. As described above, the TT-seq libraries were sequenced deeply and the data
was used to create annotations, which included short-lived RNAs. The non-coding transcripts were
then classified as PROMPTs, eRNAs and nNATs using coordinates generated previously (Chen et
al., 2016). Owing to the very high coverage, TT-seq-based annotation detected around 7000
previously unknown transcripts, which could not be categorised as any known biotype. Around 2000
of these were exosome-sensitive (data not shown). Read-through analysis demonstrated that these
transcripts employ different transcription termination pathways. More detailed analysis will need to
be applied in order to classify these RNAs, which might belong to eRNA, PROMPT or nNAT classes.
In future analysis, it will be established which of these RNAs are associated with protein-coding
genes. Moreover, with the use of publicly available ChIP-seq data, it will be determined if these
transcripts are transcribed from regions which carry histone marks specific for enhancers or whether
they represent yet undescribed transcription units. It is very important to stress, that some of these
previously unknown transcripts could be artefacts. This could happen if the algorithm would split one
transcription unit into multiple units.
The Integrator complex was the dominant factor responsible for transcription termination of
most analysed lncRNAs, as shown by our data. It was a somewhat unexpected result for PROMPTs,
since their transcription units are generally enriched in PASs (Ntini et al., 2013) and thus, expected
to utilise the CPSF pathway. It was previously reported that INTS11 knockdown led to increased
antisense transcription upstream of protein-coding genes, however, these studies focused on the
abundance rather than the transcription termination of lncRNAs (Stadelmayer et al., 2014). Lai et al.
demonstrated a role of Integrator in 3′end cleavage of a subset of eRNA primary transcripts, leading
to transcriptional termination (Lai et al., 2015). Our results agree with this study, since the majority
of eRNAs were affected by the INTS11 knockdown. Still, however, some PROMPTs and eRNAs
were processed by CPSF. Interestingly, some cases of PROMPTs were processed by Integrator, even
though they harbored PASs in their genomic sequence, as in the case of proDNAJB4 Figure 3.21. It
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will be interesting to investigate whether these PASs are part of the Integrator mechanism at these
sites.
As nNATs were discovered quite recently (Mayer et al., 2015; Chen et al., 2016), the nature of
their 3’end processing was not known. Transcripts belonging to this group contain an extended GCrich region between the host mRNA and the nNAT TSSs (Chen et al., 2016). Therefore, we
hypothesized that nNATs, would not use the canonical 3’end processing machinery, since the GCrich termination regions are unlikely to encompass PASs. Two validated examples Figure 3.27 were
both 3’extended and upregulated in the INTS11 knockdown, and both were exosome and ARS2sensitive, while CPSF73 depletion had no effect on their length or expression level. However, global
analysis showed that nNATs were affected by the three investigated factors to a similar extent. It is
important to mention that some nNATs as identified by Chen et al., were falsely annotated and are
more likely to be regular PROMPTs. Hence, the nNATs that responded to CPSF73 depletion may
indeed be PROMPTs. This has been discussed in more detail in the chapter about nNATs. This class
is also very difficult to study via automated procedures, because they lie in very complicated territory
with PROMPT running in same direction and mRNA on the other strand.
Based on the above results, I conclude that both PROMPTs and eRNAs can be divided into
biochemically different groups of transcripts, supporting the prediction of this project. Moreover,
results show that functional analysis is important and should be used to verify the hypothesis based
on the motif analysis.

4.4 How does Integrator affect termination of different classes of lncRNAs
As previously mentioned, it has been determined that NELF and DSIF interact with the RNAPII
CTD (Baillat et al., 2005) and colocalise with paused RNAPII (Stadelmayer et al., 2014). As
differentially expressed genes overlap significantly in NELF and Integrator depleted cells, it has been
proposed that Integrator regulates NELF-mediated pause/release at the protein-coding genes
(Stadelmayer et al., 2014). Nevertheless, a mechanism of action remains unclear. It is possible that
Integrator is the 3’end processing machinery available early in the transcription process. It has been
demonstrated that a PAS alone is sufficient to induce the conformational change in the active site of
polymerase, leading to termination (Zhang et al., 2015). Perhaps in some cases enrichment of PASs
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in promoter-proximal regions of lncRNAs slows the RNAPII or prevents it from becoming fully
elongation competent hereby leading to premature termination even without CPSF being involved in
cleavage of the nascent transcript. What triggers the use of different 3’end processing machineries at
PROMPTs and other lncRNAs still remains to be elucidated.
