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Abstract

RNA-binding proteins (RBPs) play a crucial role in the regulation of gene expression
on various levels. RNA exists in a form of RNA-protein (RNP) particle throughout the life
span. The composition and the structure of RNP vary between cell types, upon various stimuli
and in time, and effect the fate of RNA. Mutations in RNA-binding proteins therefore can
tremendously change the transcriptome profile of the cell and may be detrimental for the cell
fate. Numerous mutations in RBPs are linked to inherited human diseases. The study of the
mechanisms of recognition of target genes by RBPs and their role on the fate of targets is
crucial for understanding disease mechanisms, treating and diagnostics of the human diseases.
It may also have important implications for the future diagnostic and potentially therapeutic

strategies.

The current study aims to improve currently existing approaches for illuminating the
specificity of RNA-binding proteins (such as HITS-CLIP and iCLIP). The existing protocols
are capable of detecting the RNA-protein interactions in a living cell. Yet they are
characterized by complex biochemistry, usage of radioactivity, which is banned in many
laboratories, and a protocol for library synthesis, which is based on an inherently low linker
ligation efficiency. These limitations restrict the broad scientific community, especially non-

expert laboratories with bio-medical expertise from the usage of the protocols.

To overcome the above mentioned limitations, | modified the protocol. The modified
protocol (conCLIP) is free of radioactivity, avoids using RNA-ligation on low input material,
thus improving the complexity, robustness and reproducibility of the cDNA synthesis
procedure. The protocol also omits the size selection of cDNA, a step necessary to remove
adaptor-adaptor contaminants and requires as little as 10 cycles of PCR amplification (which
is at least 15 cycles less than in other protocols), thereby reducing non-desired amplification

artefacts.

I further designed a pipeline for the analysis of sequencing data, generated by
conCLIP and confirmed the performance of both, the protocol and the pipeline by applying it
to a known RNA-binding protein, CSTF2tau. The data, generated by conCLIP recapitulate
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previously described RNA recognition properties of this protein, it also reveal yet undescribed

binding capacities.

Particularly interesting properties of CSTF2tau, which have not been described before,
are its binding to 5” ends of replication-dependent histones as well as specific recognition of
some small non-coding RNAs. My work also describes for the first time that small nuclear
(sn)RNAs, involved in splicing, are significantly upregulated upon depletion of CSTF2tau.
Interestingly, the same group of SnRNAs is bound by the protein and the binding occurs at the
3’end of the molecules. | also reveal that a fraction of SnRNAs is polyadenylated and this
fraction decreases upon CSTF2tau depletion. Moreover, the depletion of the protein stabilizes
SnRNAs. | propose a model, which suggests a new mechanism by which the level of the
snRNAs can be regulated via the activation of internal oligoadenylation sites. Upon depletion,
internal polyadenylation sites become less efficient. In contrast, high level CSTF2tau
increases the usage of cryptic cleavage sites, which triggers oligoadenylation of snRNAs

(presumably with other processing components) and results in their fast degradation.
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Introduction

1.1. Eukaryotic pre-mRNA processing

Human cells contain approximately 21,000 protein-coding and around 17,000 non-
coding genes [1]. Normally not all genes are expressed at the same levels in a single cell.
Gene expression varies between cell types and throughout the life span of the cell and is
regulated at different levels: on the level of transcription, as well as post-transcriptionally,
during RNA processing. Eukaryotic pre-mRNA processing is a complex mechanism of
maturation of newly transcribed mRNA, which includes mutually interdependent processes,
such as 5’end capping, splicing, 3’end cleavage and polyadenylation, mRNA transport and
decay. The above mentioned processes are tightly regulated in the cell and provide additional
steps of diversity and gene expression control [2, 3]. This regulation is achieved with help of
RNA-binding proteins, which form RNA-protein complexes with changing composition and
structure, guiding the RNAs and determining their fate during the life span (further detailed in
the next sections).

1.1.1. Pre-mRNA 5’ end capping

The first step of pre-mRNA processing, which occurs shortly after transcription
initiation, is the 5’ end capping (Figure 1). The cap consists of a guanine nucleotide
methylated at the N position [4-6]. It is linked to the 5’ nucleotide of the RNA through a 5’-
5’ pyrophosphate linkage (m’GpppN). The N” methyl group is essential for the recognition of
cap binding proteins, CBP and elF4E, as well as for efficient splicing, mMRNA
polyadenylation, export, translation and stability. Removal of the cap is catalyzed by
decapping enzymes, DCP2 and Nudt16, releasing m’ GDP and 5° monophosphate RNA [7].
The 5 monophosphorylated RNA is rapidly degraded by 5°-3’ exoribonuclease XRNL1 in

cytoplasm.
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Figure 1 - Sequential steps of 5" end capping
1.1.2. Pre-mRNA splicing

The pre-mRNA transcripts of eukaryotes often contain non-coding regions (introns),
which are removed prior to translation by a process called splicing. Splicing is accomplished
by a spliceosome, an RNA-protein complex, which recognizes cis-elements on the mRNA to
carry out 2 essential transesterification steps of the splicing reaction (Figure 2) [8]. The
spliceosome encompasses 5 RNP particles each of which contains a small nuclear (sn)RNAs
(U1, U2, U4, U5 and UG6) and are assembled on each intron. The major class of introns (U2
type introns) contains consensus sequences for the 5’ splice site, intron branch point and 3’
splice site (Figure 2). The spliceosome recognizes the 5’- (usually composed of
AG/GURAGU) and the 3’ splice site (contains a polypyrimidine tract followed by an AG
dinucleotide at the actual 3’ splice site) of the intron. Upstream of the 3’ splice site a so called
branching point is located (Figure 2). The branching point is a sequence containing
nucleophile for the first step of splicing. In the first step of splicing reaction, the 2’-hydroxyl
group of a special A residue of the branch point attacks the phosphate at the 5 splice site.
This leads to a cleavage of 5’exon from the intron and a ligation of the intron 5’end to the
branching point 2’-hydroxyl. As a result of this step, a 5” exon and intron/3’-exon fragment in
a lariat configuration are produced (Figure 2). The second transesterification reaction occurs
when the phosphate at the 3’ end of the intron is attacked by the 3’-hydroxyl of the detached

exon. This ligates the two exons and releases the intron in the form of a lariat.
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Figure 2 - Schematic overview of splicing carried out by major (U2 dependent) and minor (U12 dependent)
spliceosome. The majority of introns in the human transcriptome are spliced by the major spliceosome (left), yet
a small proportion (around 1%) is processed by the minor spliceosome complex (right). The introns differ in
their cis-sequences and are accordingly recognized by different RNP-complexes.

In 1990’s a novel class of introns, which includes less than 1% of total number of
introns was found. These introns differ by the cis-elements and are spliced by so called minor
spliceosome complex. The minor spliceosome also consists of 5 snRNAs (U11, U12, Udatac,
U6atac and U5). The donor and acceptor sites of U12 type introns are higher conserved
comparing to U2 type, whereas the polypyrimidine tract is missing or less pronounced [9].

Apart from the spliceosome, splicing is regulated by other activator and repressor
proteins. Such RNA-binding proteins as for example SR proteins usually promote splicing,
whereas hnRNPs inhibit it [10]. Splicing can be regulated such that different mMRNAs may
lack or contain exons. This process, called alternative splicing, is a mean of increasing protein
diversity in cells [11]. In human around 95% of genes are alternatively spliced [12]. This
allows synthesis of more than one protein isoform from one gene and therefore is an

important regulatory step, determining the protein functionality of the expressed gene.
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1.1.3. 3’ end processing of polyadenylated RNAs

The majority of transcribed RNAs with exception of replication-dependent histones
and some non-coding RNAs, such as small non-coding RNAs, possess poly(A)-tails at their
3’ ends [13]. 3’end processing of polyadenylated pre-mRNAs occurs as a result of a two-step
reaction. First the cleavage and polyadenylation site (CS) is recognized and the mRNA is
endonucleolytically cleaved and subsequently polyadenylated (Figure 3). The cleavage and
polyadenylation reaction is controlled by a complex machinery, which consist of more than
50 proteins [14]. The main components of the cleavage and polyadenylation machinery are
described in the following section (1.1.5.). The length of the poly(A)-tail attached to the 3’end
varies and is between 50 and 100 nt long [15]. In general polyadenylation of mMRNAS is

crucial for mMRNA export, stability and efficient translation [16].

3’ end processing is tightly interconnected with splicing, transcription and translation
[17-19]. An example of such interconnection has been recently reported; two components of
cleavage and polyadenylation machinery have been shown to be involved in alternative
splicing [20]. On the other hand, the usage of polyadenylation site can be affected by splicing
machinery components as has been illustrated on example of inhibition of intronic alternative
polyadenylation (APA, see below) sites by U1 snRNP [21, 22].
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Figure 3 - Schematic overview of sequential steps of 3’ end processing. The polyadenylation site is recognized
by a cleavage and polyadenylation machinery, which consists of Cstf, CPSF, CFIm and CFIIm sub-complexes
and carries out an endonucleolytic cleavage. The 5° end product of endonucleolytic cleavage is further
polyadenylated, whereas the 3’-end product is degraded by exonuclease.

Over 70% of human transcripts possess multiple polyadenylation sites [23, 24].
Alternative polyadenylation (APA) is a result of differential selection of CS by the cleavage
and polyadenylation machinery. The cleavage and polyadenylation sites are distinct in their
nucleotide composition and relative location. APA occurs across different cell types, upon
cell differentiation and proliferation, as a result of quantitative and qualitative changes of the
components of the cleavage and polyadenylation machinery [25-28]. In some cases alternative
polyadenylation occurs internally (internal APA), leading to shortening of the transcript and
as a result to expression of a truncated protein, as reported for IgM heavy chain upon B-cells
activation [29]. Alternatively, APA occurs within a 3’ untranslated region (tandem APA),
leading to processing of transcripts with different 3’-prime ends. Recent studies coupled
tandem APA leading to global shortening of transcripts with cancer phenotype [30].
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1.1.4. Sequence elements for mRNA 3’-end processing

3’ end processing of polyadenylated transcripts relies on specific cis-elements, located
in a conserved manner around the cleavage sites (see Figure 4A). Mammalian
polyadenylation sites contain three main sequence types (polyadenylation signal, upstream
sequence elements and downstream sequence elements) that define the polyadenylation site
choice. The hexameric polyadenylation signal (PAS) located 10~30 nt upstream of cleavage
site was the first discovered element [31]. The most frequently occurring hexamer is
AAUAAA (58,2% of sites), next frequently used PAS contains AUUAAA hexamer (detected
in 14,9% of sites) [32] (Figure 4C). Another type of sequence elements triggering effective
site recognition are downstream sequence elements (core downstream elements, or “CDE”
and auxiliary downstream elements, or “ADE”). The CDE elements are less conserved and
usually are represented by U/GU rich sequences located 14-70 nucleotides downstream of the
cleavage site [33, 34]. The ADE are located 40-100 nucleotides downstream of the cleavage
site. They are less defined and are generally G-rich [35, 36] (Figure 4B and C). The elements
located upstream of CS (upstream core elements, or “UCE” and auxiliary upstream elements
“AUE”) do not have a consensus sequence, but are usually U-rich sequences (UUUU) or
contain similar motifs (UGUA, UAUA) [32] (Figure 4). Polyadenylation sites are divergent
and some are lacking one or more consensus elements. For example more than 30% of human
polyadenylation sites lack the AA(U)UAAA hexamer [34] and around  20% of
polyadenylation sites possess no U/GU rich CDE [37, 38].
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Figure 4 - Sequence elements around the cleavage and polyadenylation sites. The region around the cleavage site
can be split into sequence subsets (A). In each subset a particular cis-acting elements were identified [32]. The
frequencies of each type of sequence elements are listed in the table (C). AUE — auxiliary upstream element,
CUE - core upstream element, CDE — core downstream element, ADE - auxiliary downstream element.
Nucleotide frequencies distribution around the cleavage site (CS; 0 position) calculated based on CS annotation
in neuroblastoma cells (B) (own data). Sequences around the CS are in general A/U rich (dashed line marks
expected frequency of 25%). Table by Hu et al. [32]

1.1.5. Protein factors for pre-mRNA processing

The mammalian 3' end processing complex contains several sub-complexes each of
which recognizes cis-elements of the polyadenylation sites (Figure 5). These sub-complexes
include the “cleavage and polyadenylation specificity factor” (CPSF), the “cleavage
stimulation factor” (CstF), “cleavage factor I” (CFIm), and “cleavage factor II” (CFlIm).

Mammalian CPSF contains six subunits, CPSF-30, CPSF-73, CPSF-100, CPSF-160,
WDR33 and hFIP1. The CPSF complex recognizes the AAUAAA hexamer of the
polyadenylation site. Recent studies revealed that at least two subunits of the complex (CPSF-

30 and WDR33) bind AAUAAA elements in vivo [39, 40]. Another component of CPSF
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complex, FIP1, recognizes U-rich CUE elements in vivo [41, 42]. The cleavage occurs 15-30
nucleotides downstream of the AAUAAA hexamer and is performed by CPSF73 [43].

The mammalian CstF complex contains three proteins, CSTF2 or its paralog
CSTF2tau, CSTF77 and CSTF50 [38]. This complex binds the CDE, with particular
selectivity to CDE.3 type elements (see Figure 4), preferentially recognized by CSTF2 and its
paralog CSTF2tau [44].

Other components of the cleavage and polyadenylation machinery are the CFIm and
CFlIm sub-complexes. CFIm is composed of three proteins, namely CPSF5, CPSF7 and
CPSF6. The CFIm complex has been shown to bind AUE, containing UGUA consensus [48].
All three proteins exhibit very specific positioning 40-50 nucleotides upstream of cleavage
and polyadenylation site [41]. It has been speculated that the CFIm complex participates in
recognition of polyadenylation sites at early stages as well as CstF complex and is needed to
stabilize the CPSF and CstF sub-complexes on the RNA [41]. The CFlIm complex is
composed of two proteins, PCF11 and Clpl (Figure 5). The CFlIm complex however does not
interact with RNA directly. PCF11 is a scaffolding protein, which interacts with Polll CTD,
whereas the interacting partner Clpl, bridges CPSF with CFIm complex (Figure 5) [45].
Finally another newly identified 3’ processing factor is RBBP6 (retinoblastoma binding
protein 6) [14], it also functions by recognizing the RNA [46]. RBBP6 interacts with the Cstf
complex and recognizes mRNAs with A/U-rich 3’ untranslated regions (UTRs) [46].
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Figure 5 - Schematic overview of protein complexes participating in 3’ end processing. The CstF complex is
located downstream of the cleavage site and is composed of three proteins (CDE). The CPSF complex contains
six subunits and is located -1-40 region upstream of the cleavage site (CUE). CPSF73 is the endonuclease that
cleaves the pre-mRNA. The Cflm is located further upstream of cleavage site (-100 region) and recognizes
auxiliary upstream sequence (AUE) with high preference for UGUA motifs. The Cflim complex directly binds
template and is associated with Polll and other protein complexes via protein-protein interactions.

1.2. 3’ end processing of non-polyadenylated RNAs

Apart from mRNA molecules, whose processing and maturation occurs as described
above, mammalian cells contain other types of RNAs processed via different pathways. The
next two sections will serve to briefly describe the processing of replication-dependent
histones and provide a brief overview of the maturation of non-coding RNAs, namely small

nuclear (sn)RNAs and small nucleolar (sno)RNAs.

1.2.1. 3’ end RNA processing of replication-dependent histones

Replication-dependent (RD) histone mRNAs are the only type of mRNAs transcribed
by RNA polymerase Il and believed to be not polyadenylated in the normal cell state [47].
Under certain conditions however polyadenylated (“misprocessed”) histone RNA molecules
can accumulate [48]. Constitutive 3’end processing of replication-dependent histones depends

on two cis-elements. The first element is a stem-loop structure, which is bound by a so called
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stem-loop binding protein “SLBP” (Figure 6). The second element is a histone downstream
element (HDE), which is recognized by the U7 small ribonucleoprotein (U7snRNP),
comprised of U7 snRNA, Lsm10, Lsm11 and FLASH proteins [49, 50]. The complex of
proteins, containing the endonuclease CPSF73 and other polyadenylaton factors associate
with U7snRNP [50]. After binding of these protein complexes, the cleavage of histone pre-
mMRNA occurs via endonucleolitic cleavage of CPSF73, five nucleotides downstream of the
stem-loop (Figure 6). In addition to CPSF73 other proteins are involved in 3’end processing
of replication-dependent histones such as CPSF100, Symplekin and CSTF2 [51]. U7 snRNA
is possibly not the only snRNA involved in processing of replication-dependent histones.
Recently snRNAs U2 and U12 have been shown to promote the processing of replication-

dependent histones [52].

The majority of replication-dependent histones contain a cryptic polyadenylation
signal downstream of the U7-dependent site [53]. Upon depletion of 3’-end processing factors
such as CSTF2 (but not CSTF2tau) the number of “misprocessed” (polyadenylated)
replication-dependent histones increases [53]. These molecules are substrates for rapid
degradation by the exosome complex [53]. Accordingly, the depletion of the nuclear catalytic
subunit of the exosome, DIS3 and co-depletion of CSTF2 leads to an accumulation of

unprocessed histone precursor H3C in HelLa cells [54].

HDE
| I

CPSF73  CPSF100

5’ | \/\_TJ

D
Figure 6 - Schematic view of RNA-protein complexes participating in the processing of replication-dependent
histones.
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1.2.2. Biogenesis, transcription and processing of non-coding RNAs

Non-coding RNAs (ncRNAs) commonly include RNAs such as microRNAs,
snoRNAs as well as other small regulatory RNAs and longer transcripts many of which are
poorly characterized [55]. In the context of this work, the biogenesis and processing of two
groups of ncRNAs, namely sn- and snoRNAs, will be explained in more detail. Further
information on the other ncRNAs can be found elsewhere [56, 57].

1.2.2.1. Processing and maturation of U-type sSnRNAS

U-type snRNAs are uridine-rich small ncRNAs. They form a moiety of the major (U1,
U2, U4, U5 and U6) and minor (U11, U12, Udatac, Ubatac and U5) spliceosome (see section
1.1.2). The exceptional U7 snRNA is not involved in splicing, but participates in 3’-end

processing of replication-dependent histones (see section 1.2.1).

U-type snRNAs are transcribed by RNA-polymerase Il (RNAPII) with exception of
U6 and U6atac molecules, which are transcribed by RNA-polymerase 111 (RNAPIII) [58] and
processed as typical RNAPIII transcribed transcripts [59-62]. The RNAPIII terminates at
short T-stretches; as a result the nascent U6 snRNA particles are terminated with a hydroxyl
group and can vary in length. Upon transcription termination, the U6-specific poly(U)
polymerase TUTase, TUTL, adds up to 20 uridines to the 3’end of the molecule [63]. The
mature U6 snRNA 3’-end is formed by the 3’-5’exonuclease Usbl, which removes the last
uridine to form a 2’-3” cyclic phosphate [64]. This modification stabilizes the molecule. If
lacking the cyclic phosphate, the U6 snRNAs are accessible for poly(A) polymerase and
directed to degradation [65].

In contrast, the processing of RNAPII transcribed snRNAs (U1, U2, U4, U5, Ull,
U12 and Udatac) is carried out by a different mechanism. The first step of the processing
occurs in the nucleus, where the 3’ end endonucleolytic cleavage takes place (Figure 7).
Recent evidences suggest that this cleavage is accomplished by the components of the
integrator complex, IntS11 and IntS9 [66]. The closest homologs of IntS11/9 are CPSF73 and
CPSF100. The exact composition of the integrator protein complexes responsible for
maturation of human snRNAs remains to be discovered [67].

24



The correct processing of U-type snRNAs requires the promoter sequence, the 3’ box
located 9-19 nucleotides downstream of the mature 3’end of the molecules and the carboxy-
terminal domain (CTD) of the largest RNAPII subunit, Rpbl [59-62, 68] (Figure 7). The
signals triggering the gathering of the Integrator complex on U-type snRNAs are still
unknown. Most probably the complex is directed by the presence of several elements and

factors mediating the interaction between Integrator complex and U-type pre-RNAs [59].

Primary transcript

A =5
TP
promoter Ser2p
_>.

— e s SENARR—R_
U snBRNA 3'-box \

cleavage site

Figure 7 - Schematic view of U-type sSnRNA processing carried out by the Integrator complex. The cleavage of
the primary transcript is carried out by IntS11, a homolog of endonuclease CPSF73, which cleaves the pre-
mRNA.

The downstream steps of U-type snRNA maturation occur in the cytoplasm, where
Sm-core particles are assembled (Figure 8). Following the assembly of the Sm core and
association of SMN complex, the (m7G) cap of the snRNA is hypermethylated and a few
nucleotides on the 3” termini are trimmed off. The sSnRNAs are then relocated back to the

nucleus, where they further function in splicing and possibly histone processing [52].

25



o3
Sl 4*—'_'_'_'_‘_‘—‘-—-‘\\
&S

y :
TAFIS B (CH,).Gppp 3
-
TAF15 (CH):Gppp /
*
(CH3):Gppp o
(CHa)+Gppp RNA polymerase Il T

2'-0-methylation
Transcription
Cap addition

Nucleolus

Pseudouridylation

(CHa)sGppp /;?

-~
(CH2)1Gppp
& 3 Nucleus J

Cytoplasm

Sm proteins associate
Cap hypermethylation ﬁ

(CHs):Gppp S S T (CH3);Gppp 4

Figure 8 - Biogenesis of sSnRNAs exemplified for U1 snRNA. U1 is transcribed in the nucleus and transported to
the cytoplasm, where it undergoes cap hypermethylation, 3’ end trimming and associates with Sm proteins. The
U1 snRNA is re-imported into nucleus for additional modification and assembly into the functional U1 snRNPs.
Polll, RNA polymerase II; snRNA, small nuclear RNA; TAF15, TATA box binding protein-associated factor
15. Asterisks indicate sSnRNA modifications (Adapted from Kugel and Goodrich, 2009 [69]).

1.2.2.2. Processing and maturation of ShHoRNAs

snoRNAs are the components of ribonucleoprotein particles, which catalyze site
specific RNA modifications of ribosomal (r)RNAs, snRNAs and transfer (t)RNAs. Recent
reports suggest that levels of snoRNAs are changed in cancer cells [70]. In humans the
majority of snoRNAs are intronically coded and transcribed together with the host gene and
only few snoRNAs are transcribed independently (Table 1) [71]. snoRNAs are subdivided
into 2 classes according to the modifications they perform. The box H/ACA snoRNAs guide
pseudouridylation, whereas C/D snoRNAs guide 2’-O-methylation. C/D box snoRNAs
contain conserved C (UGAUGA) and D (CUGA) boxes and form RNA-protein complex with
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four proteins, NOP56, NOP58, 15.5 kDa and Fibrillarin, which catalyzes the 2’-O-
methylation. H/ACA box snoRNAs carry H box (ANANNA) and ACA (ACA) box. Four
proteins form ribonucleoprotein complexes together with H/ACA snoRNAs. These are NHP2,

NOP10, Garl and Dyskerin, which catalyzes pseudouridilation.

SnoRNAs may be involved in other processes apart from RNA modification. For
instance, a C/D box snoRNA, SNORD115 (HBII-52), which shows sequence
complementarity to the serotonin receptor 2C pre-mRNA, influences alternative splicing of
this pre-mRNA [72].

Table 1 - Organization of sSnoRNA genes in human genome.

Independent Intronic
Organism | snoRNAs Genes

Individual | Clustered | Individual | Clustered

H. sapiens 216 456 42 0 412 0

257 C/D; 181 H/ACA | 15C/D; 27 H/ACA 256 (/D; 34 H/ACA

Adapted from Dieci et al., 2009

The processing of snoRNAs at their 3’ and 5’ ends has been extensively studied in
yeast. SNoRNAs are released from the precursor by a series of endonucleolytic cleavages by
RNAse Il homolog, Rntl, followed by exonucleolytic processing by Xrn2/Ratl [68, 73]. In
S. cerevisiae, cells with mutations affecting the nuclear exosome contain polyadenylated
precursors and intermediates of SnoRNAs [74, 75].

In human cells, intronically encoded snoRNAs are processed co-transcriptionally. In
case of C/D class snoRNAs, the processing is coupled with splicing [76]. Upon splicing and
debranching, the snoRNAs are cleaved from both 5” and 3’ ends by exosome compounds. The
mature SnoRNAs are protected by snoRNPs from further degradation by the exosome,

snoRNPs binding determine the boundaries of the mature snoRNAs [55]. It has been observed
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that some snoRNAs may be further processed to produce smaller RNAs, which are active in

alternative splicing of a certain set of transcripts [77].

In mammalian cells snoRNAs can get polyadenylated via PAPD5, which adds
oligo(A) tails to the last few nucleotides remaining after exonucleolytic degradation of the 3'
flanking intron. These oligoadenylated processing intermediates are then trimmed by PARN
[78].

1.3. RNA export

While being transcribed, pre-mRNAs form complexes with various RNA-binding
proteins, which facilitate the 5’-end capping, splicing and 3’-end processing of a newly
synthesized RNA. After transcription and processing are completed the mRNAs are exported
to the cytoplasm. The nucleocytoplasmic export occurs via the nuclear pore complex (NPC)
[79]. The ready-to-export mRNP diffuses through the interchromatin space direction NPC
(Figure 9). The translocation of mRNP requires proteins in the mRNPs serve as adaptors for
binding to export receptors. The export receptors in turn mediate the contact between mRNP
and NPC. The vast majority of mMRNPs use a specific heterodimer export receptor called
NXF1:NXT1 [80]. In many cases the export occurs with help of the transcription-export
complex (TREX), which associates with the elongating RNA polymerase ll-nascent pre-
MRNP. TREX consists of the multi-subunit THO complex and two export proteins, the RNA
helicase UAP56 and Aly [81]. NXF1 functions in translocation of bulk mRNAs, yet the
small RNAs such as for instance rRNAs and U type snRNAs are exported in a Crm1l-
dependent manner [82]. Crm1 is not an RNA-binding protein, therefore the contact between
the RNAs and Crm1 occurs via adaptor proteins. There are several adaptor proteins found to
function in the Crml1-dependent mRNA export pathway, for example RNA-binding protein
human antigen (HuR), leucine-rich pentatricopeptide repeat protein (LRPPRC) and nuclear
export factor 3 (Nxf3) [57]. The export of U type snRNAs is mediated by the adaptor protein
PHAX, which binds to both the CBC and near the cap of U type snRNA [83]. The high
affinity of PHAX for small RNAs of less than 200-300 nt distinguishes this RNA export
pathway [84].
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Figure 9 - Overview of the nuclear steps of gene expression and nucleocytoplasmic export.

(Adapted from Bjork and Wieslander [85]).

1.4. RNA decay

The importance of MRNA decay has been assessed by large-scale studies that revealed
the relative contribution of decay rate and transcription rate to differential mMRNA abundance
[86]. Interestingly, the decay rate predominates, as the median half-life of human transcripts is
comparatively long. mRNAs differ in their stability rates, which is mainly determined via
elements within non-coding 3’ and 5> UTRs. The mRNA decay is conserved throughout
evolution and is similar for different species. It can be subdivided into several steps, the first
step is deadenylation, removal of the poly(A) tail. In mammalian deadenylation is carried out
by CCR4-NOT complex (Figure 10). Upon deadenylation, two scenarios are possible. In the
first scenario, the degradation continues via decapping by Dcpl-Dcp2 and is followed by the
5’-3’ decay carried out by exonuclease Xrnl (Figure 10). Alternatively, mMRNAs are degraded
by the exosome from the 3’ end and decapping is later carried out by Dcp5 (Figure 10). The
depletion of the main 5’-3” or 3’-5’ degradation pathways does not result in accumulation of

aberrant mRNA. This suggests that the two pathways can act redundantly [87].
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Figure 10 - Schematic overview of 3’-5” and 5’-3’ mRNA decay pathways. The first step of mMRNA degradation
is deadenylation. In humans deadenylation is carried out by CCR4-NOT complex. Further execution of two
degradation pathways is possible. 5’-3” degradation starts with decapping and continues with 5’-3’ decay by
Xrnl. The second pathway starts with 3’-5” degradation by exosome complex, following decapping.

Interestingly, polyadenylation of mammalian RNA can play to some extent opposite
roles. On the one hand, polyadenylation of mMRNA contributes to nuclear transport, translation
and increased stability, on the other hand, oligoadenylation of molecules mark them as

substrates for exonucleolytic degradation [88].

There are additional degradation pathways, which target specific RNAs. First pathway
involves deadenylation-independent decapping, in which the decapping happens in presence
of a long poly(A)-tail. For example, decay of RPS28B mRNA [89]. Another degradation
pathway is specific for replication-dependent histones and happens via oligo-uridilation of the
3’ends, which serve a platform for exosome [90]. Alternatively, mRNAs harboring nonsense
codons within their open reading frames (ORFs) are recognized by the nonsense-mediated
RNA decay (NMD) pathway [91]. Additionally eukaryotic mRNAs can be degraded via
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endonucleolytic cleavage, as exemplified by degradation of B-globin mRNA, harboring a
nonsense codon [92]. Furthermore, pathway specific for a particular set of RNAs can be
mediated by miRNAs, which recognize specific sites on mRNAs and can cause their
deadenylation and decay [93]. Else the decay of a particular set of transcripts, characterized
by AU-rich (ARE-mediated decay) or GU-rich 3° UTRs may be regulated by RBPs [94].

1.5. RNA-binding proteins and their role in health and diseases

As highlighted above, RNA-binding proteins (RBPs) are key factors regulating the
fate of different classes of RNA molecules throughout their life span. RBPs play a crucial role
in normal cell growth and development by modulating the gene expression on a
posttranscriptional level. Accumulating evidences suggest that many diseases are directly or
indirectly caused by mutations and /or expression changes of RBPs [95]. The importance of
RBPs and their role in disease-related changes becomes widely accepted. Thus understanding
of the mechanisms of posttranscriptional gene regulation can have important diagnostic and
even prognostic value [95]. The next sections will serve to describe the current attempts on
discovering new RBPs, describe their function in health and disease and shed a light on

current approaches to study RNA-protein interactions.

1.5.1. Discovering RNA-binding proteins and linking them to human diseases

Recently developed methods such as “interactome capture”, which enable in vivo
capturing and detection of RNA-binding proteins, revealed numerous novel RBPs [96, 97]. Of
particular interest is the domain structure of RNA-binding proteins as well as their
functionality. Many RBPs appear to be multifunctional; apart from binding to RNA several
RBPs are involved in metabolic processes and possess enzymatic activity [98]. RBPs form
complexes to regulate a fate of various RNAs (as detailed before). The structure and
composition of these complexes can integrate external biological stimuli leading to rapid
spatial remodeling of RBP-complexes.

Applying “interactome capture” Castello and coworkers identified 860 RNA-binding
proteins in HeLa cells [99]. The comparison of the experimentally proven list of RNA-
binding proteins with a database of diseases with Mendelian inheritance, OMIM database
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(Online Mendelian Inheritance in Man; updated on 30 December 2014) revealed over 100
proteins linked to diseases. 707 proteins out of 860 were mentioned in OMIM, of them 131
protein were found to be linked with human diseases (18%). It was observed that the
mutations in RNA-binding proteins are linked mostly to neurological, cancer, sensory,

metabolic and muscular diseases (Figure 11) [99].
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Figure 11 - Mutations in RNA-binding proteins are linked to various diseases. Numbers of proteins linked to
each group of diseases are shown (own data).

1.5.2. Exemplifying diseases caused by mutations or miss-regulations of RBPs

Neurological disorders comprise the biggest group of diseases, caused by abnormal
expression of RNA-binding proteins. One of the examples of disorders belonging to this
group is an Amyotrophic lateral sclerosis (ALS), a fatal neurodegenerative disease, which
involves progressive degeneration of motor neurons in the spinal cord, brainstem and motor
cortex. ALS is a rare disease with a rapid progression, leading to death of 50 % of patients 2-3
years after diagnosis. ALS is inherited in 5-10 %; while other cases appear to occur randomly.
Four RNA-binding proteins known so far were found to be linked to ALS, namely Ataxin2
(ATXN2), trans-active response (TAR) DNA-binding protein TDP43, matrin 3 (MATR3) and
fused in sarcoma (FUS). All these RNA-binding proteins share a similar feature. FUS and
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TDP43 are normally found in nucleus. By contrast, in pathological conditions they are present
mainly in cytoplasm. Interestingly, Elden and coworkers have shown that Ataxin2 can
associate with TDP43 in a complex, this interaction is RNA-dependent [100]. They also found
that ATXNZ2 abnormally localizes in ALS patients’ neurons and affects TDP43 toxicity.
Further altered levels interfere with assembly of stress granules. All four proteins are involved
in posttranscriptional processing of RNA molecules, transcription, alternative splicing,
translation, RNA transport, stability and degradation [101-103]

Recent studies showed that TDP-43 and FUS proteins may regulate common RNA
targets in neurons; 25 % of genes with altered gene expression levels and 10% of genes with
alternatively spliced exons were common for FUS- and TDP-43-silenced primary cortical
neurons [104, 105]. Further studies might help to illuminate the downstream mechanisms of

action of these RNA-binding proteins.

Another large group of diseases caused by miss regulation of RNA-binding proteins is
cancer. Surprisingly one of the RNA-binding proteins, HUR (ELAVLL1), whose role in cancer
as a tumor antigen was first discovered in early 1990s, is not present in OMIM database. The
biological role of this protein in cancer tissues is well studied and broadly discussed in the
literature. The expression level of HUR was shown to be increased in almost 300 cancerous
tissues (oral, colorectal, gastric, lung, breast, ovarian, renal, skin carcinoma and mesothelioma
[106-111]). Unlike previous examples, where expression changes or miss-processing happens
because of mutations on DNA level, HUR protein overexpression seems to be regulated on a
post-translational level and epigenetically. HUR stabilizes a number of RNA molecules
harboring AU- and U-rich elements (ARE) on 5’ and 3’'UTRs. HuR is a shuttling protein,
upon binding to its mRNA targets in the nucleus, it shuttles to the cytoplasm and protects the
messenger RNA from digestion by exonucleases. The function of HuUR in cancer development
and progression is accomplished by stabilization and enhanced of translation of oncogenes
such as c-myc, c-fos, EGF and transcripts which promotes enhanced cell division; Prota,
which helps to overcome apoptosis and many other oncogenes harboring ARE-elements and
recognized by HuR [110, 112].
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In spite of numerous attempts to characterize the mechanisms the underlying
functionality of RBPs in health and disease, only a small proportion of them has been
addressed. The diversity and variety of action of RNA-binding proteins is enormous and, in
many cases, remains to be studied. Nevertheless, the attempts to study mechanisms of action

of RNA-binding proteins in health and diseases already provide intriguing insights.

1.5.3. CLIP as a method to study RNA-protein interactions

Defining the mRNA targets is crucial for understanding the role of RBPs and their
contribution to human pathologies and possibly identifying new ways to treat and diagnose
disorders in the future. A method, which can be successfully applied to study RNA-protein
interactions, should meet certain requirements. Firstly, the method should enable to
investigate rapid changes emerging in a living cell in vivo. Secondly, it should allow

estimating quantitative changes of RNA molecules bound by a particular protein.

Ultraviolet (UV) crosslinking and immunoprecipitation (CLIP) and its variants have
been successfully applied to identify specific RNA-protein interactions both in the cell culture
as well as in a living organism or tissue [113, 114]. CLIP was first applied for the Nova 1 and
2 proteins [115]. Nova is a family of RNA-binding proteins specifically expressed in neurons;
they regulate spicing of RNAs encoding synaptic proteins. Noval and Nova 2 are targeted in

a paraneoplastic syndrome in which inhibitory control of motor systems is affected [116-118].

1.5.4. CLIP and its variants

The CLIP technique is capable of studying RNA-protein interactions in vivo. In this
method the RNA-protein interactions are being preserved in living cells by means of
ultraviolet irradiation (Figure 10, step 1). UV-C (245 nm) light triggers formation of covalent
bounds between amino acid residues localized in close proximity or bound directly to the
RNA molecule at the moment of irradiation. The mechanisms involved in formation of
covalent bounds between amino acid residues and nucleic acids is more explicitly described
by Meisenheimer, 1997 [119]. Some amino acids are most reactive toward the nucleic acids,
these are Cys, Lys, Phe, Trp, and Tyr, whereas His, Glu, and Asp are moderately reactive.
Following UV-irradiation cells are solubilized and the RNA is partially digested. Only those
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parts of RNA molecules, which are spatially covered and thus protected by protein remain
intact. The RNA-protein complexes are visualized by radioactive labeling of RNA. Next the
RNA-protein complexes are purified under stringent conditions by immunoprecipitation using
antibody directed against the protein of interest (Figure 12, step 2). The second dimension of
purification is carried out next with help of protein electrophoresis and subsequent transfer
onto a nitrocellulose membrane. This step separates the RNA-protein complexes by size and
eliminates free RNA, which migrates through the nitrocellulose membrane. Thereafter a band
corresponding to the RNA-protein complex is isolated and treated with proteinase K, which
digests the protein and releases the intact RNA (Figure 12, step 3). Typically these are short
fragments of 20 to 60 nucleotides. Ultimately, the RNA is used to generate a cDNA library
(Figure 12, step 4). In the last step the cDNA library is sequenced and, upon mapping on the
transcriptome, the whole repertoire of RBP RNA targets can be determined (Figure 12, step

5). Current CLIP techniques are able to detect thousands of RNA targets and target sites.

The CLIP technique had recently undergone several modifications and improvements.
They were mainly targeting the crosslinking of the RNA to the protein as well as library
preparation and computational analysis. These improvements enhanced the crosslinking
efficiency and increased the cDNA library complexity. With the time, the method gained
better resolution and efficiency of detection of RNA-binding sites. For example, so called
“PAR-CLIP” (Photoactivatable Ribonucleoside-Enhanced Crosslinking and
Immunoprecipitation) (Figure 12 compare PAR-CLIP vs. HITS-CLIP and iCLIP) [120]
introduces photoactive ribonucleoside analogs (4-thiouridine or 6-thioguanosine) in the RNA
of cultured cells. A photoreactive group incorporated into the nucleic acid facilitates the
crosslinking and separation of a signal from noise. When 4-thiourudune PAR-CLIP is being
used, a T to C change is typically observed at the binding site in 50-70 % of cases [121].
However, PAR-CLIP is only applicable for cultured and highly proliferating cells. iCLIP is
another approach claiming to be capable of distinguishing the protein binding site with an
individual nucleotide resolution (Figure 12). The method is based on the observation that the
reverse transcriptase frequently stops at the site of crosslinking. A modified protocol for
cDNA synthesis enables to capture such pre-terminated events. Analysis of reverse

transcription stop sites thus gives precise information on exact position of crosslinking. Yet,
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the efficiency of crosslinking varies from protein to protein and depends on the amino acid
content of the RNA-recognition motif of the protein as well as on spatial organization of
protein-RNA complexes [119]. Some proteins were shown to be less efficiently crosslinked
[96, 122].
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Figure 12 - Schematic representation of three variants of CLIP protocol. HITS-CLIP and iCLIP rely on UV 254
nm crosslinking (1). In case of PAR-CLIP cells are feed with 4-thiouridine and are later crosslinked with UV
365 nm (1). Next in all three protocols the desired protein is immunoprecipitated (2). The 3" end adaptor is then
ligated to the co-immunoprecipitated RNA. Next the protein bound to the RNA is digested with help of
Proteinase K (3). Depending on the CLIP variant different steps follow up. In case of iCLIP the cDNA synthesis
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and circularization takes place (4). In case of HITS-CLIP and PAR-CLIP the 5’ adaptors are ligated first, after
that the cDNA is synthesized. The last steps of all variants are PCR and next generation sequencing (5) [123].

Recently it has been shown that the reverse transcriptase does not always stall at the
crosslinked sites [124]. Therefore considering the overlapping start sites as the crosslinking

position with a nucleotide resolution is not always optimal [124].

CLIP techniques include several steps with complicated biochemistry. One of the steps
IS immunoprecipitation of the protein of interest. The efficiency of immunoprecipitation
critically depends on the quality of antibodies used. In many cases, CLIP was thus applied not
on endogenously expressed proteins but on exogenously introduced peptides harboring affine
tags useful for standardized immunoprecipitation, for example FLAG-tag (CLIP, HITS-
CLIP, iCLIP), streptavidine and polyhistidine epitopes (iICLAP [125]), 6x-histidine and
Protein A tags (CRAC [126]). Those modifications, on one hand overcome an issue of
inefficient antibodies, but on the other hand deprive the method of its benefits to study

endogenously expressed proteins in native conditions.

In spite of numerous attempts of last years to improve the CLIP variants, there are still
common limitations, which characterize current methods. For example, all techniques require
radioactive labeling of the RNA, high levels of input materials and rely on complex protocol
for library synthesis. These limitations restrict the broad usage of the technique and make it
inapplicable to non-expert laboratories.

1.5.5. Challenges with interpretation of CLIP results

CLIP and its variants are very powerful approaches to study RNA-protein interactions.
Yet along with the challenging protocol the interpretation of data is demanding as well. The
method shows the whole picture as a snapshot, and therefore it is important to make attempts
to separate the seen in space and time. Thus, CLIP is usually complemented by other
transcriptome-wide methods, such as RNA-sequencing upon depletion of the studied factor,
poly(A)-sequencing, chromatin immunoprecipitation sequencing (ChIP-Seq), overexpression

and mutation of the protein of interest.
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As the crosslinking captures both transient as well as stable RNA-RBP interactions, it
is necessary to rank the target sites in order to reveal the most physiologically important
targets. The power of the method is at the same time its limit, as the CLIP techniques are
characterized by a low reproducibility, which possibly can be explained by the capacity of
tracing transient/changing interactions. It has not been intensively studied if the method is
quantitative. The future perspectives of CLIP most probably lies in a field of studying

dynamic RNA-protein interaction [127].

1.5.6. CLIP a method to study dynamic RNA-protein interactions

One of the biggest potential of the CLIP method not broadly and efficiently
implemented so far is its applicability to study dynamic rather than steady state composition
of RNA-protein complexes. Tollervey and coauthors applied iCLIP to reveal differential
binding of TDP-43 protein in cortical tissues from a post-mortem brain from normal (healthy)
subjects and subjects with sporadic frontotemporal lobar degeneration (FTLD-TDP), where
TDP-43 was mostly primarily localized in cytoplasm [128]. They observed that the TDP-43
protein interacts with a number of RNAs, which play important roles in the brain, such as
transcription factor AP-2 alpha (TFAP2A), ciliary neurotrophic factor receptor (CNTFR),
transducin-like enhancer of split 1 (TLE1) and many others [128]. Moreover the
mislocalization of TDP-43 protein in the cytoplasm of FTLD patients leads to a tenfold
increment of affinity of TDP-43 to 3’UTR of target RNAs. At the same time, decrease of
TDP-43 protein in the nucleus affected alternative splicing of transcripts important for normal
neuronal development and function. Another example of dynamic RNA-protein interactions
study is a paper by Beckmann and coauthors [129]. The authors explore the binding
specificities of a metabolic enzyme (the dehydrogenase HSD17B10), which binds to
mitochondrial RNAs with high preference to 5’ ends of tRNAs. In contrast, disease associated
variants of HSD17B10 (R130C), which causes HSD10 disease [130] exhibits decreased
binding signals to several pre-tRNAs [129].

1.5.7. Aims of the thesis

This work aims to further improve the existing CLIP techniques for studying RNA-
protein interactions. In particular it aims to improve the cDNA library synthesis protocol in
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order to achieve robustly reproducible results, to apply a radioactive-free labeling of the RNA
and to decrease the amount of input material needed for library synthesis. These
improvements may improve the applicability and accuracy of the technique. Additionally, this
work aims to apply the established technique for transcriptome-wide study of RNA-RBP

interactions and to reveal novel binding capacities of studied RBPs.
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Materials and Methods

2.1. Molecular biology techniques

2.1.1. Western Blot

Total protein lysate was separated in 7% polyacrylamide Bis-Tris gel system, as
described by Updyke and Engelhorn (Life Technologies) using MOPS-SDS running buffer.
Proteins were transferred onto a nitrocellulose membrane (Hybond ECL, GE Healthcare).
Upon transfer the membrane was stained with Ponceau red for 5 minutes, fixed with 0,5%
acetic acid and rinsed with water. Ponceau staining was used as a measurement for equal
loading. The nitrocellulose membrane was blocked with 5% nonfat-dried milk in 1x TBS-T
solution. Upon blocking the membrane was incubated with primary antibodies in 5% milk-
TBS-T solution for 1 hour, rinsed with TBS-T and incubated with HRP-coupled secondary
antibodies for another 1 hour. Signal was detected by applying ECL Select reagent (GE
Healthcare).