Which signals license the Integrator complex to access the RNA will have to be studied further
with the use of motif analysis. It is possible that some factors, which contact RNAPII in the
transcription initiation phase block the access of CPSF to the RNA. NELF associates with protein
coding genes at a promoter-proximal position where it plays a crucial role in RNAPII pausing
(Yamaguchi et al., 1999). However, at snRNA genes it occupies the 3’end region. It has been
suggested that it prevents the recruitment of CstF to non-polyadenylated 3’ends of snRNAs
(Yamamoto et al., 2014). Interestingly, NELF knockdown also increases CstF occupancy at the
promoter proximal sites (but not the 3’ends) of protein-coding genes, suggesting that NELF could
prevent premature cleavage and polyadenylation of mRNA (Yamamoto et al., 2014). Analogously,
depletion of SLBP results in misprocessed and polyadenylated histone RNA production and induces
CstF binding to histone RNA 3’ends (Sullivan et al., 2009). Thus, CstF recruitment could determine
whether 3’ends are processed by the polyadenylation pathway. Therefore, factors responsible for the
3’end formation of non-polyadenylated species might be competing with and obstructing access of
the cleavage and polyadenylation machinery.

4.5 ARS2 connects transcription termination to RNA decay
Pervasive transcription is limited through the coupling of transcription termination to RNA
decay. One of the aims of this project was to explore the connection between these two actions. ARS2
plays a role in transcription termination of different classes of short transcription units such as
PROMPTs, eRNAs, snRNAs and RDH mRNAs (Andersen et al., 2013; Hallais et al., 2013; Gruber
et al., 2012). Moreover, it interacts with the NEXT and PAXT complexes, which target RNAs to the
RNA exosome, and ARS2 is therefore a good candidate for connecting termination with decay. The
NEXT complex (Lubas et al., 2011) was determined to mainly target newly synthesized and mainly
unprocessed transcripts, such as PROMPTs and eRNAs (Andersen et al., 2013; Andersson et al.,
2014; Lubas et al., 2015), whereas PAXT targets were found mainly to be processed and
polyadenylated RNAs, exemplified for instance by snoRNA host mRNAs, yet some PROMPTs were
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also included (Meola et al., 2016). Regardless, it is not known how ARS2 affects transcription
termination. ARS2 has no motif specificity and the CBCA complex appears to bind to capped RNAs
(Giacometti et al., 2017), which employ different 3’end processing machineries. Since genes sensitive
to ARS2 depletion are short, the distance from the emerging 3’end processing signal to the TSS is
most likely important in determining RNAPII elongation capacity (Andersen et al., 2013; Chen et al.,
2016; Iasillo et al., 2017). It has been suggested that ARS2 could be involved in RNAPII pause
release, since it affects short transcription units and prematurely terminated promoter proximal
transcripts of protein-coding genes (Iasillo et al., 2017). Interestingly, ARS2 interacts with 7SK
snRNP (Gruber et al., 2012), which inhibits the activity of the positive transcription elongation factor
b (P-TEFb) and regulates the transition of promoter proximally paused RNAPII into productive
elongation (Peterlin et al., 2012). Perhaps, this interaction could be crucial in determining how ARS2
affects transcription termination of its target genes? There have been attempts in our lab to ChIP
ARS2, however, these trials were not successful, most likely due to technical issues. Therefore, the
role of this factor in transcription is harder to interpret. Depletion of NELF leads to similar
phenotypes that occur after depletion of ARS2, such as misprocessing and transcriptional readthrough of RDHs and snRNAs (Narita et al., 2007; Egloff et al., 2009). A recent study (Schulze &
Cusack, 2017) demonstrated that ARS2 and NELF bind to CBC in a mutually exclusive manner. The
basis for the mutually exclusive binding is that C-terminal epitopes of ARS2 and NELF-E both
occupy the exact same binding surface on the CBC. This means that NELF and ARS2 could either
be targeting different genes, or bind to the CBC at different points throughout the transcription
process. Remodelling of the complex connected to the RNA 5’cap can be a dynamic process, which
happens during several transcription steps. Such remodelling was demonstrated by Giacometti et al.
Indeed, the decision about RNA fate – export or degradation – was well demonstrated using live cell
imaging, which showed a dynamic and constant competition between PHAX and ZC3H18 for binding
to the CBCA complex (Giacometti et al., 2017). It was suggested that RNPs are constantly remodelled
during their transcription and a checkpoint, such as the 3’end processing signal, emerging from
transcribing RNAPII, contributes to the decision about the posttranscriptional life of the molecule;
rather than this decision being determined already at the promoter. Further work is needed to validate
this model, to define which complexes are associated with different classes of RNAPII transcripts
and to clarify the mechanisms that trigger complex remodelling and what decides the final switch of
factors.