Buffer Composition Purpose

TBS-T (x10) Tris-Cl (100mM, pH 7,4); NaCl | Western Blot blocking, washing,
(9%); Tween (1%) antibody incubation

Ponceau Ponceau S  (0,1%);  TCA | Nitrocellulose membrane staining

(Trichloroacetic Acid) (7%) in
water

Blotting Buffer

Tris-Cl (50 mM, pH 7,4); Glycin
(40 mM); MeOH (10%); SDS
(0,04%)

Protein transfer from the gel onto
the membrane

2.1.2. RNA isolation

RNA from human cell culture was isolated using peqGold TriFast solution (PEQLAB)

according to manufacturer instructions. For total RNA and small RNA isolation a miRNeasy
kit (Qiagen) was used. RNA quantity was measured with a NanoDrop Spectrophotometer
(Thermo Fisher Scientific). RNA quality and integrity was assessed by agarose gel
electrophoresis or using the Agilent RNA Nano kit and Bioanalyzer (Agilent). The size of

small RNA molecules was determined by Urea-PAGE gel separation.
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Gel/Buffer

Composition

Purpose

Urea-PAGE gel (8%)

Gel 40 (19:1) 10ml; Urea 21g; 10x
TBE 5ml; APS(10%) 210 ul;
TEMED 50 pl; water up to 50ml

Low range RNA separation;
determining size and integrity

TBE x10

Tris Base (890mM); Boric Acid
(890mM); EDTA (pH 8,0) (20mM)

Running buffer

2.1.3. Protein isolation

Total proteins from mammalian cells were isolated

using lysis buffer containing

Empigen BB detergent. The amount of the lysis buffer varied depending on the cell number.

To disrupt DNA an ultrasonic homogenizer (Bandelin Sonopuls) was used. Lysates were

sonicated in average 5 times using 20 pulses at 50-60% power with 15 sec pauses. The

extraction was performed on ice.

Buffer Composition Purpose
Empigen BB lysis buffer Tris-HCI (pH 7,6) (50mM); NaCl | Protein lysis buffer
(500mM); EDTA (1 mM);

Empigen BB (0,5%)

2.1.4. Reverse transcription and quantitative PCR

Reverse transcription was performed with oligo d(T) (16mer) primers, according to a

standard protocol (see below). For small RNAs and other non-polyadenylated RNA classes

miScript 1l RT kit (Qiagen) was used. The reaction was carried over according to

manufacturer instructions.

Reagent Volume/Amount
Total RNA 0,5-2ug
Oligod(T) primer (0,5 pg/ pl) 1l

Mix primer and total RNA,; incubate 5 min at 70 °C; cool on ice or at 4 °C

Add the following reaction mixture and incubate in PCR

cycle at 42 °C 60 min; at 80 °C 5min

5x RT-buffer 4 ul
dNTPs (5mM) 2 ul
DTT (0,1 mM) 2 ul
RNAsin 0,5 ul
Reverse transcriptase 0,5 ul
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For guantitative PCR OneTaqg x2 master mixture with standard buffer was used. For
DNA detection a fluorescent DNA binding dye SYBR green was applied. The measurements
were carried out using BioRad Real-Time detection system.

Reagent Volume/Amount
cDNA (diluted 1:10) 5l

One-Tag 2x mix 7,5 ul

SYBR green 0,3 ul

10 pM prim mix 0,3 ul

1,9 ul H,0 1,9 ul

2.1.5.3’ end RACE

To sequence 3’ends of polyadenylated transcripts the anchored oligo dT primers
carrying adapter sequence on 5’ end were used for reverse transcription. The reverse
transcription was followed by a PCR reaction where a specific forward primer and universal
reverse primer complementary to adaptor sequence were used. Amplified fragments were
cloned into CloneJET PCR cloning vector (Thermo Fisher Scientific) as recommended by the
manufacturer. An aliquot of ligation mixture was used to transform chemically competent
E.coli cells. Analysis of recombinant clones was performed by a colony PCR. Recombinant
plasmids were purified using NucleoSpin Plasmid kit (Macherey-Nagel). Sequencing of

plasmids was performed at Eurofins Genomics.

Primer Sequence (5’-37)

OligodT anchored | TTTCCCTACACGACGCTCTTCCGATCTTTTTTTTTITTITTITTITV
primer

Universal primer TTTCCCTACACGACGCTCTT

GPIl d 1 ATGAGGCTCAAGCAAGTGCCCTG

GPIl d 2 GGTCTGGAGACAAAGGAGCATTCAC

GPl p 1 CTACATGGGATGTGAACAACGTGAACATG

GPl p 2 CACTGCATGTTCCTGGACACCAC

OAZ1 p 1 AGGGTCTCCCTCCACTGCTGTAG

OAZ1 p 2 ATCCTCGTCTTGTCGTTGGACGTTAG

OAZ1 d 1 TGCATCGGGTGTAATCACTTTATTGGC

OAZ1 d 2 ATTGCTGGTTTAAGATTCAGATTATCCTTGTAC

CANX p 1 GTAATCAATACATTTGGGAAAGTCTGCTATGTAG

CANX p 2 CACTCCACAGTGTTTATATTGGGAAGATATTG

CANX d_1b TCCAGCATCCTGATTAAATGTCTGACAC

CANX d_2b CATTTGACAACAATGGAACAGGTAACCAGC

PCMT1 d 1 AGAACTAGGACACAGCTTACACAGCATG

PCMT1 d 2 GTAAACACTCAGCTGTTCAGATTGGACATAAC

PCMT1 p 1 TAAAGTAATATTACACAAATTTATACTTTGCATCCTTCCTCTA
PCMT1 p 2 ACAGTGGATTGCTCATCTCAGTCCTCAAAG
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DDX5 p_1 GAGAGAATGGGGAGAAAAATCACATTTATT
DDX5_p 2 GTGGGCCTTTTAATTTGTAAACACTGAAATG
DDX5_d_1 CAGTCTTCAAATATTTTTTATTGGAAGGCCATGC
DDX5_d_2 CATGGGAATTGCAGAAATGACTGCAGTG

HSBP1 p_1 GATTTCAGGCACCTTTATTCATGGCAG

HSBP1 p_2 CTCGGAAGTGGCAAATGGAAATGATATG

HSBP1 d_1 GCAAGAACCGCCAAAGTTTTAGTGTTTAATAATG
HSBP1_d_2 CTGGCATTTTTCCAAGCCAAGAGAAGATC

2.1.6. Poly(A)-tail length assay (e-PAT)

To tag the polyadenylated RNAs and measure the length of poly(A) tail an ePAT

method was applied as described by Janicke and coauthors [131]. e-PAT products were

sequenced by the procedure as described for 3’-end RACE (see section 2.1.5).

Primer Sequence

PAT-anchor-1 GCGAGCTCCGCGGCCGCGTTTTTTTTTTTT
PAT-Uni-R1 GCGAGCTCCGCGGCCGCG

UlsnRNA 1 GATACCATGATCACGAAGGTGGTT

Ul snRNA 2 AAATTATGCAGTCGAGTTTCCCAC

U2 snRNA 1 AAATTATGCAGTCGAGTTTCCCAC

U2 snRNA 2 AATCCATTTAATATATTGTCCTCGGATAGA
U4 snRNA 1 GCGCGATTATTGCTAATTGAAA

U4 snRNA 2 AATTGCCAATGCCGACTATAT

U5 snRNA 1 GGTTTCTCTTCAGATCGCATAAATC

U5 snRNA 2 AAAAAATTGGGTTAAGACTCAGAGTT

U6 snRNA 1 GCTTCGGCAGCACATATACTAAAAT

U6 snRNA 2 AATTTGCGTGTCATCCTTGCG

U1l snRNA 1 GTGCGGAATCGACATCAAGAG

U1l snRNA 2 CGGGACCAACGATCAC

U12 snRNA 1 AACTTATGAGTAAGGAAAATAACGATTCG
U12 snRNA 2 CCTTTACCCGCTCAAAAATT

Udatac snRNA 1

GCGCATAGTGAGGGCAGTACT

Udatac snRNA 2

CCAAAATAAAGCAAAAGCTCTAGTT

UbBatac SnRNA 1

CCAAAATAAAGCAAAAGCTCTAGTT

UbBatac SnRNA 2

CAATGCCTTAACCGTATGACG

Reagent Volume/Amount
Total RNA (miRNeasy Kkit) 0,5-2ug
100mM PAT-anchor-1 1l

Mix primer and total RNA,; incubate 5 min at 80 °C; 2 min 25 °C

Spin down and add the following reaction mixture and incubate in PCR cycle at 25 °C 60 min; at 80 °C 10 min,

55°C 2 min

H,O 4 ul
5x SSIII buffer 4 ul
DTT (0,1 mM) 1pl
10 mM dNTPs 1l
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RNAsin

1l

Klenow (5 U)

1l

While maintaining the tubes at that temperature in the block, add:
1 pL (200 U) of Superscript 111 and mix; incubate in a PCR cycler 55 °C 60 min; 80 °C 10 min; 4 °C hold; add

180 pl of H,0; continue with e-PAT PCR

H,0 8,2 ul
5x Phire Buffer 4 ul
10 mM dNTPs 0,4 pl
10 uM Primer A (PAT-Uni-R1) 1l
10 uM Primer B (Specific primer (forward)) 1pl
cDNA 5l
Phire Hot Start |1 0,4 ul

Incubate in a PCR cycler with the following settings: 98 °C 30s; 35 cycles of 98 °C 5s; 60 °C 5s; 72 30s; and 1
min incubation at 72 °C; visualize products on PAGE gel

2.1.7. DNA analysis and visualization

To analyze the length of PCR products agarose or polyacrylamide gels were used.

Polyacrylamide gels were applied to resolve fragments shorter than 400 base pairs.

Gel/Buffer Composition Purpose

DNA PAGE gel (8%) Gel 40 (19:1) 10ml; 10x TBE 5ml;
APS(10%) 210 pl; TEMED 50 pl;

water up to 50ml

Low range DNA separation

TBE x10 Tris Base (890mM); Boric Acid

(890mM); EDTA (pH 8,0) (20mM)

Running buffer

2.2. Mammalian Cell Culture techniques

2.2.1. General cell culturing procedure

Cell lines used in this work were HEK-293 (embryonic kidney) and BE(2)-C
(neuroblastoma). The medium used was Dulbecco’s Modified Eagle’s Medium (high glucose)
with the following components added: heat inactivated fetal bovine serum at a final
concentration 10% and Penicillin-Streptomycin at a final concentration 1%. Both cell lines are
adhesive; for splitting the medium was discarded and the cells were rinsed with sterile
Phosphate Buffered Saline (PBS). Next 4 ml of Trypsin-EDTA were added and left on cells
for 5 min. After that 6-10 ml of complete growth medium was added; cells were aspirated by

pipetting. Cells were subcultured 1:5 every 2-3 days.
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2.2.2. Plasmid and siRNA transfections

For siRNA transfection 100,000 cells were seeded in 12 well plates 12-16 hours before

transfection. Roti-Fect siRNA transfection kit (Carl Roth) was used.

Reagent Volume/Amount
OPTI-MEM 98 pl

Roti-Fect (Roti-Fect siRNA kit) 2 ul

Mix components

OPTI-MEM 97,5 ul
SIRNA(20uM) 2,5 ul

Mix components; prepare transfection mixture by mixing 100 pl of Roti-Fect mix and 100 pl of siRNA mix
together; incubate 20 min at RT

Wash cells with PBS; add 800 ul of antibiotic-free DMEM-12,5% serum media to the cells; add 200 pl of the
transfection mixture to the cells; change medium after 48 hours; use complete medium as replacement

Transfection of cells with plasmid DNA was carried out by using Roti-Fect Plus (Carl
Roth) plasmid transfection reagent. For plasmid DNA transfection 1 million cells were seeded
in 10 cm dishes 12-16 hours before transfection. For transfection 10 pg of plasmid DNA in 5
ml of medium (without serum and antibiotic) were mixed with 8 pl (in 5 ml medium); upon
20 minutes incubation the nucleic acid/lipid complex was added to the cells. After 2-6 hours
at 37 °C in a CO; incubator transfection medium was exchanged by “complete” medium.

2.3. conCLIP method

2.3.1. Crosslinking and immunoprecipitation

Crosslinking of cultured cells was performed on ice with two consequently applied

pulses of energy of 1500 mJ/cm? using CL-1000 ultraviolet crosslinker .

Immunoprecipitation was carried out with help of Protein G Dynabeads (Life
Technology) according to manufacturer instructions. 30 pl of beads were used per
experiment; beads were coupled with 2-5 ul of primary antibody or with equivalent amount of
IgG (control). For one experiment a minimum of 700 pg of total cell protein in 500 pl cell
lysis buffer was used. Protein lysate was treated with 5 pl of Turbo DNase (Life
Technologies) and RNaseT1 (1:1000 diluted) for 10 minutes at 37 °C . The reaction was then
stopped by adding 5 pl of 10% SDS. RNase and DNase treated lysate was added to the
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antibody-coupled beads and incubated for 1 hour with gentle rotation. Next, the beads were

washed 3 times with pre-cooled high-salt buffer and 1 time with pre-cooled PNK-buffer.

Gel/Buffer Composition Purpose

High-salt Buffer Tris-HCI (pH 7,6) (20mM); NaCl | High salt beads wash buffer
(IM); EDTA 1mM; Empigen BB
(0,5%)

PNK-buffer Tris-HCI  (pH 7,6) (20 mM); | Beads wash buffer
MgCl, (10mM); Igepal (0,1%)

Next, a second RNase digestion was performed on the beads in 250 pl mild lysis
buffer and 5 pul RNasel (Ambion). The reaction was incubated exactly 5 min and put
immediately on ice. Upon second RNase digestion 2 sequential washings were carried out
using high-salt buffer followed by washing with PNK-buffer. RNA bound to proteins was

treated with PNK 30 min at 37 °C according to the following reaction:

Reagent Volume/Amount
PNK-buffer 2 ul

H,0O 14,2 ul

PNK 0,8 pl

ATP 10 mM 2 ul

RNaseln 1l

2.3.2. RNA labeling

Beads were washed once more with PNK-buffer and split into 2 tubes; 1/3 of reaction
was labeled and 2/3 used for library synthesis. To label 1/3 of the reaction we used RNA-

ligase (NEB) and biotinylated ADPs (Jena Bioscience) according to the following reaction:

Reagent Volume/Amount
T4 RNA-ligase 4 ul

ATP 10 mM 3l

PEG 8000 6 ul
Biotinylated-ADP 0,2 ul

RNaseln 1l
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Labeling was performed overnight. Next the beads were washed with PNK-buffer

once. The RNA-protein complex was eluted at 65 °C using 18 pl of elution buffer and 18 pl

of 2x SDS sample buffer; incubate 5 min at 95 °C before loading onto the gel.

Gel/Buffer

Composition

Purpose

Elution buffer

Tris-HCI (pH 7,6) (20mM); NaCl
(1M); EDTA 1mM; Empigen BB
(0,5%); SDS (1%)

Elution of RNA-protein complexes
from the beads

2x SDS sample buffer

Tris-HCI (pH 6,8) (100 mM); SDS
(4%); Bromphenol blue (0,2%);
glycerol (20% v/v); DTT (200
mM)

Loading dye for

electrophoresis

protein

The protein gel of suitable percentage was prepared and run as described in the

Western blot procedure (2.1.1). Proteins were transferred onto nitrocellulose membrane. Next

the RNA-protein complex was visualized.

2.3.3. Visualization of RNA-protein complexes

The membrane was incubated with membrane wash buffer for 10 min; followed by

membrane blocking buffer 15 min; Streptavidin-HRP Conjugation buffer 30 min; again with

membrane blocking buffer 10 min; 3 times with membrane wash buffer 10 min each time and

finally rinsed with 1x PBS. After that the ECL Select reagent was applied; membrane was

exposed to CCD camera (Bio-Rad) for 15 sec -10 min depending on the signal intensity.

Buffer Composition Purpose
Membrane Wash Buffer 1x PBS; SDS (0,5%) Washing membrane before
visualization
Membrane Blocking Buffer 1x PBS; SDS (0,5%); Aurora | Blocking membrane before
(0,1%) visualization
Streptavidin-HRP Conjugation | 1x PBS; SDS (0,5%);Aurora | Conjugation buffer for
Buffer (0,1%); Straptavidin-HRP | visualization
conjugate (Sigma-Aldrich)
(1:10000)
PBS x10 Na,HPO, (400 mM); NaH,PO, | Main component of other buffers

(100 mM); NaCl (1M); adjust pH
to 7,4

of visualization protocol
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2.3.4. Elution of RNA from RNP-complexes

The RNA was next eluted from the RNA-protein complexes transferred to the

nitrocellulose membrane with help of proteinase K as described before by [132]. Eluted RNA

was precipitated by Ethanol:Isopropanol (1:1) overnight at -80 °C.

2.3.5. Library preparation and deep sequencing

Eluted RNA was first polyadenylated for 30 min at 37 °C according to the following

protocol:

Reagent Volume/Amount
ATP 10mM 0,5 ul

Poly(A) polymerase 0,12 pl

Poly(A) polymerase buffer 0,25 pl

RNaseln 1ul

Following polyadenylation the RNA was again precipitated overnight.

Next the cDNA was synthesized following the procedure and using primers as

exemplified:

Primer for CcDNA | CGATTGAGGCCGGTAATACGACTCACTATAGGGGTTCAGAGTTCTACAGTCCGACGATCNNNNN

synthesis (example)

ACGTTGTTTTTTTTTTTTITTITITTITTITTITITTV

Reagent Volume/Amount
Primer (25 ng/ul) 0,5 ul
RNase free H,O 0,6 ul
Polyadenylated RNA (pellet) Pellet

Primer annealing 70 °C 10 min; move on ice; add the following reaction mixture

First strand buffer (Ambion kit) 0,2 ul
dNTPs 0,4 pl
RNase Inhibitor 0,1 ul

Incubate 2 hours at 42 °C; move to ice
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Second strand synthesis was accomplished according to the following protocol:

Reagent Volume/Amount
RNase free H,O 6,3 ul
Second strand buffer (Ambion kit) 1,0 ul
dNTPs 0,4 pl
DNA Pol 0,2 pl
RNase H 0,1 ul

Incubate 2 hours at 16 °C; move to ice

After the second strand synthesis the cDNA was purified using Ambion Kit

purification columns following the manufacturer instructions. cDNA was eluted with 16 pl of

RNase free water and next in vitro transcription was carried out overnight.

Reagent Volume/Amount
cDNA 16 pl

ATP 4 ul

GTP 4 ul

CTP 4 ul

UTP 0,1 pl

10x T7 buffer (Ambion) 4 ul

T7 enzyme (Ambion) 4 ul

Incubate overnight at 37 °C; move to ice

RNA was purified using Ambion kit columns and consequently dephosphorylated by

phosphatase and phosphorylated by polynucleotide kinase according to the following

protocol:

Reagent Volume/Amount
Purified RNA 16 pl

10x Phosphatase buffer 2 ul

Antarctic phosphatase 1l

RNase Inhibitor 1l

Incubate 30 min at 37 °C and 5 min at 65 °C move to ice

Reagent VVolume/Amount
Water 17 pl
Phosphatase treated RNA 20 pl
Phosphatase buffer 5l

ATP (10 mM) 5ul

RNase Inhibitor 1l

PNK 2 ul

Incubate 60 min at 37 °C; move to ice
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Phosphorylated RNA was purified using miRNeasy kit (Qiagen) according to the
manufacturer instructions. The sample was concentrated to 10 ul; half of the sample was used

for 3’ adapter ligation.

Reagent Volume/Amount

RNA 3’-end adapter (RA3; Illumina) 1l

Phosphatase and PNK treated RNA 5l

Mix RNA with adapter; incubate in thermal cycler 2 min at 70 °C; immediately place on ice
5x HM Ligation Buffer (HML; Illumina) 2 ul

RNase Inhibitor 1l

T4 RNA-ligase 2, truncated (NEB) 1l

Incubate 1 hour at 28 °C; with the reaction tube remaining on the thermal cycler add 1 pl of Stop Solution (STP,
Illumina), mix thoroughly by pipetting, continue to incubate at 28 °C another 15 min, and then place the tube on
ice; add 3 pl of water

For the Reverse transcription reaction half of Adapter-ligated RNA reaction was used,
another half stored at -80 °C.

Reagent Volume/Amount
Adapter-ligated RNA 6 pl
RNA RT Primer (RTP; lllumina) 1l

Mix RNA with adapter; incubate in thermal cycler 2 min at 70 °C; immediately place on ice; add 5,5 pl of the
following mixture

5x First Strand Buffer 2 ul
12,5 mM dNTPs 0,5 pl
100 mM DTT 1pl
RNase Inhibitor 1l
SuperScript 11 RT 1l

Incubate 1 hour at 50 °C; place the tube on ice

Next the total reaction was used for final PCR reaction according to the following

protocol:
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Reagent Volume/Amount
RPI1 primer (Illumina) 2 ul

RPIX primer (I1lumina) 2 ul

cDNA 12,5 ul

PML master mix 25 ul

Ultra-pure water 8,5 ul

Incubate in thermal cycler with the following settings:
cycles); 10 min 72 °C; hold on 4 °C

30s 98 °C; 10s 98 °C, 30 s 60 °C, 30 s 72 °C (9-11

The PCR product was purified with AMPure XP beads according to manufacturer

instructions. The product was eluted in a final volume of 10 pl. Subsequently purified product

was analyzed by Qubit and Bioanalyzer; concentration of above 1 ng/ ul and average size of

230 bp was usually observed. The libraries were sequenced on MiSeq Platform (lllumina) if

less than 5 samples were multiplexed and with a NextSeq 500 (Illumina) if 5 or more samples

were multiplexed. In this case the sequencing was carried out by GeneCore EMBL core

facility.

2.4. Bioinformatics

2.4.1. Bioinformatical pipeline for conCLIP analysis

Next Generation sequencing data were analyzed with help of High Performance

Computer (Mogon) at Mainz University. The

analysis has been carried out on the basis of

currently available NGS sequencing tools (see table) as well as with in house pipelines and

algorithms.
Tool Year Application Reference/source Programming
language
Trimmomatic 2014 Trimming of adapter sequences [133] Java
FastQC Read quality assessment [134] Java
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Samtools

2009

Reading/writing/editing/indexing/vie
wing SAM/BAM/CRAM format

[135]

BEDOPS

2012

A toolkit which performs statistical
calculations, archiving, conversion
and other management of genomic

data of arbitrary scale

[136]

NA

HTSeqg-count

2015

a tool that preprocesses RNA-Seq
data for differential expression
analysis by counting the overlap of

reads with genes

[137]

Python

BEDtools

2010

tools to compare large datasets (e.g.
next-generation sequencing data) with
both public and custom genome

annotation tracks

[138]

C++

CLIPper

2013

Peak finder

[139]

Python

HOMER

2010

A software for NGS sequencing data

analysis

[140]

Perl, C++

IGVTools

2011

A tool for interactive exploration of

large, integrated genomic datasets

[141, 142]

Java

edgeR

2010

Differential expression analysis of
RNA-seq expression profiles with

biological replication

[143, 144]

DEXSeq

2012

The package is focused on finding
differential exon usage using RNA-
seq exon counts between samples

with different experimental designs

[145]
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Results

3.1 Chapter 1

3.1.1. Establishment of conCLIP method

Crosslinking and Immunoprecipitation is a powerful technique to decipher RNA
sequence motifs to which RBPs bind to (discussed in introduction, section 1.5.5.). Figure 12
illustrates the principle and key steps of CLIP variants. As an initial step of my research |
aimed to optimize the CLIP technology and make it suitable for the main goal of our project —
studying of dynamic RNA-protein interactions and gaining new insights into protein binding
capacities with high resolution. Specifically it was intended to omit radioactivity, decrease the

input material and improve the cDNA library synthesis protocol.

3.1.2 TIA-1 immunoprecipitation as a starting point of conCLIP establishment

In the first place TIA-1, a protein whose binding profile was studied using CLIP
method before, was picked in order to have a reference point for setting up the CLIP protocol
in the context of the present work [125]. This protein has three RNA-recognition motifs. In
the nucleus it regulates alternative splicing by binding to U-rich sequences adjacent to the 5’
splice site and recruiting U1-C to promote exon inclusion [146]. It may also regulate the
splicing of its own mRNA [147]. In the cytoplasm TIA-1 functions as translational silencer by
binding to the 3’ untranslated region (3' UTR) of mRNAs [148].

As described in section 1.5.5, the first step of the CLIP protocol is UV crosslinking.
The protocol was applied to the HEK293 cell line transiently transfected with a plasmid
carrying the TIA-1 open reading frame. The cells were washed twice with cold PBS prior to
crosslinking. The crosslinking conditions were optimized such that a maximum amount of

RNA signal could be detected, while irradiating the minimum time.

3.1.3 Establishing a non-radioactive labeling of RNA to visualize RNA-protein
complexes
The conventional CLIP method as well as all variants of it are based on radioactive

visualization of the co-immunoprecipitated RNA (see section 1.5.4). To avoid radioactivity
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while keeping the same sensitivity, labeling of RNA was conducted using a biotin-coupled
nucleotide as a substrate and a T4 RNA-ligase as an enzyme. To visualize the RNA molecules
caring a biotin label, a biotin detection procedure described in Materials and Methods (section
2.3.3.) was performed.

The purity of the IP was confirmed by silver staining (data not shown). The specificity
of the IP was confirmed by spike-in experiments (Figure 13A). Before starting the work, it
was known that TIA-1 binds to a very specific sequence motif, which can be found in a group
of transcripts with low efficiency 3 end processing signals. This sequence motif is situated in
the 3’-UTR upstream of polyadenylation signals (Upstream Sequence Element, USE) and has
been shown to promote 3’end processing. Amongst many proteins binding to the USE, TIA-1
has been demonstrated to recognize this sequence element [149]. The synthetic RNA
oligonucleotides harboring the USE motif or containing another unrelated motif as shown in
the table below were applied to control the specificity of immunoprecipitation. Both
oligonucleotides were labeled with a biotin at the 5’end. These oligonucleotides were added
to the cell lysate and crosslinked by UV irradiation. Subsequently TIA-1 was

immunoprecipitated from this lysate and the biotin label was then detected.

Table 2 - RNA oligonucleotides used for spike-in experiments.

Molecule Sequence 5°-3’ Modification 5° end
USE AGAUUAUUUUUGUGUUUCUA BIOTIN
USE unrelated AGAACGAGACGAGCGCGCCUA BIOTIN

As shown in Figure 13A it was possible to confirm the specificity of the
immunoprecipitation protocol. Binding of TIA-1 to the USE is conserved and stabilized upon
UV-irradiation (compare lanes 3 and 4). At the same time this does not result in a non-specific
binding of an unrelated sequence motif (lanes 1 and 2). Thus I confirmed that the setup of my
crosslinking and IP protocols is highly specific; it preserves previously identified RNA-

protein interactions [149] without affecting the specificity.
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Figure 13 - Visualization of spiked-in biotinylated RNA oligonucleotides confirms specificity of
immunoprecipitation and crosslinking (A). The spike-in molecule can be successfully eluted from the
nitrocellulose membrane by a proteinase K digestion and detected upon elution (B).

To test whether the next step of the protocol (elution and release of RNA from RNP-
complex) is working, the bands representing the RNP-complex were cut from the
nitrocellulose membrane. The protein was digested by proteinase K according to the protocol.
After elution, the RNA was separated on an 8% UREA PAGE gel, transferred to a nylon
membrane and visualized by biotin detection procedure (Figure 13B). Serial dilutions of USE
oligonucleotide (0,01-0,0001 pmol) were loaded to estimate the approximate amount of eluted
RNA (Figure 13B lanes 1-3) by comparing the signal observed from known amounts of RNA
with eluted RNA. As Figure 13B illustrates the amount of USE oligo eluted from RNP-
complex is in a range of 0,02-0,01 pmol (approximately 100 pg). Figure 13B also shows that
the migration pattern of the RNA eluted from the RNP-complex had slightly changed
(compare lane 4 vs. lane 1). It is expected that during proteinase K digestion single amino
acid residues covalently bound to RNA may remain attached, which has been shown earlier
[132].
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Next the same technique was applied to visualize TIA-1 complex with endogenous
RNA, partially digested with RNases (Figure 14A). The CLIP protocol is quite sensitive to
the amount of RNase used for partial RNA digestion and the type of enzymes. It was shown,
that digestion with an endonucleases RNase T1 or RNase A, which degrades ssRNA at G or C
and U residues accordingly, may introduce bias. Accordingly, the use of endoribonuclease
RNase | is strongly recommended (no sequence specificity) [150]. Both RNases | and T1
were tested in context of this work. Ultimately, a combination of both RNase T1 and RNase |
is used in the conCLIP protocol. Depending on the digestion conditions RNA molecules as
short as 60 mer can be eluted from the RNA-protein complexes (Figure 14 B, lane 3). When
comparing lanes 3, 4 and 5, it was detected, that lower RNase concentrations (Figure 14 B,
lane 5) preserve longer RNA fragments attached to the protein, while higher RNase
concentrations, preserve shorter RNA fragments of the similar length (Figure 14 B, lane 4). In
contrast, when no UV light was used or no antibody added during the immunoprecipitation,
expectedly no RNA signal can be detected (Figure 14B, lane 1 and 2). Thus, a protocol was
successfully established, which allows to immunoprecipitate RNA-protein complexes and

visualize them without using radioactive labeling.

A. B.
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Figure 14 - Visualization of endogenous RNA co-purified with TIA-1 protein (A). Elution of endogenous RNA
from TIA-1 - RNA complexes (B). Amount of signal and size of eluted RNA clearly correlates with the amount
of RNase T1.
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3.1.4 Improving cDNA synthesis protocol

The CLIP technique is known to be a tedious procedure due to many steps it contains
(see section 1.5.4.). The main challenge of the method is the cDNA library preparation. In
currently existing and published variants of the CLIP protocol the first step of cDNA library
preparation is RNA ligation. It is though well known that RNA-ligase is an enzyme with poor
efficiency (around 10%). Therefore the ligation step is the most crucial and a limiting step of
the protocol. Inefficient RNA-ligation lowers the library complexity. Since our aim is to use
the CLIP technique quantitatively it is important for us to preserve the complexity of the
library on the highest level possible. Therefore the use of RNA-ligase was eliminated on the
low input material. Instead of RNA ligation in the first step of the protocol, the RNA was

polyadenylated (Figure 15).

As a polyadenylation reaction is the basis of the conCLIP protocol library synthesis |
carefully estimated whether the poly(A) polymerase may have substrate preferences. To
address this question the USE element containing oligonucleotide was used. Four types of
molecules that differ only by the 3’end terminal nucleotide were synthesized. Next two types
of experiments were performed. The first experiment was designed to assess the behavior of
the poly(A) polymerase in a time course experiment (30 sec, 3 min and 10 min incubation).
Figure 15 A illustrates that there is a slight substrate preference of the poly(A) polymerase.
For instance oligonucleotides terminated with A and G are most efficiently tailed, whereas C
and G terminated oligonucleotides were less efficiently tailed. The second type of experiment
assessed the behavior of the poly(A) polymerase upon usage of different amounts of ATP.
Figure 15 B illustrates the same tendency towards a slight preference over A and G terminated
substrate. Although there is a slight difference in substrate polyadenylation efficiency, this
difference is not striking and can be eliminated by prolonging the reaction time and increasing
the substrate amount as illustrated in Figure 15 C. Figure 15 C shows that even 5 pug of RNA
oligonucleotide was fully polyadenylated upon overnight incubation with 2mM ATP (lane 3).
It is important to note that the amount of RNA tested in this experiment is much higher than
that processed in the conCLIP protocol. As estimated before in the context of current work,
the expected amount of RNA, eluted from RNA-protein complex may equal to 100 pg.

Therefore although the substrate preference cannot be completely excluded, there are no
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obvious evidences confirming that the poly(A) polymerase may introduce a significant bias

under the conditions used here.
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Figure 15 - Testing the polyadenylation efficiency of poly(A)-polymerase on four substrates varying by the
terminal nucleotide. U- and C-terminated molecules are less efficiently polyadenylated in time (A) and need
access of ATP to get fully polyadenylated (B). U-terminated substrate may be fully polyadenylated after
prolonging the reaction time and increasing the amount of ATPs in the reaction mixture (C).

Next the polyadenylated RNA was reversely transcribed using anchored oligo (dT)
primers. Three different approaches were further applied to proceed with the library synthesis
(Figure 16 Step3). Approach A is based on G-tailing of cDNA wusing terminal
deoxynucleotidyl transferase and subsequent PCR amplification of the product. Approach B
employs circular ligase activity, an enzyme which was successfully applied in a recently
published iCLIP protocol [151]. Whereas approach C utilizes in vitro transcription reaction,
serving to boost the amount of RNA in a first step and to work with higher amounts of input
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material in the later stages. This approach was first applied for single cell RNA sequencing

experiments and is suitable for low input material [152].

The best performance was observed upon using approach C for the library synthesis
(details not shown). This approach does not require an additional step of cDNA size selection
and therefore avoids loosing valuable material. Importantly approach C contributes to
improving the library complexity. To amplify the library for sequencing only as few as 9-11
cycles of PCR are needed. In contrast, currently existing protocols, such as iCLIP and HITS-
CLIP use a minimum of 25 cycles of PCR amplification [151, 153]. A high number of PCR
cycles typically results in a disproportionate amplification of sequences with different
nucleotide composition. Thus the protocol established here is conceptually superior. Despite
the fact that the number of cycles used in the conCLIP method is low (below 11 cycles), an
amplification bias cannot be excluded. In order to correct for the potential amplification bias
unique molecular identifiers were used to label each single molecule as described by Islam

and co-workers [154].

It is important to mention that the capacities of modern platforms for NGS sequencing
are quite high. For instance a NextSeq system may produce 400 million reads per flow cell
(NextSeq 500). As a consequence there is a possibility to pool different samples preliminary
labeled by distinct barcodes together. This diminishes the sequencing costs per sample
without having a drastic effect on sequencing depth and gained information. This option is
being exploited in the conCLIP protocol as well. Thus the oligo (dT) primer contains a 6 digit
barcode sequence, which helps to label and distinguish different experimental samples pooled
together.
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Figure 16 - Schematic representation of three approaches applied for library synthesis. Approach A is based on
G-tailing of cDNA,; approach B uses circular ligase to circulate the cDNA and approach C applies in vitro
transcription to amplify input material. Final conCLIP protocol is based on approach C.

3.1.5 Designing a pipeline for conCLIP tags analysis (conCLIP-pip)

To analyze the conCLIP sequencing data, |1 developed a pipeline. The pipeline
approach automatized the process of analysis and enabled to standardize this procedure for all
samples. The pipeline is written in shell language and integrates a number of programs listed
in Materials and Methods (section 2.4.1.). Few scripts written using R language were
integrated into the pipeline or used for data analysis as standalone scripts. Figure 17 illustrates
the main steps of the conCLIP pipeline. A more detailed logic of conCLIP pipeline is
illustrated in Figure 18.

60

llumina adapter



conCLIP Data processing workflow

>

l Adaptor removal

w

Reads Quality assesment: FASTQC

s
4_

Alignment: STAR

o
<

T

Collapsing duplicate reads

Peak calling: CLIPper

Merge Replicates

Annctate peaks to
genome features

Differential binding analysis

Motif analysis

Figure 17 - ConCLIP pipeline workflow.

Briefly, the analysis starts with a demultiplexing algorithm, which separates the
pooled samples based on experimental barcode sequence. For this a standalone script is used.
After demultiplexing, the reads are trimmed in order to remove adaptor sequences and the
reads shorter than 30 nucleotides are discarded (Figure 17 A). The following step of the
pipeline identifies quality of libraries by evaluating such parameters as complexity, nucleotide
composition and length distribution of sequences (Figure 17B). Next the reads are aligned

onto the human genome (Figure 17 C).

The next step of the pipeline serves to remove the reads produced as a result of
amplification bias. The reads are removed based on their exact position in the genome, strand
and the unique molecular identifier (Figure 17 D). Removal of duplicates has been applied in
many variants of the CLIP protocols, particularly in iCLIP and FAST-ICLIP [151, 155]. The
principle of deduplication and its importance are explained in Figure 19. The reads aligned to
the genome, tend to form dense regions. The positions of these regions can be
computationally calculated by a peak calling algorithm. If the amplification duplicates are not

removed, the peak calling algorithm may falsely detect the dense regions, which do not reflect
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the real binding of the protein, but stem from an amplification introduced bias. If the
duplicates were removed before, the dense regions can be correctly assigned (Figure 19 B and
C). After the peaks are defined they are classified by the p-value, and peaks with a significant
p-value (<0.05) are kept (Figure 18, step 6). To count for a potential background
contamination, the peaks are also determined for the negative control experiment. In case of
the negative control, the experiment is carried out exactly the same way, except from the
immunoglobulin G is used as the antibody. Thus the peaks detected in the negative control are
composed of sequences with high affinity to the beads or antibodies, but not the protein of
interest. The peaks defined in the negative control are subtracted from peaks determined in the

experimental (positive) sample (Figure 18, step 7).
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Figure 18 - Schematic overview of conCLIP pipeline
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Figure 19 - Schematic overview of duplicate removing principle and its importance for analysis. Upon alignment
the genomic coordinates of each read are determined (A). As an example, the duplicated reads form a dense
region in the intron (A). After the removal of duplicates less reads are present in the intron (B). The peaks are
detected upon removal of duplicates, no false peaks are defined (C).

Next the peaks are annotated onto genomic regions (Figure 18, step 8). The conCLIP
pipeline distinguishes between non-coding and coding types of RNAs (Figure 18, step 8).
Peaks are classified as being aligned to 3° UTRs, 5° UTRs, exons, introns or intergenic
regions (Figure 18, step 8). An additional script is utilized to accomplish the visualization of
the guantitative distribution of the peaks on the genomic region (Figure 18, step 8). The peaks
belonging to the same type of feature are combined into lists (Figure 18, step 8). Significant
peaks detected in more than one replicate are further used to search for enriched motifs
(Figure 18, step 10). As an additional assessment of the sequence composition of the sites, a
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nucleotide and dinucleotide distribution analysis is performed (Figure 18, step 10). In case of
motif and the sequence composition analysis, the peaks are newly assigned by defining a -50

to +50 nt regions relative to the center of the original peak.

The conCLIP pipeline is designed such that the user can analyze results from
experiments with different setup. For instance, the setup may include experiments with

replicates and different treatments or else experiments without replicates can be analyzed.

In addition to the summary files, the pipeline outputs several plots and diagrams,
which make visual analysis of data easy and fast. For example, if several replicates are used in
the experiment, a replicate consistency plot is produced (Figure 18 step 10). If the pipeline is
used to compare protein binding capacity in different conditions an edgeR Bioconductor

package is applied to detect differentially bound sites (Figure 18 step 11).

The conCLIP pipeline designed and written in context of the current work thus
provides the investigator with a tool for a comprehensive analysis of conCLIP sequencing
data. It uses different existing tools for NGS data analysis and provides a fast, standardized
and automatized analysis. The fast speed of the alignment is achieved by the usage of STAR
program. It enables a fast and accurate alignment and provides flexible control over alignment
process. A peak defining algorithm efficiently defines the peaks and assigns significance
thresholds on a gene-by-gene basis and not by a genome-wide cutoff as the peak searching
algorithms used for chromatin immunoprecipitation sequencing data analysis [139]. This tool
has shown the best performance in the type of data analyzed in the context of current work.
The conCLIP pipeline permits some flexibility of analysis and is suitable for all three types of
experimental setups. The main results of analysis are visualized in form of diagrams and

graphs (see next chapters).
3.2 Chapter 2

3.2.1 Transcriptome-wide occupancy of the core polyadenylation machinery
factor CSTF2tau in BE(2)-C cells
CSTF2tau is a RNA-binding protein directly involved in RNA processing by guiding

the core cleavage and polyadenylation machinery to the particular cleavage and
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polyadenylation sites on mRNAs [44, 156]. CSTF2tau RNA binding capacity and specificity
has been studied with help of HITS-CLIP as well as iCLIP approaches independently by two
research groups [41, 44, 157]. The protein is an ideal candidate for evaluating the conCLIP
method as the binding preferences of it have been well described before. Moreover, the
binding of CSTF2tau in proximity of the cleavage sites predicts the cleavage site usage with
high probability [41]. CLIPs of this protein can be thus used as a marker to trace the APA
sites usage in a dynamic fashion, for instance upon applying various conditions, initiating
different cellular programs or depleting factors involved in APA to follow the APA changes.

The conCLIP method was applied to study binding preferences of CSTF2tau protein
in the BE(2)-C cell line. The immunoprecipitation and library synthesis were carried out
according to the protocol established in this study. The computational analysis was performed

with help of the conCLIP pipeline designed and written in the context of this work.
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Figure 20 - Immunoprecipitation the CSTF2tau protein. Efficiency and specificity of immunoprecipitation of the
protein were assessed by western blotting (A). Various detergents were tested to specifically immunoprecipitate
CSTF2tau (A). Usage of washing buffer containing EmpigenBB allows a specific immunoprecipitation (A).
CSTF2tau RNA-protein complexes were visualized by biotin detection procedure (B). Lane with 1gG used for
immunoprecipitation serves as negative control and is empty (B).

Endogenously CSTF2tau was specifically immunoprecipitated from BE(2)-C cells.
Three different conditions were tested to improve the specificity and efficiency of
immunoprecipitation. The specificity was controlled by silver staining (not shown) and

Western blot analysis (Figure 20A).

CLIP type approaches are very sensitive to immunoprecipitation efficiency and purity.

A co-immunoprecipitation of other interacting partners together with the protein of interest
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may lead to a false discovery of RNA species. Therefore it is crucial to assess the purity of the
IP. In this study proteins, which may be potentially co-immunoprecipitated were assessed by
Western blot. CSTF77 has been shown to interact with CSTF2tau [158]. Therefore the
membrane with immunoprecipitate was probed with antibodies against CSTF77 (Figure 20A).
As illustrated, the usage of NP-40 containing buffer leads to co-immunoprecipitation of
CSTF77 together with CSTF2tau (Figure 20A). As the co-immunoprecipitation of other
proteins is not desired, the NP-40 containing buffer was no longer used in the current
protocol.

Upon immunoprecipitation the RNA-protein complexes co-pulled together with the
protein were visualized. As shown in Figure 20B, CSTF2tau immunoprecipitates high
quantities of RNA (Figure 20B).

The RNA digestion conditions were specifically optimized for CSTF2tau protein with
the aim to get the RNA digested as close to the binding site as possible. | observed that
intensive digestion helps to improve reproducibility. Therefore, the conditions and the time of

digestions were thoroughly controlled.

CLIP techniques are usually characterized by rather low reproducibility [150]. In order
to evaluate the success of the experiment on the first hand, | was assessing the reproducibility
of biological replicates. Figure 21 illustrates the consistency between 2 replicates of the
conCLIP method applied to CSTF2tau protein. Figure 21 shows the correlation between the
normalized read counts of the most conserved binding sites defined within the two replicates.
The correlation between replicates was calculated using Pearson’s correlation method and
equaled to 0.9739 (Figure 21). As reported previously, correlations between replicas produced
by CLIP variants are different and usually vary between 0.6 and 0.9 [150]. A correlation of
above 0.97 observed in this study by applying conCLIP technique suggests that this technique
is highly reproducible.
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Figure 21 - Assessing consistency between two conCLIP replicates. Consistency plot shows the ratio between
reads coverage on conserved CSTF2tau binding sites of 2 replicates. Pearson correlation between replicates was
estimated as to be 0.9739.

Further analysis of the CSTF2tau conCLIP using the conCLIP pipeline revealed the
binding preferences of this protein. Figure 22 illustrates the genome-wide distribution of
CSTF2tau sites. As shown in Figure 22, 38% of the sites are localized in introns; 33% are
aligned onto 3’UTRs, 7% belong to 5 UTRs, 4% of sites were detected on non-coding genes
and 2% on exons (Figure 22, pie diagram). After correction for the length of each feature, it
was observed that 3> UTRs and 5° UTRs are covered by the protein at most (Figure 22, bar
diagram). The observed specificities of the protein, which particularly tends to bind 3 UTRs,

recapitulates previously described properties of CSTF2tau.

67



CSTF2tau binding sites distribution

E3UTR E5UTR Mexons BEncRNA M intergenic MWintrons

Figure 22 - Distribution of CSTF2tau binding sites on genomic features. The pie diagram shows the distribution
of binding sites of the CSTF2tau on the genomic features in percent. The bar diagram shows enrichment in
coverage of sites over the total length of the feature.

Further analysis of the exact location of the binding sites within the 3° UTRs revealed
that the peaks are focused and co-localized with cleavage and polyadenylation sites (Figure

23, marked in red color).
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Figure 23 — Exemplified binding of CSTF2tau protein on GDI2 and FUBP1 coding transcripts visualized by
Integrative Genomics Viewer. The majority of peaks formed by CSTF2tau co-localize with transcript cleavage
sites. Peaks formed by CSTF2tau are focused. Samples, which were generated by immunoprecipitation with an
IgG antibody, serve as a control.