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It was reported that premature termination events in the sense direction from protein-coding
gene promoters are sensitive to ARS2 and targeted by the RNA exosome (Iasillo et al., 2017). Another
group focused on delineating the specifics of these events and described that premature termination
is PAS-dependent, nucleosome-associated and occurs at the RNAPII TSS-proximal pause sites (Chiu
et al., 2018). The authors proposed that termination events in the sense direction are supressed by U1
snRNP binding to the 5’splice sites, which could be confirmed by inhibition of U1. Conversely,
inhibition of U1 does not increase termination of PROMPTs (Chiu et al., 2018). 5’splice sites are
over-represented in promoter proximal regions downstream of mRNA TSSs largely due to the
relatively short length of first exons (Almada et al., 2013; Kaida et al., 2010; Ntini et al., 2013), while
these sites are not often found at PROMPTs and other lncRNAs. Therefore, it was suggested that
these pausing/termination events represent a transcriptional elongation checkpoint, which occurs in
both directions of transcription. According to their observations, U1 snRNP could play a role in
bypassing the elongation checkpoint and avoiding cleavage in the sense direction by recruiting
elongation factors and chromatin re-modelling factors to the paused RNAPII. This seems to be a valid
hypothesis, since studies indicate that pausing patterns are symmetrical sense and antisense directions
(Nojima et al., 2015). Still, it is not known to which DNA, RNA or other signals ARS2 react. It is my
hope that, motif analysis performed on the TT-seq data will help understand the specifics of ARS2
action. Moreover, ARS2 responsive protein-coding genes discovered by our analysis are good
candidates to look for special, perhaps non-optimal, termination conditions, that might trigger ARS2
action on this process, as it happens for PROMPTs. Since ARS2 targets utilise different 3’processing
machineries, it would be of interest to test how profiles of the CPSF and Integrator interactions with
DNA (by ChIP) and RNA (by CLIP) change upon ARS2 knockdown.

4.6 Expression of a subset of protein-coding genes is regulated by
premature RNA cleavage at promoter-proximal sites
While analysing nNAT-hosting mRNAs, I noticed an interesting phenomenon (a good example
– the NMRK1 gene - was described in more detail in the chapter about nNATs). Some protein-coding
genes, which were lowly expressed in the control sample, produced a lot of exosome-sensitive
prematurely terminated transcripts. At the same time, depletion of CPSF73 or INTS11 lead to a
switch, favouring productive elongation and resulting in production of full-length transcripts.
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Moreover, in these conditions, expression of the particular gene was higher. It has been previously
reported by Nojima et al., that CPSF73 depletion affects termination of prematurely terminated
transcripts (Nojima et al., 2015). These observations were based on analysis of RNAPII positions.
Here, we showed that in some cases, depletion of the 3’end processing machinery could lead to
dramatic change in expression. Hence, it could be speculated, that CPSF is involved in the 3’end
cleavage of the promoter-proximal transcripts, which are degraded by the exosome. In such a
scenario, in CPSF73’s absence, RNAPII is not slowed down by the 3’end cleavage event, and this in
consequence leads to the production of the full-length mRNA. The INTS11 knockdown has a similar
phenotype, however, not as dramatic. Perhaps, it plays a similar role as CPSF73. Since the full-length
NMRK1 mRNA is mainly expressed in brain and thyroid cells according to The Genotype-Tissue
Expression (GTEx) database, while it is expressed at very low levels in other tissues and in HeLa
cells, it is possible that premature termination is a mechanism used to control gene expression.
As mentioned before, ARS2 was reported to play a role in premature transcription termination
events of protein-coding genes, whose intronic 3’ends are targeted by the RNA exosome (Iasillo et
al., 2017). Here, however, ARS2 depletion caused an opposite effect, as expression of the transcript
was downregulated. This phenomenon is indeed hard to explain, as so far ARS2 has been related to
transcription termination and ARS2 depletion causes termination defects. In the cases I observed,
RNA levels were downregulated, compared to the control. So far, it can be only speculated what is
the cause of lower levels of RNA. It could be connected with RNAPII pausing and a transcription
elongation block. Nevertheless, it is a profile that has not been described before for ARS2 depleted
cells. Further analysis is needed to decipher regulation of these genes.
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5 Conclusions
First approach of short-lived and not abundant lncRNAs purification yielded disappointing
results, due to technical limitations. Therefore, I turned to a well-established method.
Indeed, TT-seq data was of good quality and the analysis brought a lot of interesting observations.
The aim of this project was to give a global overview of the 3’ end processing and transcription
termination pathways responsible for termination of pervasive transcription events. Based on the
results, I conclude that RNAs categorised previously as PROMPTs, eRNAs and nNATs can be
divided into biochemically different groups of transcripts based on the termination pathways,
supporting the prediction of this project. Surprisingly, Integrator was the major factor affecting
transcription termination of lncRNAs. Previous global analysis showed that these TUs are enriched
in PASs. Therefore, functionality of the PASs in termination guided by the Integrator will have to be
studied further. Nevertheless, these results support the notion that functional analysis is important
and should be used to verify the hypothesis based on the motif analysis.
Further analysis is needed to find common denominators, such as sequence motifs, secondary
structures or other signals that might govern RNA cleavage and stimulate transcription termination
signals dictating the choice of specific pathway. Closely positioned convergent and tandem genes
might carry strong termination signals that could be found in other transcripts.
All the studied factors were found to influence a subset of prematurely terminated exosomesensitive transcripts derived from mRNA TSSs. Functionality of such events is not well understood.
Some examples led to an increased expression upon CPSF depletion, therefore I assumed that
premature termination events might play a regulatory role.
Taken together the RNA-seq data enriched for unstable lncRNAs was successfully obtained
and a data-driven annotation which helped in the discovery of such species and enabled determination
of transcription termination pathways responsible for processing of different RNA classes was
developed. The findings from this project will be of value for future studies aiming to understand the
biogenesis of different RNA species.
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