Next, | performed the analysis, which allowed me to assess the exact position of the
binding sites’ centers in comparison to cleavage sites transcriptome-wide. The analysis
revealed that the binding sites centers are at most frequent within 30-80 nucleotides
downstream of the cleavage and polyadenylation sites (Figure 24). Approximately 11% (1654
sites out of 13110) of all detected binding sites are localized within 100 nucleotides of
polyadenylation sites shown to be used in the BE(2)-C cell line (Danckwardt lab, unpublished
data). These results recapitulate previous finding about the location of the CstF complex on
the 3’UTR and relative to the cleavage site. As discussed in the introduction (section 1.1.4
and 1.1.5), this part of the cleavage and polyadenylation machinery recognizes the cis-

elements located downstream of the cleavage site.
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Figure 24 - Relative position of centers of CSTF2tau binding sites around the cleavage sites (0 position
represents the position of A(A/U)UAAA hexamer).

In the following analysis | aimed to determine the sequence preferences of the
CSTF2tau protein. In order to achieve that, a nucleotide composition of conserved sites was
analyzed. Figure 25 A provides an overview on the distribution of nucleotide frequencies
along the length of cumulative CSTF2tau binding sites. As illustrated, frequencies of Aand T
(U) nucleotides are higher than expected (black line). High frequencies of As and Ts are
observed along the whole analyzed region, in particularly they are high at the beginning of the
motif (Figure 25 A). Figure 25 B presents the frequency of dinucleotides along the binding
regions. Frequencies of dinucleotides AA, TG (UG) and TT (UU) are higher than expected
(marked by black line) (Figure 25 B).
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Figure 25 — Sequence composition around the CSTF2tau binding sites. Distribution of nucleotide (A) and
dinucleotide (B) frequencies along the binding region of CSTF2tau protein.

The over-representation of A and T rich regions within the binding sites located near
the cleavage and polyadenylation sites’ annotation can be also observed when applying de
novo motif search algorithm to all determined sites. De novo motif analysis reveals
enrichment of several motifs (Figure 26). The first motif contains sequence resembling an
AAUAAA hexamer sequence, the other two motifs are U/GU rich and most probably
represent the downstream U/GU/UG rich sequence elements [32] (Figure 26), required for
efficient processing and typically recognized by the CSTF2/2tau proteins [44]. This finding
adds additional piece of evidence suggesting that the conCLIP method precisely and reliably
identifies positions of binding of endogenously expressed CSTF2tau protein, in accordance to
previously published data [44].
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Figure 26 - Motifs, recognized by CSTF2tau protein. First most significantly enriched motifs are shown.
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To reveal the functional categories of CSTF2tau bound genes, the gene list was
submitted to the DAVID functional annotation tool. The gene Ontology analysis shows that
the genes bound by CSTF2tau protein are enriched in such categories as mRNA processing,
transcription and translation (Figure 27). To recapitulate, the CSTF2tau protein preferably
binds the transcripts involved in RNA processing the same category the CSTF2tau itself
belongs to. This suggests that there might be a feedback regulatory mechanism, controlling
the RNA processing for genes involved in this process.

Ribosome

mRNA processing

Transcription

10 15 20 25 30
-log10 (p value)

Figure 27 - Enriched Gene Ontology categories of genes bound by CSTF2tau.
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To address the question whether the binding profile of CSTF2tau protein in BE(2)-C
cells predicts the cleavage site usage, the probability of a predominant binding around the
major cleavage site was calculated. Based on polyA sequencing data generated in our lab (A.
Ogorodnikov, unpublished data) genes with multiple polyadenylation sites were selected.
These genes were ranked by their expression level and only top 3000 genes were further
analyzed. Out of top 3000 genes with major cleavage sites, which accumulate at least 90
percent of reads (or more), were selected (Figure 28). The window of 120 nucleotides around
the major cleavage site was set as a 0 window. The annotation of selected genes was
expanded by 2000 nucleotides towards the 3’end in order to include the most distal cleavage
sites, which are located further downstream of the 3’end of the gene annotation. Next the
selected genes’ loci were split into windows with a reference 0 window being located around
the strongest cleavage site (Figure 28). Each window except from the very last 3* and 5’ end
windows were set to be 120 nt long. Figure 28 schematically illustrates the approach
described above. An example of this calculation using an arbitrary gene A is given in Figure
28. This gene contains 3 annotated cleavage sites (CS1, CS2, CS3). Cleavage site 3 (CS3) is
the majorly used cleavage site and is covered by 90 % of the reads (90 reads out of 100). Let
the reference window be set around the CS3. The 0 window coordinates are now determined
and the gene A is split into windows of 120 nucleotides each. The windows are numbered:
those, which are located downstream of the reference window are numbered positively.
Windows located upstream of the reference window are numbered negatively. Next, the
number of reads generated by the conCLIP experiment and aligned to each window is
calculated. If the maximal number of reads was calculated within the windows -1, 0 or 1, the
binding of CSTF2tau protein was considered to be predictive for a cleavage site usage. The
same logic is later applied for less strongly used cleavage sites with the varying thresholds (>
70% of reads; > 60% of reads; >50% of reads, see Table 3). Table 3 illustrates that the
binding of CSTF2tau in proximity to cleavage site promotes usage of this site in 25 % of
transcripts possessing multiple APA sites in neuroblastoma cells. This result suggests that
CSTF2tau protein binding pattern has a predictive power over the dominant site usage, yet the
percentage of prediction of site usage in BE(2)-C cell line is lower than previously shown in
HelLa cells [41].
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To conclude, CSTF2tau protein RNA-binding preferences were addressed in the
context of the current study. It has been shown that the protein binds with higher preference to
3’ UTRs and with less preference to 5° UTRs. This study confirms that there is a noticeable
number of peaks centralized 50 to 60 nucleotides downstream of the A(A/U)UAAA
consensus sequence. This finding highlights an importance of CSTF2tau protein in
recognition of the polyadenylation sites. The current study also reveals that usage of up to 25
% of major cleavage sites in a cohort of genes with multiple cleavage sites are predicted by
binding of CSTF2tau protein in BE(2)-C cells.

geneA +

Tandem Sites

polyA-Seq cs3
CS1 CSs2
5end @ J\ J\ 3'end
5reads 5 reads 90 reads
BS3
CLIP-Seq
BS1 BS2 BS4
1 2
o+ + N - N LY e Y
-2 -1 O0window +2000

Figure 28 - Schematic overview of logic underlying the calculations of probability of cleavage site prediction.
The upper part of the figure represents an arbitrary gene A with three cleavage sites (CS) detected by a poly(A)-
sequencing approach [159]. The lower part of the figure shows the same gene with regions bound by the
CSTF2tau protein and labeled as binding sites (BS) 1 to 4.

Table 3 - Proportion of genes with tandem cleavage sites in which CSTF2tau has the maximum binding at the
dominant as opposed to alternative cleavage sites.

Reads at the dominant CS >50% >60% >70% >90%

Total number of genes 2296 (100%) 2008 (100%) 1760 (100%) 662 (100%)
conCLIP (CSTF2tau) Repl 473 (20,6%) 426 (21,2%) 379 (21,21%) 153 (23,11%)
conCLIP(CSTF2tau) Rep2 563 (24,5%) 495 (24,6%) 432 (24,65%) 175 (26,43%)
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3.2.3 Dynamic conCLIP: studying the dynamic changes in binding of CSTF2tau
protein upon knockdown of CFIIm complex component PCF11

To ultimately address the question whether CSTF2tau binding reflects APA, the
conCLIP protocol was applied upon the depletion of PCF11, a protein regulating poly(A) site
usage (Danckwardt lab, unpublished data; [160]. To this end, PCF11 was depleted by siRNA
treatment. Cells treated with siRNA against C. elegans (siC. el) gene were used as control.
Efficiency of knockdown was assessed by western blotting; the protein was depleted down to
25% (Figure 29 compare lanes siRNAL and siRNA2 vs siRNA C.el).
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Figure 29 - The knockdown efficiency of PCF11 was assessed by western blotting. The knockdown efficiency of
PCF11 obtained by both siRNAs 1 and 2 was down to 25% of residual protein levels. Equal loading was
assessed by Ponceau Red staining.

I next carried out dynamic conCLIP experiments aiming to assess changing in binding
preferences of the CSTF2tau protein upon PCF11 knockdown. The consistency between
replicates was determined by assessing Pearson’s correlation coefficient. Figure 30 illustrates
a heat map of correlation coefficients between 4 samples where conCLIP was carried out after
BE(2)-C cells were depleted from PCF11 protein (Figure PCF11_1.1,PCF11 1.2, PCF11 2.1
and PCF11 2.2) and a control sample (Figure 30 contr_1.1). As illustrated, the correlation
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coefficient between siRNA 1 and siRNA treated samples are 0.93 and 0.99, accordingly.
Interestingly, conCLIP experiments performed on cells treated with siRNA 2 against PCF11

protein correlated at least with the control.

PCF11_1.1
PCF11_1.2
PCF11_2.1

PCFIT 22

0.88

contr_1.1

PCF11_1.1
PCF11_1.2
PCF11_2.1
PCF11_2.2

contr 1.1

Figure 30 - Heat map of correlations between conCLIP protocol replicates. Correlation was calculated by
counting the reads aligned to 3’untranslated region of the gene, namely -40 +80 region around the cleavage sites.

To analyze the quantitative changes of CSTF2tau binding downstream of
polyadenylation sites, the conCLIP coverage on these regions was compared between control
and knockdown samples. Based on the results of the location of CSTF2tau peaks generated in
the context of this work (see Figure 24), the regions of -40 +80 around the cleavage sites were
selected to serve as an annotation. The number of reads mapped strictly to the selected regions
was count for untreated and treated samples. The EdgeR Bioconductor package was used to
estimate quantitative changes of CSTF2tau binding in 2 conditions. As binding of CSTF2tau
upon PCF11 depletion using siRNA2 was the most distinct from control, these 2 replicates
were further analyzed (PCF11_2.1, PCF11 2.2). In total 59 sites were detected to be
significantly regulated (threshold of false discovery rate <0.05) (see Figure 31). Similarly the

differential expression of APA isoforms was determined (data not shown).
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Figure 31 - Differential binding of CSTF2tau upon PCF11 depletion. EdgeR Bioconductor package reveals
differentially bound sites (FDR<0.05), colored in red.

Interestingly, a small overlap between the differentially used APA isoforms and
differentially bound CSTF2tau sites was observed. However, when plotting the fold change of
the most significantly changed poly(A)-seq retrieved APA sites versus the fold change of the
most significant differentially bound CSTF2tau sites, a striking positive correlation was

observed (Figure 32, further discussed in the discussion section).

7



5.0 - corr=0.884, p-val=0.0035

[X
L ]

=)
=)

log2 fold change CSTF2T conCLIP

0
log2 fold change polyA-seq

Figure 32 - Significant positive correlation of fold changes of APA and CSTF2tau binding sites upon PCF11
depletion. Correlation between most significant dynamically bound CSTF2tau sites and alternative
polyadenylation assessed by EdgeR Bioconductor package (FDR<0.05) was calculated by Person’s correlation
method. Each dot represents an APA site, undergoing significant regulation and significantly differentially
bound by CSTF2tau protein.

Figure 33 illustrates two example genes, in which the binding of CSTF2tau reflects
APA. Both genes, LONRF2 and MXD4, undergo APA upon PCF11 knockdown (Figure 33
compare poly(A)-seq PCF11 KD versus mock control). As shown in Figure 33, the longer
transcript isoforms of LONRF2 and MXD4 are more prevalent upon PCF11 knockdown. At
the same time, CSTF2tau protein (which apparently recognizes only distal cleavage site of
these transcripts) binds more efficiently downstream of the distal poly(A) site upon PCF11
knockdown and thus reflects the cleavage site usage (Figure 33 compare CSTF2tau conCLIP,
PCF11 KD_Repl and Rep2 versus mock control), further discussed in the Discussion section.
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Figure 33 - IGV snapshots illustrate predictive manner of CSTF2tau binding for poly(A) site choice. Increased
binding of CSTF2tau protein upon PCF11 knockdown reflects alternated usage of distal cleavage site (on
example of 2 genes LONRF2 and MXD4).

In conclusion, the conCLIP method, established in the context of this thesis,
reproduces previously published data [44]. The protocol is carried out in the absence of
radioactivity. Furthermore, the protocol omits a size selection of cDNA, the step necessary to
remove adaptor-adaptor contaminants and requires as little as 10 PCR-cycles to generate
sufficiently complex libraries. Finally, the conCLIP method appears to be suited to study
dynamic RNA-protein interactions. Accordingly, differential CSTF2tau conCLIP
quantitatively reflects (some of the known) APA changes.
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3.3 Chapter 3

3.3.1 Binding of CSTF2tau on histones and non-coding RNAs

ConCLIP is capable of recognizing more than 16,000 binding sites of CSTF2tau
protein (see Chapter 2). As described in the previous chapter, CSTF2tau recognizes 3’ UTRs
of coding RNAs at the highest degree. It has been shown before that the protein is involved in
3’ end processing [41, 44]. In this context binding of CSTF2tau to the 3’ ends is easily
explained and even expected. Yet the deeper analysis of other CLIP-tags identified here may
shed the light on novel functional aspect of CSTF2tau.

Previously it has been reported that CSTF2 (paralog of CSTF2tau) was found in a
complex with U7snRNP and functions in the 3’ end processing of replication-dependent
histones [53]. CSTF2tau in turn can be recruited by U7snRNP complex in mouse embryonic
stem cells upon depletion of CSTF2 [53]. In the context of the current study, which was
carried out in human neuroblastoma cell line, |1 observe the binding of CSTF2tau on
replication-dependent histones as well as on U7snRNA. This suggests that CSTF2tau protein
forms complexes with U7snRNP in the presence of CSTF2 in neuroblastoma cells.

The position of the CSTF2tau binding sites on replication-dependent histones deserves
special attention. Unlike previously described binding preferences of the protein with a
tendency to recognize 3’ end regions of mRNAs, binding of CSTF2tau on replication-
dependent histones occurs at the 5° end of the reading frame. This observation may be
explained by different composition and spatial organization of the 3’ end processing
machinery. Figure 34 illustrates the difference of the spatial location of the binding sites on
replication-independent histones, which are processed by conventional cleavage and
polyadenylation machinery (for example H3F3A and H1FX, Figure 34A ) and replication-
dependent histones, which are processed by a unique 3’ end histone-processing mechanism
(HIST1H4E and HIST1H3D). Further examples showing histones with binding sites of
CSTF2tau protein in the same logic are listed in tables 4 and 5.
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A. Replication-independent:
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Figure 34 - CSTF2tau binds replication-independent and replication-dependent histones. The binding occurs at
the 3’ end of replication-independent histones (A) and at the 5” end of CDS of replication-dependent histones

(B).
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Table 4 - Binding of CSTF2tau on replication-independent histones (3’ end binding)

SYMBOL NAME CHROMOSOME
H1FX H1 histone family, member X 3021.3

H2AFY?2 H2A histone family, member Y2 10g22.1

H3F3A H3 histone, family 3A 1g42.12

H2AFX H2 histone, family 3B (H3.3B) 11923.3

Table 5 - Binding of CSTF2tau on replication-dependent histones (5’-end binding)

SYMBOL NAME CHROMOSOME
HIST1H1AE H1 Histone Family, Member 1 6p22.2
HIST2H2BE H2B Histone Family, Member Q 1921.2
HIST1H4C H4 Histone Family, Member G 6p22.2
HIST2H2BC Histone 2, H2bc 1921.2
HIST1H2AM 2A Histone Family, Member N 6p22.1
HIST1H4B H4 Histone Family, Member | 6p22.2
HIST1H2BD H2B Histone Family, Member B 6p22.2
HIST1HAE H4 Histone Family, Member J 6p22.2
HIST1H3D H3 Histone Family, Member B 6p22.2

Apart from previously reported interactions of CSTF2tau with transcripts of protein-
coding genes, we also observed numerous binding sites on non-coding transcripts. About 10%
of genes bound by the protein belong to the category “non-coding genes” (Figure 35 A). The
majority of non-coding transcripts bound by CSTF2tau protein belong to antisense (63),
lincRNA (67) and pseudogene (36) type of transcripts (Figure 35 B).

Hypergeometric analysis was next carried out to discover RNA types (Figure 36),
which are over- and under- represented in the cohort of CSTF2tau targets. Strikingly,
transcripts of protein-coding genes were under-represented in the targets list, whereas some
categories of non-coding genes, for example sense intronic, linc RNAs and antisense RNAs
were over-represented (Figure 36). This observation suggests that the CSTF2tau protein binds
protein-coding genes selectively. Over-represented binding of the CSTF2tau protein on non-
coding RNA types was not reported before and suggests that the protein possibly possesses

novel, yet not identified functions.
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Figure 35 - Genome-wide distribution of CSTF2tau binding sites. CSTF2tau protein binds coding (90%) and
non-coding (10%) genes (A). Distribution of binding sites over the non-coding type of genes (B).
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Figure 36 - Hypergeometric test reveals significant over-representation of antisense and sense intronic non-
coding and linc RNAs within the cohort of CSTF2tau bound genes. Dashed line labels probability below 5%.
Red bars indicate over representation; blue bars show under representation.

When looking at individual examples of non-coding genes bound by the protein, I

observed that the CSTF2tau binds Small Cajal body-specific RNAs (SCARNAs). SCARNAS
83



are a class of small nucleolar RNAs (snoRNAs) that are localized specifically in the Cajal
body, an organelle involved in biogenesis of sSnRNPs. Among SCARNAs SCARNA7 and
SCARNA9 were found. These molecules guide the modification of RNA polymerase Il
transcribed spliceosomal RNAs U1 and U2 [161].

Interestingly, among other non-coding RNA molecules U11, and U12 as well as U4,
U4ATAC and U5 were found to be bound by CSTF2tau. The protein recognizes the 3’ region
of these molecules, as exemplified in the Figure 37 for U11, U5, U12 and U4 snRNAs.
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Figure 37 - CSTF2tau binding sites are located at the 3’ end of SnRNAs U11, U5, U12 and U4. The red color
marks the high density regions of the protein binding, arrow bars point to start and stop of high density regions
as well as to the probable transcription stop (RT-stop, where majority of reads are terminated).

The strength of crosslinking and immunoprecipitation protocols lies in deep and multi-
layer target identification as shown here. Yet, it does not prove the functionality of the protein
for the identified targets. The first priority would be therefore to subdivide the target list into

direct interacting partners, whose abundance changes upon depletion of this protein.

3.3.2 Functional analysis of the effect of CSTF2tau depletion on gene regulation
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To further address the functional importance of CSTF2tau protein for gene expression,
we performed RNA-sequencing experiment in the presence and absence of the protein. BE(2)-
C cells were transiently transfected with a pool of 4 siRNAs targeting CSTF2tau. The
depletion efficiency was confirmed by western blot analysis (Figure 38). We also analyzed
the protein abundance change of CSTF2, the paralog of CSTF2tau. As Figure 38 illustrates,
CSTF2 was not noticeably regulated upon CSTF2tau knockdown in neuroblastoma cells,
whereas depletion of CSTF2 led to tremendously increased levels of CSTF2tau (Figure 38,
compare 2 and 3 or 4). It has been speculated before that the CSTF2tau and its paralog
possess similar functions, and can functionally substitute each other [44]. As there is no
change in the level of CSTF2tau upon the depletion of its paralog, we do not expect
compensatory effects on the 3’end processing and downstream fate of RNAs bound by
CSTF2tau.
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Figure 38 - CSTF2tau knockdown efficiency assessed by western blot. Three different antibodies were used to
visualize isoform-specific knockdowns.

On average 80 million reads per sample were retrieved by RNA sequencing of the
respective sample. The relative similarity between replicates was assessed by
multidimensional scaling (MDS) plot (Figure 39). The MDS plot shows that the biological

replicates are highly consistent between each other (gene expression from replicate to
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replicate differs by 10%). Of note, different treatments are well separated from each other,

suggesting that one can expect to find many differentially expressed genes (Figure 39).
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Figure 39 - MDS plot represents relative similarities between control and CSTF2tau knockdown samples.
Distances between samples correspond to the biological coefficient of variation between each pair of samples.

Indeed, further analysis of differentially expressed genes revealed over 2000 genes to
be differentially regulated. Figure 40 shows a volcano plot (A) and a MA plot (B), in which

differentially regulated genes are depicted as red dots.
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Figure 40 - Genes differentially expressed upon CSTF2tau depletion. The volcano plot represents differentially
expressed genes log2 fold change is plotted vs. —logl0 FDR (A). The MA-plot represents differentially
expressed genes, average log 2 counts per million reads plotted against log2 fold change (B).

Interestingly, there was no obvious general directionality of change in a steady state
RNA level;, RNAs were both decreased and increased in abundance (p-val 0.05). Only 215
genes were highly regulated (>1.5 fold). Interestingly the steady-state mMRNA expression of
the majority of genes (88%) with high degree of regulation were upregulated in CSTF2tau
depleted cells (Table 6).

Table 6 - Statistics of differential expression analysis upon CSTF2tau knockdown in BE(2)-C cells

Total # of analyzed genes 12039
Number of significantly regulated genes (FDR<0,05) 2099
Number of genes significantly upregulated upon depletion of CSTF2tau 1010
Number of genes significantly downregulated upon depletion of CSTF2tau 1089
Number of not regulated genes 9940
Number of genes downregulated upon depletion by >1.5 fold 26
Number of genes upregulated upon depletion by > 1.5 fold 189

Next, the list of genes, whose expression was changed by at least 25% upon CSTF2tau
depletion, was analyzed using Protein ANalysis THrough Evolutionary Relationships
(PANTHER) classification system, which allows to classify genes and reveal relationships
between them [162]. Interestingly, the analysis of over represented signaling pathways,

present in the cohort of genes up- or downregulated upon CSTF2tau knockdown, revealed a
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significant enrichment of up-regulated genes belonging to Heterotrimeric G-protein signaling
pathway and a significant enrichment of down-regulated genes belonging to Wnt signaling
pathway. Thus, a high proportion of Wnt signaling pathway components are downregulated
and a high proportion of Heterotrimeric G-protein signaling pathway components are up-
regulated upon CSTF2tau depletion (Table 7).

Table 7 - PANTHER pathway analysis

PANTHER # expressed # expected Fold P-value Directionality of

Pathways genes observed enrichment (Bonferroni gene regulation
genes corrected)

Heterotrimeric 7 14 7.66 2.8 1.46E-02 Up

G-protein

signaling

pathway-Gq

alpha and Go

alpha mediated

pathway

Wt signaling 29 12 2.88 4.16 5.78E-03 Down

pathway

The hypergeometric analysis revealed that only a minority of protein-coding genes
were highly regulated upon CSTF2tau depletion. In contrast, the non-coding RNAs,
especially sn- and snoRNAs were highly regulated (Figure 41).
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Figure 41 - Hypergeometric test reveals significant over-representation of SnRNA and snoRNAs within the
cohort of genes differentially expressed upon CSTF2tau depletion. Dashed line labels probability below 5%. Red
bars indicate over representation; blue bars show under representation.

Strikingly, the genes belonging to sn- and snoRNA type were exclusively up-regulated
even when a less stringent threshold of regulation was applied (Table 8). If the regulation
were unbiased, the expected number of downregulated sn/snoRNA genes should be around
24, instead no gene is found. The probability of bias observed here is very low (1.398881e-
14), suggesting that the directional regulation of snRNA and snoRNA gene type upon

CSTF2tau knockdown is caused by the depletion of the protein and does not occur by chance.

Table 8 - Analysis of directionality of regulation of sn/snoRNA genes in comparison with other gene types.

Positively regulated Negatively Regulated
Sn/snoRNAs 56 0
Other Genes 575 463
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In order to identify transcripts, which are directly bound by CSTF2tau and regulated, |
related the target list of binding with the list of differentially expressed genes. Strikingly, the
protein-coding genes are under-represented in the overlapping cohort (Figure 42). This
finding suggests that there is no direct effect of CSTF2tau depletion on the abundance of its
MRNA targets. This finding is in line with an analysis of CSTF2tau protein knockout in
mouse testis cells, which did not support the direct effect of CSTF2tau on expression of its
targets [156]. However, our analysis reveals that the SnRNA genes are over-represented in the
list of regulated CSTF2tau targets (Figure 42). This finding allows speculating that CSTF2tau

binding might have a direct effect on the abundance of the ShnRNAs.
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Figure 42 - Hypergeometric test reveals significant over-representation of snRNA and under-representation of
protein-coding transcripts within the cohort of genes differentially expressed and bound by CSTF2tau protein.
Dashed line labels the probability below 5%. Red bars indicate over representation, blue bars show under
representation.

3.3.3 Human snRNAs are polyadenylated

CSTF2tau is a protein known to play an important role in mRNA 3’ end cleavage and

polyadenylation [41]. Based on this functionality we wondered whether the binding of
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CSTF2tau to the snRNA observed here might explain the RNA abundance change via
differential 3’ end processing / polyadenylation. Currently numerous methods based on NGS
sequencing are used to address the question of APA of mature mRNA [41, 163, 164].
Whether small RNAs are polyadenylated and to which extent this occurs, remains uncovered.
Due to the peculiarities of modern sequencing techniques, namely size exclusion, small
molecules such as sSnRNAs are normally lost. For example, the TAIL-seq protocol [15], which
aims to discover the length and nucleotide composition of polyA tails also loses ShnRNAs
because of the size selection step. Yet there is evidently a small fraction of ShARNAs which can
be polyadenylated. For example, U2 snRNA was shown to be polyadenylated in yeast upon
introducing point mutations into CFIA complex protein RNA15 [62].

To answer the question whether the human U-type snRNAs are polyadenylated an
ePAT assay was carried out. The ePAT method is designed to measure the length of poly(A)
tail and was successfully applied on polyadenylated mMRNA molecules [131]. In the context of
this thesis, ePAT was applied to reveal the degree of polyadenylation of SnRNA molecules.
Upon ePAT PCR, the products were blunt-end cloned into a pJET vector and sequenced using
a Sanger sequencing approach. ePAT confirmed that U1, U2 (not shown), U11, U4atac, U4,
U5 and U12 (Figure 43) snRNAs population contain polyadenylated fraction. For U4atac, U4
and U12 the length of the poly(A) tail was rather short (13 nts), but the occurrence of the tail
could not be explained by internal priming. In contrast, U5 (Figure 43), Ul and U2 (not
shown) snRNAs contain longer poly(A) tails.
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Figure 43 - Human snRNAs contain polyadenylated fraction. Udatac, U11, U4-2 and U5A-1 cDNA sequence
retrieved from ENSEMBL database is aligned to sequences generated by ePAT approach. Poly(A) tails of
different length were observed (in analogy also observed for U1 and U2).

As detected by ePAT and sequencing, the U5, U11, U1, U4 and U2 polyadenylated
molecules are shorter than the annotated cDNA and thus these molecules might be trimmed
before being polyadenylated. The binding of the protein thus occurs downstream of the
polyadenylated region and apparently takes place before trimming (Figure 44).
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sNRNA conCLIP CSTF2tau Rep2 (+strand) -
conCLIP CSTF2tau Rep1 (-strand)
RNA-Seq (+strand) .

RNA-Seq (-strand)

polyadenylation site
RefSeq ——

RNUSA-1

Figure 44 — Illustration of the binding of CSTF2tau occuring at the 3’ end of the snRNAs or further downstream
(A). Binding of CSTF2tau occurs downstream of the internal cleavage site of U5 snRNA (B).

As described above, the RNA-abundance of snRNAs such as U4 and U5 changed
more than 1.5 fold upon CSTF2tau depletion. Of note, this gene expression measurement is
based on random priming and thus both polyadenylated as well as non-polyadenylated RNA
fractions are determined. In the context of this work, it was found that a fraction of SnRNAs is
polyadenylated. The next question of interest was whether the amount of the polyadenylated
fraction of SnRNAs changes upon CSTF2tau depletion. To address this question, CSTF2tau
was depleted by single siRNA. The successful depletion was confirmed by western blot, in
which less than 25% of protein was observed after 48 h of siRNA treatment (data not shown).
Next, the RNA was extracted and the cDNA was synthesized. To catch both fractions, non-
polyadenylated (majority) and polyadenylated (minority), the cDNA was synthesized either
with the help of a miRNA reverse transcription kit (Qiagen) or after oligo (dT) priming and
reverse transcription. Next, a pair of primers was used to assess the quantities of SnRNAs
present in both cases. The quantitative PCR revealed that the depletion of CSTF2tau protein

leads to significant downregulation of polyadenylated sSnRNAs U11, U1 and U5 (Figure 45).
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Previously it has been observed that oligoadenylation of snoRNAs initiates their degradation
[78]. We therefore analyzed next whether the inhibition of polyadenylation upon CSTF2tau
depletion affects the RNA decay of the U-type snRNAs studied here.
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Figure 45 - Abundance change of polyadenylated fraction of sSnRNAs U4, U1l, Ul and U5 observed upon
CSTF2tau depletion (*pval<0.05).

3.3.4. The depletion of CSTF2tau protein effects the stability of SnRNAs

To address whether the depletion of CSTF2tau effects the expression of sSnRNAs or
their stability, actinomycin D (ActD) - RNA decay experiments were performed. Actinomycin
D blocks activity of RNAPII, which transcribes majority of SnRNAs. The cells were treated
with siRNA against CSTF2tau for 48 hours and by ActD for 0, 2, 4 and 6 hours respectively.
For each time point RNA was harvested and transcribed using Qiagen total RNA kit. Next the
levels of U4, U5, U1l and Ul were assesed by quantitative PCR. The levels of RNAs were
normalized by a housekeeping gene (GAPDH). Comparison of stability of 2 housekeeping
genes against each other (ACTB and GAPDH) did not reveal signifficant difference between
their levels upon depletion of the CSTF2tau (data not shown). Figure 46 illustrates that the
relative stability of a proto-oncogene Jun does not differ between mock control and CSTF2tau
knockdown samples, whereas both variants of U4, Ul as well as U5 snRNAs are faster

degraded in the control sample in comparison to the CSTF2tau depleted sample (Figure 46).
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This observation confirms our hypothesis that the decrease of the polyadenylated snRNAS

fraction increases the stability of the studied sShnRNAs.
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Figure 46 - Elevated levels of snRNAs are observed due to increased stability of the molecules upon CSTF2tau
knockdown (* pval<0.05). The stability of proto-oncogene c-Jun is not changed.
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To conclude, the analysis of gene expression upon CSTF2tau knockdown revealed a
high proportion of significantly regulated genes, at the same time only 215 genes were
regulated more than by 1.5 fold (Table 6). Interestingly, the protein-coding genes are not the
majorly regulated group. Moreover, the protein-coding genes being both bound by the
CSTF2tau and regulated upon depletion are under-represented (Figure 42). This finding
suggests that the observed regulation of protein-coding genes is caused by a cascade of

secondary (indirect) effects.

On the other hand, non-coding RNAs, in particular snoRNAs and snRNAs, are over-
represented within the group of highly regulated genes (Figure 42). Further analysis revealed
that the snRNAs bound by the protein are also regulated upon depletion. This finding points
toward direct effects of the CSTF2tau depletion on snRNAs abundance.

Interestingly, the sn- and snoRNAs are exclusively upregulated upon CSTF2tau
depletion. As CSTF2tau is involved in 3’end processing of coding RNAs, | propose that the
mechanism, by which the amount of snRNAs is regulated, might be due to alternative
processing. Recently it has been reported that SnRNA U2 can be alternatively processed and
be a source of small (19-22 nt) fragments [165]. In the context of this work, | show that
human snRNAs contain a polyadenylated fraction. Importantly, the abundance of
polyadenylated fraction declines uponCSTF2tau knockdown. It has been previously reported
that in yeast the processing of snRNAs is mediated by the general cleavage and
polyadenylation machinery. Although the cleavage of snRNAs is uncoupled from
polyadenylation, still a small proportion of ShARNAs are polyadenylated. In humans, ShRNAs
are processed by the Integrator complex and have not been detected to carry poly(A) tails. Yet
the current study provides evidence that a fraction of human snRNAs contain short oligo(A)
tails. Previously it has been reported that mammalian snoRNAs intermediates undergo several
cycles of oligoadenylation/deadenylation, favouring the deadenylated state [78]. The
oligoadenylation triggers more rapid decay of the molecules. Strikingly, it has been observed
in the context of this study that, upon the depletion of CSTF2tau, the amount of
polyadenylated fraction of ShnRNAs decreases, whereas the stability of snRNAs U4, Ul and

U5 increases.
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Discussion

The aim of my thesis was to improve currently available methods to study RNA-
protein interactions via crosslinking and immunoprecipitation (CLIP). The current work
describes a modified CLIP approach, named as “conCLIP”. This approach addresses and
overcomes several limiting steps of previously described CLIP versions, such as HITS-CLIP,
PAR-CLIP and iCLIP. The features of the methods are summarized in a table below. Firstly,
current CLIP protocols rely on radioactive labeling of RNA in order to prove the success of
the covalent crosslinking and specific co-immunoprecipitation of the RNA along with the
protein [113, 121, 151, 166]. The conCLIP method, established in the context of this work
uses labeling of RNA with biotin and thus avoids radioactivity. This acknowledges the
increasingly widespread banning of radioactivity due to safety measures in laboratories.
Secondly, conCLIP utilizes a cDNA synthesis protocol optimized for small input material and
previously described for single cell sequencing technique [152]. The optimized technique
provides a possibility to work with lesser material (as little as 700 pg of protein) and retrieve
highly reproducible results (consistency between replicates above 0.95). Additionally,
conCLIP exploits the benefits of an experimental barcoding approach and thus allows
multiplexing of several samples. In the context of dynamic CLIP (comparing two or more
conditions), this has the advantage that all subsequent steps of library preparation are carried
out in one batch, allowing to reduce technical variabilities between the experiments. Further it
reduces material and sequencing costs. On the other hand, conCLIP exploits a second type of
barcodes (random barcodes), which allows distinguishing and discarding amplification
artefacts. Most importantly, the libraries are prepared with only 10-11 cycles of PCR
amplification, which are 15 cycles less than in the iCLIP protocol [132]. The conCLIP library
protocol does not require size selection of the cDNA, as adaptor contamination of conCLIP
libraries is virtually impossible. Therefore loss of material on the step of size selection cannot
happen, thereby preventing a low complexity of the library due to artificial multiplication of
single reads. The computational pipeline applied for conCLIP relies on previous knowledge
on CLIP-Seq analysis [167]. It implements the high-speed mapping algorithm (STAR), which
significantly shortens the time needed for the completion of the analysis [168].
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Table 9 - Comparison of current CLIP variants with the conCLIP method

Method CLIP [114, | HITS- PAR-CLIP iCLIP FAST- conCLIP
167, 169] CLIP [121] [132] iCLIP (present
[153] [155] protocol)
Number of PCR cycles 25-35 25-35 16-25 20-30 20-30 <=10
Number of RNA-ligations | 2 2 2 1 1 1
Model (cell All All Cell All All All
culture/organs/tissues culture/only
proliferating
cells
Protein origin Both Both Both Both? Both? Endogenous
(endogenous/exogenous) w/o problem
and on low
input material
Reproducibility NA NA 80-96% NA NA >95%
Individual molecules No No No Yes Yes Yes
recognition
Capturing of premature No No No Yes Yes Yes
terminated reverse
transcription events
Amount of input material | 1-2 mg NA NA NA NA 700 pg of
protein
Size selection of cDNAto | crucial crucial | crucial crucial | crucial Not required
avoid primer template
products
Radioactivity Yes Yes Yes Yes Yes No

In my thesis, | prove that conCLIP is a reliable and quantitative approach (Figure 21,
23, 30, 34). At first, | applied the established conCLIP method on CSTF2tau protein. The
method successfully recapitulates previously described binding preferences of the protein.
ConCLIP confirms that the CSTF2tau protein binds 3 UTRs most prevalently. The results of
the conCLIP confirm that CSTF2tau binds downstream of the cleavage and polyadenylation
sites of MRNAs (Figure 24). In line with previously published data, | show that the binding of
CSTF2tau downstream of polyadenylation site predicts the usage of the site by cleavage and

polyadenylation machinery (Table 3). Yet, in contrast to previously published results, the
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percentage of predicted sites is lower here (20-25% vs 60-64% described before [41]). This
discrepancy can possibly be explained by (1) the use of a different cell line (here BE(2)-C
cells vs HelLa). These two cell lines are of different origin and thus have different expression
profiles. (2) It is worth considering, that the studied protein has a paralog CSTF2, expressed
in both cell lines. Earlier it has been shown that both proteins recognize a similar set of
transcripts, possess same motif preferences and are possibly redundant in their functionality
[44]. Discrepancies in (3) read depth and (4) analysis may account for different percentage of
predicted sites.

The future potential of CLIP type techniques is the application for studies of dynamic
RNA-RBP interactions. In this context, | tested if dynamic CSTF2tau conCLIP is predictive
for differential poly(A) site choice, observed by polyA-sequencing upon knockdown of
PCF11 (a key modulator controlling PAS choice, Danckwardt lab unpublished, [160]). The
analysis of dynamic conCLIPs of CSTF2tau protein revealed distinct patterns of protein
binding between two conditions. | detected that the overlap between dynamically recognized
CSTF2tau sites and alternative poly(A) isoforms upon PCF11 depletion is rather low. Yet the
fold change of regulation of dynamically recognized CSTF2tau sites and dynamically
changed APA sites showed high degree of positive correlation. This discrepancy might be
explained by the fact, that not all APA-regulated sites are recognized by a CSTF2tau-
containing 3’ end processing complex. Alternatively, this observation reflects that the shift in
polyadenylation site usage is not solely caused by changes in processing, but also by a
difference in stability rates of the transcript isoforms [170]. Finally, reading depth may

explain this discrepancy.

In the final part of this thesis complex and multi-layer data generated by conCLIP
were used to study yet poorly described binding partners of CSTF2tau. In the context of this
work, the binding of CSTF2tau on histones is being described (Figure 34). Applying conCLIP
technique, | observed that the protein recognizes not only replication-independent histones,
which are polyadenylated by the canonical cleavage and polyadenylation machinery, but also
replication-dependent (RD) histones. In contrast to replication-independent histones, the
processing of RD histones is uncoupled from polyadenylation and is carried out by a unique

processing complex [158]. This complex recruits the components of the canonical
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polyadenylation machinery, for example CPSF73, which performs the nucleolytic cleavage
[50]. It has been reported that such a complex also contains the CSTF2 protein, the paralog of
CSTF2tau [47]. In the context of this study, I reveal that in neuroblastoma cells the CSTF2tau
protein is bound to RD histones and can also be a part of the cleavage complex. Of particular
interest is the location of peaks on RD histones; they are located at the 5’end of the cDNA of
the RD histone. Possibly such a localization can be explained by the spatial organization of
the histone mRNAs, which brings the 3’ and 5’ end of the molecule together. Additionally,
the conCLIP reveals non-coding RNAs being targets of CSTF2tau (Figure 35). The protein
binding sites are over-represented on sense intronic, long intervening and antisense noncoding
RNAs.

CLIP techniques are capable to identify thousands of binding sites, yet binding does
not necessarily reflect function. To reveal which binding events reflect functionality, I
compared the conCLIP data with total RNA-seq data after depletion of CSTF2tau. Although
the CSTF2tau protein is believed to contribute to cleavage and polyadenylation site choice,
the depletion of CSTF2tau has a relatively small effect on APA [44, 157]. As APA isoforms
may differ by their stability rates [30], it is expected that the APA switch is reflected on the
steady-state levels of RNAs. The RNA sequencing data reveals more than 2000 genes, whose
steady-state levels are significantly changed upon the depletion of CSTF2tau (Table 6).
Importantly, a few genes show high level of regulation, whereas the majority of changes are
small. When sub-selecting genes regulated over a 50% threshold, the regulation becomes
directional with the majority of transcripts showing increased levels of steady-state RNA

upon depletion of CSTF2tau.

In line with previous reports revealing small effects on APA after CSTF2tau depletion
[44, 157], the proportion of protein-coding genes recognized by the protein and exhibiting
different steady-state RNA levels is low. In contrast, the non-coding transcripts bound by
CSTF2tau, in particular transcripts belonging to the snRNA category, are regulated at high
degree (Figure 42). To summarize, the effect of CSTF2tau depletion on protein-coding genes
is relatively small and can only be partially explained by the binding pattern. The high
number mildly regulated steady-state levels of coding RNAs are most probably caused by a

cascade of secondary indirect effects of CSTF2tau depletion. In contrast to the modest effect
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on coding genes, CSTF2tau depletion strongly affects the steady-state levels of small non-
coding RNAs. Interestingly, a big fraction of those regulated non-coding RNAs is also bound
by the CSTF2tau.

As mentioned above, CSTF2tau contributes to 3’ end processing of pre-mRNAs. Its
function on small non-coding RNAs has not been reported before. As revealed by conCLIP,
the binding of CSTF2tau on snRNAs occurs at the 3’ end of cDNAs or further downstream.
Binding of the CSTF2tau paralog to the SnRNA promoter sequences has been reported before
[171]. On the other hand, recently it has been found that the other small non-coding RNAs,
snoRNAs, can be oligoadenylated [78]. In yeast, the 3’end formation and maturation of
snRNAs is accomplished by various pathways, some of them rely on cleavage and
polyadenylation. For example, U1 is processed by endonuclease Rntl, which recognizes the
stem loop structure, and ultimately the transcript is further trimmed through the activity of
exosome [68]. In contrast, U2 snRNA utilizes the polyadenylation sites located downstream
of the stem loop structure to mediate cleavage and maturation. If the Rntl cleavage site within
the stem loop structure is mutated, longer molecules with a polyadenylation tail accumulate
[62]. It was therefore logical to reveal whether the snRNAs are polyadenylated and whether
CSTF2tau plays a role in this process. In the context of my thesis it was, for the first time,
reported that the depletion of CSTF2tau protein leads to regulation of small nuclear RNAs
(Figure 41). Moreover, the steady-state RNA levels of SnRNAs were exclusively upregulated
upon the depletion of CSTF2tau protein (Table 8). Further I could demonstrate that the
fraction of sSnRNAs is oligoadenylated. Interestingly, the levels of oligoadenylated SnRNAs

compared to total ShARNA levels decreased upon depletion of CSTF2tau (Figure 45).

The intriguing property of a poly(A) tail to determine mRNA longevity on the one
hand and a rapid decay on the other, has been emphasized in the introduction (section 1.4).
RNAs can be “stably” polyadenylated, and thus stabilized. Oppositely, oligoadenylation of
molecules can trigger their degradation [88]. The observed A tails attached to the SnRNAs
were relatively short, with an average length of 18 nucleotides (Figure 43). Considering the
possibility that in this case the oligoadenylated snRNAs are faster degraded, | evaluated the
relative stability rates of ShARNAs upon transcription actinomycin D inhibition. Interestingly,
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CSTF2tau depletion leads to increased stability of SnRNAs, as assessed upon transcription
halt (Figure 46).

Of particular interest is the position of oligo(A) tails attached to the snRNAs. The
oligoadenylated snRNAs, in particular U1, U2, U4 and U5 are truncated and polyadenylated
“internally”. Previously, the truncated U1 snRNA (U1-tfs) molecules have been described
[172]. Ul-tfs were lacking the Sm site and unable to form the Sm heptamer [172].
Interestingly, the last nucleotide of Ul-tfs is exactly the same, where | detected the
oligoadenylated tail attached. Moreover U1-tfs have been shown to be more rapidly degraded
and localized primarily to P-bodies [172]. Recently the alternative processing of U2 snRNAs
has been described [165]. Yet, the short fragments identified by Mazieres and co-authors
correspond to the 3’ end products of endonucleolytic cleavage [165]. Interestingly, the
position of the 5> most nucleotide is exactly the position of the 3” most nucleotide where the

U2 molecule is oligoadenylated, as detected here.

As described above, the binding of the CSTF2tau protein occurs at the 3’ end of the
SnRNAs or further downstream. When taking into consideration the truncation of
oligoadenylated snRNAs, it becomes apparent that the protein binds downstream of the
endonucleolytic cleavage site. The observation that the depletion of the CSTF2tau protein
leads to decrement of polyadenylated fraction suggests that the binding of the protein on the
3’ends of snRNAs promotes polyadenylation. Simultaneously, the stability of total SnRNAs
increases. This is in line with previous reports that oligoadenylated RNAs are substrates for
fast decay [173, 174]. | am thus proposing a model, according to which CSTF2tau promotes
the oligoadenylation of snRNAs resulting in a faster degradation of the affected molecules
and lowering the levels of total ShnRNAs (Figure 47). Upon depletion of the CSTF2tau, the
proportion of oligoadenylated molecules decreases, leading to a higher stability of the
SnRNAs and elevated steady-state mRNA levels. Of note, the oligoadenylated snRNAs,
observed in the context of this work are shorter than the processed SnRNAs.
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Figure 47 - Proposed model of regulation of oligoadenylation of snRNAs upon CSTF2tau depletion and resulting
stability of snRNAs.

My thesis addresses two topics. On one hand it provides the scientific community with
a robust, reliable and straight-forward method to explore RNA-protein interactions. This
method can be applied to study RNA-protein interactions in different physiological and
pathophysiological conditions. On the other hand, it addresses a so far poorly studied topic of
SnRNA decay mechanism, whereby the level of SnRNAs can be fine-tuned. It is possible that
the other components of cleavage and polyadenylation machinery also recognize snRNA
genes and contribute to their oligoadenylation. Along the same lines it would be interesting to
further study, which poly(A) polymerase is involved in oligoadenylation and which decay

components are responsible for the decay of oligoadenylated ShRNAs.

Another implication of my work is to exploit the conCLIP method to study steady-
state and dynamic interactions of other RNA-binding proteins. Recently, a huge number of
RNA-binding proteins, which possess enzymatic activities (so called moonlighting proteins
[175]) have been described [96, 99, 122, 129]. It is therefore interesting to address the RNA
specificities of such proteins, as well as to explore their binding repertoire in health and

disease, as exemplified by work of Beckmann and co-authors [129].

There has been numerous reports published, aiming to explain the selection of
cleavage and polyadenylation site usage in different cell types and upon various conditions in

health and disease [159]. Yet many aspects of regulation remain uncovered, as discussed by
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Shi and Manley [38]. The study of dynamic binding of components of cleavage and
polyadenylation machinery upon depletion of the parts of this machinery might shed light
onto the competitive binding and the regulation of APA upon abundance change of the core
regulators. Alternatively, studies addressing dynamic binding, resulting from the differential
post-transcriptional modifications or mutations in a RRM motif, may utilize the conCLIP

approach, established here.
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	1.1.1. Pre-mRNA 5’ end capping
	The first step of pre-mRNA processing, which occurs shortly after transcription initiation, is the 5’ end capping (Figure 1). The cap consists of a guanine nucleotide methylated at the N7 position [4-6]. It is linked to the 5’ nucleotide of the RNA th...
	Figure 1 - Sequential steps of 5’ end capping

	1.1.2. Pre-mRNA splicing
	The pre-mRNA transcripts of eukaryotes often contain non-coding regions (introns), which are removed prior to translation by a process called splicing. Splicing is accomplished by a spliceosome, an RNA-protein complex, which recognizes cis-elements on...
	Figure 2 - Schematic overview of splicing carried out by major (U2 dependent) and minor (U12 dependent) spliceosome. The majority of introns in the human transcriptome are spliced by the major spliceosome (left), yet a small proportion (around 1%) is ...

	In 1990’s a novel class of introns, which includes less than 1% of total number of introns was found. These introns differ by the cis-elements and are spliced by so called minor spliceosome complex. The minor spliceosome also consists of 5 snRNAs (U11...
	Apart from the spliceosome, splicing is regulated by other activator and repressor proteins. Such RNA-binding proteins as for example SR proteins usually promote splicing, whereas hnRNPs inhibit it [10]. Splicing can be regulated such that different m...
	1.1.3. 3’ end processing of polyadenylated RNAs
	The majority of transcribed RNAs with exception of replication-dependent histones and some non-coding RNAs, such as small non-coding RNAs, possess poly(A)-tails at their 3’ ends [13]. 3’end processing of polyadenylated pre-mRNAs occurs as a result of ...
	3’ end processing is tightly interconnected with splicing, transcription and translation [17-19]. An example of such interconnection has been recently reported; two components of cleavage and polyadenylation machinery have been shown to be involved in...
	Figure 3 - Schematic overview of sequential steps of 3’ end processing.  The polyadenylation site is recognized by a cleavage and polyadenylation machinery, which consists of Cstf, CPSF, CFIm and CFIIm sub-complexes and carries out an endonucleolytic ...

	Over 70% of human transcripts possess multiple polyadenylation sites [23, 24]. Alternative polyadenylation (APA) is a result of differential selection of CS by the cleavage and polyadenylation machinery. The cleavage and polyadenylation sites are dist...
	1.1.4. Sequence elements for mRNA 3’-end processing
	3’ end processing of polyadenylated transcripts relies on specific cis-elements, located in a conserved manner around the cleavage sites (see Figure 4A). Mammalian polyadenylation sites contain three main sequence types (polyadenylation signal, upstre...
	Figure 4 - Sequence elements around the cleavage and polyadenylation sites. The region around the cleavage site can be split into sequence subsets (A). In each subset a particular cis-acting elements were identified [32]. The frequencies of each type ...

	1.1.5. Protein factors for pre-mRNA processing
	The mammalian 3' end processing complex contains several sub-complexes each of which recognizes cis-elements of the polyadenylation sites (Figure 5). These sub-complexes include the “cleavage and polyadenylation specificity factor” (CPSF), the “cleava...
	Mammalian CPSF contains six subunits, CPSF-30, CPSF-73, CPSF-100, CPSF-160, WDR33 and hFIP1. The CPSF complex recognizes the AAUAAA hexamer of the polyadenylation site. Recent studies revealed that at least two subunits of the complex (CPSF-30 and WDR...
	The mammalian CstF complex contains three proteins, CSTF2 or its paralog CSTF2tau, CSTF77 and CSTF50 [38]. This complex binds the CDE, with particular selectivity to CDE.3 type elements (see Figure 4), preferentially recognized by CSTF2 and its paralo...
	Other components of the cleavage and polyadenylation machinery are the CFIm and CFIIm sub-complexes. CFIm is composed of three proteins, namely CPSF5, CPSF7 and CPSF6. The CFIm complex has been shown to bind AUE, containing UGUA consensus [48]. All th...
	Figure 5 - Schematic overview of protein complexes participating in 3’ end processing. The CstF complex is located downstream of the cleavage site and is composed of three proteins (CDE). The CPSF complex contains six subunits and is located -1-40 reg...


	1.2.    3’ end processing of non-polyadenylated RNAs
	Apart from mRNA molecules, whose processing and maturation occurs as described above, mammalian cells contain other types of RNAs processed via different pathways. The next two sections will serve to briefly describe the processing of replication-depe...
	1.2.1.   3’ end RNA processing of replication-dependent histones
	Replication-dependent (RD) histone mRNAs are the only type of mRNAs transcribed by RNA polymerase II and believed to be not polyadenylated in the normal cell state [47]. Under certain conditions however polyadenylated (“misprocessed”) histone RNA mole...
	The majority of replication-dependent histones contain a cryptic polyadenylation signal downstream of the U7-dependent site [53]. Upon depletion of 3’-end processing factors such as CSTF2 (but not CSTF2tau) the number of “misprocessed” (polyadenylated...
	Figure 6 - Schematic view of RNA-protein complexes participating in the processing of replication-dependent histones.

	1.2.2. Biogenesis, transcription and processing of non-coding RNAs
	Non-coding RNAs (ncRNAs) commonly include RNAs such as microRNAs, snoRNAs as well as other small regulatory RNAs and longer transcripts many of which are poorly characterized [55]. In the context of this work, the biogenesis and processing of two grou...
	1.2.2.1. Processing and maturation of U-type snRNAs
	U-type snRNAs are uridine-rich small ncRNAs. They form a moiety of the major (U1, U2, U4, U5 and U6) and minor (U11, U12, U4atac, U6atac and U5) spliceosome (see section 1.1.2). The exceptional U7 snRNA is not involved in splicing, but participates in...
	U-type snRNAs are transcribed by RNA-polymerase II (RNAPII) with exception of U6 and U6atac molecules, which are transcribed by RNA-polymerase III (RNAPIII) [58] and processed as typical RNAPIII transcribed transcripts [59-62]. The RNAPIII terminates ...
	In contrast, the processing of RNAPII transcribed snRNAs (U1, U2, U4, U5, U11, U12 and U4atac) is carried out by a different mechanism. The first step of the processing occurs in the nucleus, where the 3’ end endonucleolytic cleavage takes place (Figu...
	The correct processing of U-type snRNAs requires the promoter sequence, the 3’ box located 9-19 nucleotides downstream of the mature 3’end of the molecules and the carboxy-terminal domain (CTD) of the largest RNAPII subunit, Rpb1 [59-62, 68] (Figure 7...
	Figure 7 - Schematic view of U-type snRNA processing carried out by the Integrator complex. The cleavage of the primary transcript is carried out by IntS11, a homolog of endonuclease CPSF73, which cleaves the pre-mRNA.

	The downstream steps of U-type snRNA maturation occur in the cytoplasm, where Sm-core particles are assembled (Figure 8). Following the assembly of the Sm core and association of SMN complex, the (m7G) cap of the snRNA is hypermethylated and a few nuc...
	Figure 8 - Biogenesis of snRNAs exemplified for U1 snRNA. U1 is transcribed in the nucleus and transported to the cytoplasm, where it undergoes cap hypermethylation, 3’ end trimming and associates with Sm proteins. The U1 snRNA is re-imported into nuc...

	1.2.2.2. Processing and maturation of snoRNAs
	snoRNAs are the components of ribonucleoprotein particles, which catalyze site specific RNA modifications of ribosomal (r)RNAs, snRNAs and transfer (t)RNAs. Recent reports suggest that levels of snoRNAs are changed in cancer cells [70]. In humans the ...
	SnoRNAs may be involved in other processes apart from RNA modification. For instance, a C/D box snoRNA, SNORD115 (HBII-52), which shows sequence complementarity to the serotonin receptor 2C pre-mRNA, influences alternative splicing of this pre-mRNA [7...
	Table 1 - Organization of snoRNA genes in human genome.

	Adapted from Dieci et al., 2009
	The processing of snoRNAs at their 3’ and 5’ ends has been extensively studied in yeast. SnoRNAs are released from the precursor by a series of endonucleolytic cleavages by RNAse III homolog, Rnt1, followed by exonucleolytic processing by Xrn2/Rat1 [6...
	In human cells, intronically encoded snoRNAs are processed co-transcriptionally. In case of C/D class snoRNAs, the processing is coupled with splicing [76]. Upon splicing and debranching, the snoRNAs are cleaved from both 5’ and 3’ ends by exosome com...
	In mammalian cells snoRNAs can get polyadenylated via PAPD5, which adds oligo(A) tails to the last few nucleotides remaining after exonucleolytic degradation of the 3' flanking intron. These oligoadenylated processing intermediates are then trimmed by...

	1.3. RNA export
	While being transcribed, pre-mRNAs form complexes with various RNA-binding proteins, which facilitate the 5’-end capping, splicing and 3’-end processing of a newly synthesized RNA. After transcription and processing are completed the mRNAs are exporte...
	Figure 9 - Overview of the nuclear steps of gene expression and nucleocytoplasmic export.

	(Adapted from Björk and Wieslander [85]).

	1.4. RNA decay
	The importance of mRNA decay has been assessed by large-scale studies that revealed the relative contribution of decay rate and transcription rate to differential mRNA abundance [86]. Interestingly, the decay rate predominates, as the median half-life...
	Figure 10 - Schematic overview of 3’-5’ and 5’-3’ mRNA decay pathways. The first step of mRNA degradation is deadenylation. In humans deadenylation is carried out by CCR4-NOT complex. Further execution of two degradation pathways is possible. 5’-3’ de...

	Interestingly, polyadenylation of mammalian RNA can play to some extent opposite roles. On the one hand, polyadenylation of mRNA contributes to nuclear transport, translation and increased stability, on the other hand, oligoadenylation of molecules ma...
	There are additional degradation pathways, which target specific RNAs. First pathway involves deadenylation-independent decapping, in which the decapping happens in presence of a long poly(A)-tail. For example, decay of RPS28B mRNA [89]. Another degra...

	1.5. RNA-binding proteins and their role in health and diseases
	As highlighted above, RNA-binding proteins (RBPs) are key factors regulating the fate of different classes of RNA molecules throughout their life span. RBPs play a crucial role in normal cell growth and development by modulating the gene expression on...
	1.5.1. Discovering RNA-binding proteins and linking them to human diseases
	Recently developed methods such as “interactome capture”, which enable in vivo capturing and detection of RNA-binding proteins, revealed numerous novel RBPs [96, 97]. Of  particular interest is the domain structure of RNA-binding proteins as well as t...
	Applying “interactome capture” Castello and coworkers identified 860 RNA-binding proteins in HeLa cells [99]. The comparison of the experimentally proven list of RNA-binding proteins with a database of diseases with Mendelian inheritance, OMIM databas...
	Figure 11 - Mutations in RNA-binding proteins are linked to various diseases. Numbers of proteins linked to each group of diseases are shown (own data).

	1.5.2. Exemplifying diseases caused by mutations or miss-regulations of RBPs
	Neurological disorders comprise the biggest group of diseases, caused by abnormal expression of RNA-binding proteins. One of the examples of disorders belonging to this group is an Amyotrophic lateral sclerosis (ALS), a fatal neurodegenerative disease...
	Recent studies showed that TDP-43 and FUS proteins may regulate common RNA targets in neurons; 25 % of genes with altered gene expression levels and 10% of genes with alternatively spliced exons were common for FUS- and TDP-43-silenced primary cortica...
	Another large group of diseases caused by miss regulation of RNA-binding proteins is cancer. Surprisingly one of the RNA-binding proteins, HuR (ELAVL1), whose role in cancer as a tumor antigen was first discovered in early 1990s, is not present in OMI...
	In spite of numerous attempts to characterize the mechanisms the underlying functionality of RBPs in health and disease, only a small proportion of them has been addressed. The diversity and variety of action of RNA-binding proteins is enormous and, i...
	1.5.3. CLIP as a method to study RNA-protein interactions
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	1.5.4. CLIP and its variants
	The CLIP technique is capable of studying RNA-protein interactions in vivo. In this method the RNA-protein interactions are being preserved in living cells by means of ultraviolet irradiation (Figure 10, step 1). UV-C (245 nm) light triggers formation...
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	1.5.6. CLIP a method to study dynamic RNA-protein interactions
	One of the biggest potential of the CLIP method not broadly and efficiently implemented so far is its applicability to study dynamic rather than steady state composition of RNA-protein complexes. Tollervey and coauthors applied iCLIP to reveal differ...
	1.5.7. Aims of the thesis
	This work aims to further improve the existing CLIP techniques for studying RNA-protein interactions. In particular it aims to improve the cDNA library synthesis protocol in order to achieve robustly reproducible results, to apply a radioactive-free l...


	Materials and Methods
	2.1. Molecular biology techniques
	2.1.1. Western Blot
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	2.1.3. Protein isolation
	Total proteins from mammalian cells were isolated using lysis buffer containing Empigen BB detergent. The amount of the lysis buffer varied depending on the cell number. To disrupt DNA an ultrasonic homogenizer (Bandelin Sonopuls) was used. Lysates we...
	2.1.4. Reverse transcription and quantitative PCR
	Reverse transcription was performed with oligo d(T) (16mer) primers, according to a standard protocol (see below). For small RNAs and other non-polyadenylated RNA classes miScript II RT kit (Qiagen) was used. The reaction was carried over according to...
	For quantitative PCR OneTaq x2 master mixture with standard buffer was used. For DNA detection a fluorescent DNA binding dye SYBR green was applied. The measurements were carried out using BioRad Real-Time detection system.
	2.1.5. 3’ end RACE
	To sequence 3’ends of polyadenylated transcripts the anchored oligo dT primers carrying adapter sequence on 5’ end were used for reverse transcription. The reverse transcription was followed by a PCR reaction where a specific forward primer and univer...
	2.1.6. Poly(A)-tail length assay (e-PAT)
	To tag the polyadenylated RNAs and measure the length of poly(A) tail an ePAT method was applied as described by Janicke and coauthors [131]. e-PAT products were sequenced by the procedure as described for 3’-end RACE (see section 2.1.5).
	2.1.7. DNA analysis and visualization
	To analyze the length of PCR products agarose or polyacrylamide gels were used. Polyacrylamide gels were applied to resolve fragments shorter than 400 base pairs.

	2.2. Mammalian Cell Culture techniques
	2.2.1. General cell culturing procedure
	Cell lines used in this work were HEK-293 (embryonic kidney) and BE(2)-C (neuroblastoma). The medium used was Dulbecco’s Modified Eagle’s Medium (high glucose) with the following components added: heat inactivated fetal bovine serum at a final concent...
	2.2.2. Plasmid and siRNA transfections
	For siRNA transfection 100,000 cells were seeded in 12 well plates 12-16 hours before transfection. Roti-Fect siRNA transfection kit (Carl Roth) was used.
	Transfection of cells with plasmid DNA was carried out by using Roti-Fect Plus (Carl Roth) plasmid transfection reagent. For plasmid DNA transfection 1 million cells were seeded in 10 cm dishes 12-16 hours before transfection. For transfection 10 µg o...

	2.3. conCLIP method
	2.3.1. Crosslinking and immunoprecipitation
	Crosslinking of cultured cells was performed on ice with two consequently applied pulses of energy of 1500 mJ/cm2 using CL-1000 ultraviolet crosslinker .
	Immunoprecipitation was carried out with help of Protein G Dynabeads (Life Technology) according to manufacturer instructions. 30 µl of beads were used per experiment; beads were coupled with 2-5 µl of primary antibody or with equivalent amount of IgG...
	Next, a second RNase digestion was performed on the beads in 250 µl mild lysis buffer and 5 µl RNaseI (Ambion). The reaction was incubated exactly 5 min and put immediately on ice. Upon second RNase digestion 2 sequential washings were carried out usi...
	2.3.2. RNA labeling
	Beads were washed once more with PNK-buffer and split into 2 tubes; 1/3 of reaction was labeled and 2/3 used for library synthesis. To label 1/3 of the reaction we used RNA-ligase (NEB) and biotinylated ADPs (Jena Bioscience) according to the followin...
	Labeling was performed overnight. Next the beads were washed with PNK-buffer once. The RNA-protein complex was eluted at 65 oC using 18 µl of elution buffer and 18 µl of 2x SDS sample buffer; incubate 5 min at 95 oC before loading onto the gel.
	The protein gel of suitable percentage was prepared and run as described in the Western blot procedure (2.1.1). Proteins were transferred onto nitrocellulose membrane. Next the RNA-protein complex was visualized.
	2.3.3. Visualization of RNA-protein complexes
	The membrane was incubated with membrane wash buffer for 10 min; followed by  membrane blocking buffer 15 min; Streptavidin-HRP Conjugation buffer 30 min; again with membrane blocking buffer 10 min; 3 times with membrane wash buffer 10 min each time a...
	2.3.4. Elution of RNA from RNP-complexes
	The RNA was next eluted from the RNA-protein complexes transferred to the nitrocellulose membrane with help of proteinase K as described before by [132]. Eluted RNA was precipitated by Ethanol:Isopropanol (1:1) overnight at -80 oC.
	2.3.5. Library preparation and deep sequencing
	Eluted RNA was first polyadenylated for 30 min at 37 oC according to the following protocol:
	Following polyadenylation the RNA was again precipitated overnight.
	Next the cDNA was synthesized following the procedure and using primers as exemplified:
	Second strand synthesis was accomplished according to the following protocol:
	After the second strand synthesis the cDNA was purified using Ambion kit purification columns following the manufacturer instructions. cDNA was eluted with 16  µl of RNase free water and next in vitro transcription was carried out overnight.
	RNA was purified using Ambion kit columns and consequently dephosphorylated by phosphatase and phosphorylated by polynucleotide kinase according to the following protocol:
	Phosphorylated RNA was purified using miRNeasy kit (Qiagen) according to the manufacturer instructions.  The sample was concentrated to 10 µl; half of the sample was used for 3’ adapter ligation.
	For the Reverse transcription reaction half of Adapter-ligated RNA reaction was used, another half stored at -80 oC.
	Next the total reaction was used for final PCR reaction according to the following protocol:
	The PCR product was purified with AMPure XP beads according to manufacturer instructions. The product was eluted in a final volume of 10 µl. Subsequently purified product was analyzed by Qubit and Bioanalyzer; concentration of above 1 ng/ µl and avera...

	2.4. Bioinformatics
	2.4.1. Bioinformatical pipeline for conCLIP analysis
	Next Generation sequencing data were analyzed with help of High Performance Computer (Mogon) at Mainz University. The analysis has been carried out on the basis of currently available NGS sequencing tools (see table) as well as with in house pipelines...


	Results
	3.1 Chapter 1
	3.1.1. Establishment of conCLIP method
	Crosslinking and Immunoprecipitation is a powerful technique to decipher RNA sequence motifs to which RBPs bind to (discussed in introduction, section 1.5.5.). Figure 12 illustrates the principle and key steps of CLIP variants. As an initial step of m...
	3.1.2 TIA-1 immunoprecipitation as a starting point of conCLIP establishment
	In the first place TIA-1, a protein whose binding profile was studied using CLIP method before, was picked in order to have a reference point for setting up the CLIP protocol in the context of the present work [125]. This protein has three RNA-recogni...
	As described in section 1.5.5, the first step of the CLIP protocol is UV crosslinking. The protocol was applied to the HEK293 cell line transiently transfected with a plasmid carrying the TIA-1 open reading frame. The cells were washed twice with cold...
	3.1.3 Establishing a non-radioactive labeling of RNA to visualize RNA-protein complexes
	The conventional CLIP method as well as all variants of it are based on radioactive visualization of the co-immunoprecipitated RNA (see section 1.5.4). To avoid radioactivity while keeping the same sensitivity, labeling of RNA was conducted using a bi...
	The purity of the IP was confirmed by silver staining (data not shown). The specificity of the IP was confirmed by spike-in experiments (Figure 13A). Before starting the work, it was known that TIA-1 binds to a very specific sequence motif, which can ...
	Table 2 - RNA oligonucleotides used for spike-in experiments.

	As shown in Figure 13A it was possible to confirm the specificity of the immunoprecipitation protocol. Binding of TIA-1 to the USE is conserved and stabilized upon UV-irradiation (compare lanes 3 and 4). At the same time this does not result in a non-...
	Figure 13 - Visualization of spiked-in biotinylated RNA oligonucleotides confirms specificity of immunoprecipitation and crosslinking (A). The spike-in molecule can be successfully eluted from the nitrocellulose membrane by a proteinase K digestion an...

	To test whether the next step of the protocol (elution and release of RNA from RNP-complex) is working, the bands representing the RNP-complex were cut from the nitrocellulose membrane. The protein was digested by proteinase K according to the protoco...
	Next the same technique was applied to visualize TIA-1 complex with endogenous RNA, partially digested with RNases (Figure 14A). The CLIP protocol is quite sensitive to the amount of RNase used for partial RNA digestion and the type of enzymes. It was...
	Figure 14 - Visualization of endogenous RNA co-purified with TIA-1 protein (A). Elution of endogenous RNA from TIA-1 - RNA complexes (B). Amount of signal and size of eluted RNA clearly correlates with the amount of RNase T1.

	3.1.4 Improving cDNA synthesis protocol
	The CLIP technique is known to be a tedious procedure due to many steps it contains (see section 1.5.4.). The main challenge of the method is the cDNA library preparation. In currently existing and published variants of the CLIP protocol the first ste...
	As a polyadenylation reaction is the basis of the conCLIP protocol library synthesis I carefully estimated whether the poly(A) polymerase may have substrate preferences. To address this question the USE element containing oligonucleotide was used. Fou...
	Figure 15 - Testing the polyadenylation efficiency of poly(A)-polymerase on four substrates varying by the terminal nucleotide. U- and C-terminated molecules are less efficiently polyadenylated in time (A) and need access of ATP to get fully polyadeny...

	Next the polyadenylated RNA was reversely transcribed using anchored oligo (dT) primers. Three different approaches were further applied to proceed with the library synthesis (Figure 16 Step3). Approach A is based on G-tailing of cDNA using terminal d...
	The best performance was observed upon using approach C for the library synthesis (details not shown). This approach does not require an additional step of cDNA size selection and therefore avoids loosing valuable material. Importantly approach C cont...
	It is important to mention that the capacities of modern platforms for NGS sequencing are quite high. For instance a NextSeq system may produce 400 million reads per flow cell (NextSeq 500). As a consequence there is a possibility to pool different sa...
	Figure 16 - Schematic representation of three approaches applied for library synthesis. Approach A is based on G-tailing of cDNA; approach B uses circular ligase to circulate the cDNA and approach C applies in vitro transcription to amplify input mate...
	3.1.5 Designing a pipeline for conCLIP tags analysis (conCLIP-pip)
	To analyze the conCLIP sequencing data, I developed a pipeline. The pipeline approach automatized the process of analysis and enabled to standardize this procedure for all samples.  The pipeline is written in shell language and integrates a number of ...
	Figure 17 - ConCLIP pipeline workflow.

	Briefly, the analysis starts with a demultiplexing algorithm, which separates the pooled samples based on experimental barcode sequence. For this a standalone script is used. After demultiplexing, the reads are trimmed in order to remove adaptor seque...
	The next step of the pipeline serves to remove the reads produced as a result of amplification bias. The reads are removed based on their exact position in the genome, strand and the unique molecular identifier (Figure 17 D). Removal of duplicates has...
	Figure 18 - Schematic overview of conCLIP pipeline

	Figure 19 - Schematic overview of duplicate removing principle and its importance for analysis. Upon alignment the genomic coordinates of each read are determined (A). As an example, the duplicated reads form a dense region in the intron (A). After th...
	Next the peaks are annotated onto genomic regions (Figure 18, step 8). The conCLIP pipeline distinguishes between non-coding and coding types of RNAs (Figure 18, step 8). Peaks are classified as being aligned to 3’ UTRs, 5’ UTRs, exons, introns or int...
	The conCLIP pipeline is designed such that the user can analyze results from experiments with different setup. For instance, the setup may include experiments with replicates and different treatments or else experiments without replicates can be analy...
	In addition to the summary files, the pipeline outputs several plots and diagrams, which make visual analysis of data easy and fast. For example, if several replicates are used in the experiment, a replicate consistency plot is produced (Figure 18 ste...
	The conCLIP pipeline designed and written in context of the current work thus provides the investigator with a tool for a comprehensive analysis of conCLIP sequencing data. It uses different existing tools for NGS data analysis and provides a fast, st...

	3.2 Chapter 2
	3.2.1 Transcriptome-wide occupancy of the core polyadenylation machinery factor CSTF2tau in BE(2)-C cells
	CSTF2tau is a RNA-binding protein directly involved in RNA processing by guiding the core cleavage and polyadenylation machinery to the particular cleavage and polyadenylation sites on mRNAs [44, 156]. CSTF2tau RNA binding capacity and specificity has...
	The conCLIP method was applied to study binding preferences of CSTF2tau protein in the BE(2)-C cell line. The immunoprecipitation and library synthesis were carried out according to the protocol established in this study. The computational analysis w...
	Figure 20 - Immunoprecipitation the CSTF2tau protein. Efficiency and specificity of immunoprecipitation of the protein were assessed by western blotting (A). Various detergents were tested to specifically immunoprecipitate CSTF2tau (A). Usage of washi...
	Endogenously CSTF2tau was specifically immunoprecipitated from BE(2)-C cells. Three different conditions were tested to improve the specificity and efficiency of immunoprecipitation. The specificity was controlled by silver staining (not shown) and We...
	CLIP type approaches are very sensitive to immunoprecipitation efficiency and purity. A co-immunoprecipitation of other interacting partners together with the protein of interest may lead to a false discovery of RNA species. Therefore it is crucial to...
	Upon immunoprecipitation the RNA-protein complexes co-pulled together with the protein were visualized. As shown in Figure 20B, CSTF2tau immunoprecipitates high quantities of RNA (Figure 20B).
	The RNA digestion conditions were specifically optimized for CSTF2tau protein with the aim to get the RNA digested as close to the binding site as possible. I observed that intensive digestion helps to improve reproducibility. Therefore, the condition...
	CLIP techniques are usually characterized by rather low reproducibility [150]. In order to evaluate the success of the experiment on the first hand, I was assessing the reproducibility of biological replicates. Figure 21 illustrates the consistency be...
	Figure 21 - Assessing consistency between two conCLIP replicates. Consistency plot shows the ratio between reads coverage on conserved CSTF2tau binding sites of 2 replicates. Pearson correlation between replicates was estimated as to be 0.9739.

	Further analysis of the CSTF2tau conCLIP using the conCLIP pipeline revealed the binding preferences of this protein. Figure 22 illustrates the genome-wide distribution of CSTF2tau sites. As shown in Figure 22, 38% of the sites are localized in i...
	Figure 22 - Distribution of CSTF2tau binding sites on genomic features. The pie diagram shows the distribution of binding sites of the CSTF2tau on the genomic features in percent. The bar diagram shows enrichment in coverage of sites over the total le...

	Further analysis of the exact location of the binding sites within the 3’ UTRs revealed that the peaks are focused and co-localized with cleavage and polyadenylation sites (Figure 23, marked in red color).
	Figure 23 – Exemplified binding of CSTF2tau protein on GDI2 and FUBP1 coding transcripts visualized by Integrative Genomics Viewer. The majority of peaks formed by CSTF2tau co-localize with transcript cleavage sites. Peaks formed by CSTF2tau are focus...

	Next, I performed the analysis, which allowed me to assess the exact position of the binding sites’ centers in comparison to cleavage sites transcriptome-wide. The analysis revealed that the binding sites centers are at most frequent within 30-80 nucl...
	Figure 24 - Relative position of centers of CSTF2tau binding sites around the cleavage sites (0 position represents the position of A(A/U)UAAA hexamer).

	In the following analysis I aimed to determine the sequence preferences of the CSTF2tau protein. In order to achieve that, a nucleotide composition of conserved sites was analyzed. Figure 25 A provides an overview on the distribution of nucleotide fre...
	Figure 25 – Sequence composition around the CSTF2tau binding sites. Distribution of nucleotide (A) and dinucleotide (B) frequencies along the binding region of CSTF2tau protein.

	The over-representation of A and T rich regions within the binding sites located near the cleavage and polyadenylation sites’ annotation can be also observed when applying de novo motif search algorithm to all determined sites. De novo motif analysis ...
	Figure 26 - Motifs, recognized by CSTF2tau protein. First most significantly enriched motifs are shown.

	To reveal the functional categories of CSTF2tau bound genes, the gene list was submitted to the DAVID functional annotation tool. The gene Ontology analysis shows that the genes bound by CSTF2tau protein are enriched in such categories as mRNA process...
	Figure 27 - Enriched Gene Ontology categories of genes bound by CSTF2tau.

	To address the question whether the binding profile of CSTF2tau protein in BE(2)-C cells predicts the cleavage site usage, the probability of a predominant binding around the major cleavage site was calculated. Based on polyA sequencing data generated...
	To conclude, CSTF2tau protein RNA-binding preferences were addressed in the context of the current study. It has been shown that the protein binds with higher preference to 3’ UTRs and with less preference to 5’ UTRs. This study confirms that there is...
	Figure 28 - Schematic overview of logic underlying the calculations of probability of cleavage site prediction. The upper part of the figure represents an arbitrary gene A with three cleavage sites (CS) detected by a poly(A)-sequencing approach [159]....

	Table 3 - Proportion of genes with tandem cleavage sites in which CSTF2tau has the maximum binding at the dominant as opposed to alternative cleavage sites.
	3.2.3 Dynamic conCLIP: studying the dynamic changes in binding of CSTF2tau protein upon knockdown of CFIIm complex component PCF11
	To ultimately address the question whether CSTF2tau binding reflects APA, the conCLIP protocol was applied upon the depletion of PCF11, a protein regulating poly(A) site usage (Danckwardt lab, unpublished data; [160]. To this end, PCF11 was depleted b...
	Figure 29 - The knockdown efficiency of PCF11 was assessed by western blotting. The knockdown efficiency of PCF11 obtained by both siRNAs 1 and 2 was down to 25% of residual protein levels. Equal loading was assessed by Ponceau Red staining.

	I next carried out dynamic conCLIP experiments aiming to assess changing in binding preferences of the CSTF2tau protein upon PCF11 knockdown. The consistency between replicates was determined by assessing Pearson’s correlation coefficient. Figure 30 i...
	Figure 30 - Heat map of correlations between conCLIP protocol replicates. Correlation was calculated by counting the reads aligned to 3’untranslated region of the gene, namely -40 +80 region around the cleavage sites.

	To analyze the quantitative changes of CSTF2tau binding downstream of polyadenylation sites, the conCLIP coverage on these regions was compared between control and knockdown samples. Based on the results of the location of CSTF2tau peaks generated in ...
	Figure 31 - Differential binding of CSTF2tau upon PCF11 depletion. EdgeR Bioconductor package reveals differentially bound sites (FDR<0.05), colored in red.

	Interestingly, a small overlap between the differentially used APA isoforms and differentially bound CSTF2tau sites was observed. However, when plotting the fold change of the most significantly changed poly(A)-seq retrieved APA sites versus the fold ...
	Figure 32 - Significant positive correlation of fold changes of APA and CSTF2tau binding sites upon PCF11 depletion. Correlation between most significant dynamically bound CSTF2tau sites and alternative polyadenylation assessed by EdgeR Bioconductor p...

	Figure 33 illustrates two example genes, in which the binding of CSTF2tau reflects APA. Both genes, LONRF2 and MXD4, undergo APA upon PCF11 knockdown (Figure 33 compare poly(A)-seq PCF11 KD versus mock control). As shown in Figure 33, the longer trans...
	Figure 33 - IGV snapshots illustrate predictive manner of CSTF2tau binding for poly(A) site choice. Increased binding of CSTF2tau protein upon PCF11 knockdown reflects alternated usage of distal cleavage site (on example of 2 genes LONRF2 and MXD4).

	In conclusion, the conCLIP method, established in the context of this thesis, reproduces previously published data [44]. The protocol is carried out in the absence of radioactivity. Furthermore, the protocol omits a size selection of cDNA, the step ne...

	3.3 Chapter 3
	3.3.1 Binding of CSTF2tau on histones and non-coding RNAs
	ConCLIP is capable of recognizing more than 16,000 binding sites of CSTF2tau protein (see Chapter 2). As described in the previous chapter, CSTF2tau recognizes 3’ UTRs of coding RNAs at the highest degree. It has been shown before that the protein is ...
	Previously it has been reported that CSTF2 (paralog of CSTF2tau) was found in a complex with U7snRNP and functions in the 3’ end processing of replication-dependent histones [53]. CSTF2tau in turn can be recruited by U7snRNP complex in mouse embryonic...
	The position of the CSTF2tau binding sites on replication-dependent histones deserves special attention. Unlike previously described binding preferences of the protein with a tendency to recognize 3’ end regions of mRNAs, binding of CSTF2tau on replic...
	Figure 34 - CSTF2tau binds replication-independent and replication-dependent histones. The binding occurs at the 3’ end of replication-independent histones (A) and at the 5’ end of CDS of replication-dependent histones (B).

	Table 4 - Binding of CSTF2tau on replication-independent histones (3’ end binding)
	Table 5 - Binding of CSTF2tau on replication-dependent histones (5’-end binding)
	Apart from previously reported interactions of CSTF2tau with transcripts of protein-coding genes, we also observed numerous binding sites on non-coding transcripts. About 10% of genes bound by the protein belong to the category “non-coding genes” (Fig...
	Hypergeometric analysis was next carried out to discover RNA types (Figure 36), which are over- and under- represented in the cohort of CSTF2tau targets. Strikingly, transcripts of protein-coding genes were under-represented in the targets list, where...
	Figure 35 - Genome-wide distribution of CSTF2tau binding sites. CSTF2tau protein binds coding (90%) and non-coding (10%) genes (A). Distribution of binding sites over the non-coding type of genes (B).
	Figure 36 - Hypergeometric test reveals significant over-representation of antisense and sense intronic non-coding and linc RNAs within the cohort of CSTF2tau bound genes. Dashed line labels probability below 5%. Red bars indicate over representation;...

	When looking at individual examples of non-coding genes bound by the protein, I observed that the CSTF2tau binds Small Cajal body-specific RNAs (SCARNAs). SCARNAs are a class of small nucleolar RNAs (snoRNAs) that are localized specifically in the Caj...
	Interestingly, among other non-coding RNA molecules U11, and U12 as well as U4, U4ATAC and U5 were found to be bound by CSTF2tau. The protein recognizes the 3’ region of these molecules, as exemplified in the Figure 37 for U11, U5, U12 and U4 snRNAs.
	Figure 37 - CSTF2tau binding sites are located at the 3’ end of snRNAs U11, U5, U12 and U4. The red color marks the high density regions of the protein binding, arrow bars point to start and stop of high density regions as well as to the probable tran...

	The strength of crosslinking and immunoprecipitation protocols lies in deep and multi-layer target identification as shown here. Yet, it does not prove the functionality of the protein for the identified targets. The first priority would be therefore ...
	3.3.2 Functional analysis of the effect of CSTF2tau depletion on gene regulation
	To further address the functional importance of CSTF2tau protein for gene expression, we performed RNA-sequencing experiment in the presence and absence of the protein. BE(2)-C cells were transiently transfected with a pool of 4 siRNAs targeting CSTF2...
	Figure 38 - CSTF2tau knockdown efficiency assessed by western blot. Three different antibodies were used to visualize isoform-specific knockdowns.

	On average 80 million reads per sample were retrieved by RNA sequencing of the respective sample. The relative similarity between replicates was assessed by multidimensional scaling (MDS) plot (Figure 39). The MDS plot shows that the biological replic...
	Figure 39 - MDS plot represents relative similarities between control and CSTF2tau knockdown samples. Distances between samples correspond to the biological coefficient of variation between each pair of samples.

	Indeed, further analysis of differentially expressed genes revealed over 2000 genes to be differentially regulated. Figure 40 shows a volcano plot (A) and a MA plot (B), in which differentially regulated genes are depicted as red dots.
	Figure 40 - Genes differentially expressed upon CSTF2tau depletion. The volcano plot represents differentially expressed genes log2 fold change is plotted vs. –log10 FDR (A). The MA-plot represents differentially expressed genes, average log 2 counts ...

	Interestingly, there was no obvious general directionality of change in a steady state RNA level; RNAs were both decreased and increased in abundance (p-val 0.05). Only 215 genes were highly regulated (>1.5 fold). Interestingly the steady-state mRNA e...
	Table 6 - Statistics of differential expression analysis upon CSTF2tau knockdown in BE(2)-C cells
	Next, the list of genes, whose expression was changed by at least 25% upon CSTF2tau depletion, was analyzed using Protein ANalysis THrough Evolutionary Relationships (PANTHER) classification system, which allows to classify genes and reveal relationsh...
	Table 7 - PANTHER pathway analysis
	The hypergeometric analysis revealed that only a minority of protein-coding genes were highly regulated upon CSTF2tau depletion. In contrast, the non-coding RNAs, especially sn- and snoRNAs were highly regulated (Figure 41).
	Figure 41 - Hypergeometric test reveals significant over-representation of snRNA and snoRNAs within the cohort of genes differentially expressed upon CSTF2tau depletion. Dashed line labels probability below 5%. Red bars indicate over representation; b...

	Strikingly, the genes belonging to sn- and snoRNA type were exclusively up-regulated even when a less stringent threshold of regulation was applied (Table 8). If the regulation were unbiased, the expected number of downregulated sn/snoRNA genes should...
	Table 8 - Analysis of directionality of regulation of sn/snoRNA genes in comparison with other gene types.
	In order to identify transcripts, which are directly bound by CSTF2tau and regulated, I related the target list of binding with the list of differentially expressed genes. Strikingly, the protein-coding genes are under-represented in the overlapping c...
	Figure 42 - Hypergeometric test reveals significant over-representation of snRNA and under-representation of protein-coding transcripts within the cohort of genes differentially expressed and bound by CSTF2tau protein. Dashed line labels the probabili...

	3.3.3 Human snRNAs are polyadenylated
	CSTF2tau is a protein known to play an important role in mRNA 3’ end cleavage and polyadenylation [41]. Based on this functionality we wondered whether the binding of CSTF2tau to the snRNA observed here might explain the RNA abundance change via diffe...
	To answer the question whether the human U-type snRNAs are polyadenylated an ePAT assay was carried out. The ePAT method is designed to measure the length of poly(A) tail and was successfully applied on polyadenylated mRNA molecules [131]. In the cont...
	Figure 43 - Human snRNAs contain polyadenylated fraction. U4atac, U11, U4-2 and U5A-1 cDNA sequence retrieved from ENSEMBL database is aligned to sequences generated by ePAT approach. Poly(A) tails of different length were observed (in analogy also ob...

	As detected by ePAT and sequencing, the U5, U11, U1, U4 and U2 polyadenylated molecules are shorter than the annotated cDNA and thus these molecules might be trimmed before being polyadenylated. The binding of the protein thus occurs downstream of the...
	Figure 44 – Illustration of the binding of CSTF2tau occuring at the 3’ end of the snRNAs or further downstream (A). Binding of CSTF2tau occurs downstream of the internal cleavage site of U5 snRNA (B).

	As described above, the RNA-abundance of snRNAs such as U4 and U5 changed more than 1.5 fold upon CSTF2tau depletion. Of note, this gene expression measurement is based on random priming and thus both polyadenylated as well as non-polyadenylated RNA f...
	Figure 45 - Abundance change of polyadenylated fraction of snRNAs U4, U11, U1 and U5 observed upon CSTF2tau depletion (*pval<0.05).

	3.3.4. The depletion of CSTF2tau protein effects the stability of snRNAs
	To address whether the depletion of CSTF2tau effects the expression of snRNAs or their stability, actinomycin D (ActD) - RNA decay experiments were performed. Actinomycin D blocks activity of RNAPII, which transcribes majority of snRNAs. The cells wer...
	Figure 46 - Elevated levels of snRNAs are observed due to increased stability of the molecules upon CSTF2tau knockdown (* pval<0.05). The stability of  proto-oncogene c-Jun is not changed.

	To conclude, the analysis of gene expression upon CSTF2tau knockdown revealed a high proportion of significantly regulated genes, at the same time only 215 genes were regulated more than by 1.5 fold (Table 6). Interestingly, the protein-coding genes a...
	On the other hand, non-coding RNAs, in particular snoRNAs and snRNAs, are over-represented within the group of highly regulated genes (Figure 42). Further analysis revealed that the snRNAs bound by the protein are also regulated upon depletion. This f...
	Interestingly, the sn- and snoRNAs are exclusively upregulated upon CSTF2tau depletion. As CSTF2tau is involved in 3’end processing of coding RNAs, I propose that the mechanism, by which the amount of snRNAs is regulated, might be due to alternative p...
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	Discussion
	The aim of my thesis was to improve currently available methods to study RNA-protein interactions via crosslinking and immunoprecipitation (CLIP). The current work describes a modified CLIP approach, named as “conCLIP”. This approach addresses and ove...
	Table 9 - Comparison of current CLIP variants with the conCLIP method
	In my thesis, I prove that conCLIP is a reliable and quantitative approach (Figure 21, 23, 30, 34). At first, I applied the established conCLIP method on CSTF2tau protein. The method successfully recapitulates previously described binding preferences ...
	The future potential of CLIP type techniques is the application for studies of dynamic RNA-RBP interactions.  In this context, I tested if dynamic CSTF2tau conCLIP is predictive for differential poly(A) site choice, observed by polyA-sequencing upon k...
	In the final part of this thesis complex and multi-layer data generated by conCLIP were used to study yet poorly described binding partners of CSTF2tau. In the context of this work, the binding of CSTF2tau on histones is being described (Figure 34). A...
	CLIP techniques are capable to identify thousands of binding sites, yet binding does not necessarily reflect function. To reveal which binding events reflect functionality, I compared the conCLIP data with total RNA-seq data after depletion of CSTF2ta...
	In line with previous reports revealing small effects on APA after CSTF2tau depletion [44, 157], the proportion of protein-coding genes recognized by the protein and exhibiting different steady-state RNA levels is low. In contrast, the non-coding tran...
	As mentioned above, CSTF2tau contributes to 3’ end processing of pre-mRNAs. Its function on small non-coding RNAs has not been reported before. As revealed by conCLIP, the binding of CSTF2tau on snRNAs occurs at the 3’ end of cDNAs or further downstre...
	The intriguing property of a poly(A) tail to determine mRNA longevity on the one hand and a rapid decay on the other, has been emphasized in the introduction (section 1.4). RNAs can be “stably” polyadenylated, and thus stabilized. Oppositely, oligoade...
	Of particular interest is the position of oligo(A) tails attached to the snRNAs. The oligoadenylated snRNAs, in particular U1, U2, U4 and U5 are truncated and polyadenylated “internally”. Previously, the truncated U1 snRNA (U1-tfs) molecules have been...
	As described above, the binding of the CSTF2tau protein occurs at the 3’ end of the snRNAs or further downstream. When taking into consideration the truncation of oligoadenylated snRNAs, it becomes apparent that the protein binds downstream of the end...
	Figure 47 - Proposed model of regulation of oligoadenylation of snRNAs upon CSTF2tau depletion and resulting stability of snRNAs.

	My thesis addresses two topics. On one hand it provides the scientific community with a robust, reliable and straight-forward method to explore RNA-protein interactions. This method can be applied to study RNA-protein interactions in different physiol...
	Another implication of my work is to exploit the conCLIP method to study steady-state and dynamic interactions of other RNA-binding proteins. Recently, a huge number of RNA-binding proteins, which possess enzymatic activities (so called moonlighting p...
	There has been numerous reports published, aiming to explain the selection of cleavage and polyadenylation site usage in different cell types and upon various conditions in health and disease [159]. Yet many aspects of regulation remain uncovered, as ...
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