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“In all things of nature there is something of the marvellous”

Aristotle (384-322 BC)



ABSTRACT

Abstract

Small non-coding RNAs (sRNAs) are important regulators of gene expression and
play fundamental roles in many different organisms. During the last decade, next
generation sequencing (NGS) has become a powerful tool for sSRNA profiling and
several classes of novel regulatory sSRNAs with potential biological functions have
been discovered. Among them, sSRNAs derived from longer non-coding Y RNAs were
identified.

Y RNAs are non-coding RNAs (~ 100 nt) that are evolutionarily conserved in
vertebrates. Human Y RNAs bind to the autoimmune proteins Ro60 and La forming
ribonucleoprotein complexes. Y RNAs are involved in the initiation of chromosomal
DNA replication, regulation of RNA stability and cellular stress response. During
apoptosis, Y RNAs produce smaller RNA fragments from the 3’ and 5’ ends. However,
the biogenesis, processing and the biochemical functions of Y RNA derived sRNAs

remain elusive.

In previous work a high throughput mutagenesis analysis on the 3’ end of hY5 RNA
was performed. In this work, | confirmed that Y RNA cleavage on the 3’ end of hY5
RNA correlated with the secondary structure of the mutated hY5 RNA. Furthermore,
| clearly showed that the nucleotide sequence in the loop was not important and a

bulge of one nucleotide was sufficient for Y RNA cleavage to occur.

In this thesis | designed and performed a high throughput mutagenesis approach on
the 5" end of hY5 RNA. This revealed a nucleotide motif UUAU located in an internal
loop at the position 22-25 which contributed to Y RNA cleavage at both the 3’ and 5’
end of hY5 RNA.

In order to identify ribonucleases involved in Y RNA cleavage, | confirmed that Ro60
was essential for YSRNA production in mouse embryonic stem cells. Interestingly, |
could show that RNase L contributed to Y RNA cleavage in mouse embryonic

fibroblast cells and human lung cancer cells.
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StRNA
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RNA-induced silencing complex
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ribonucleic acid

RNA interference

ribonuclease

ribonucleoprotein
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Replication protein C
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RNA recognition motif

Reverse transcriptase PCR

R060/Y_ RNA/PNPase Exoribonuclease RNP

second

stem bulge RNA

Sodium dodecyl sulfate
small interfering RNA
Systemic lupus erythematosus
small nucleolar RNA

small nuclear RNA
Synthesis phase of cell cycle
small RNA

single-stranded

Sjogren's syndrome
Saline-Sodium citrate

small temporal RNA

Staurosporine

18



LIST OF ABBREVIATIONS

SVRNA
T

T
TBE

TEMED
tRF
TLR
tRNA

UTR
uv
U RNA

VRNA
VWFA
W

WT

X
X-gal
X. laevis
Y

YB-1

Y RNA
Y RNP
YsSRNA

ZBP1

small vault-derived RNA

thymine
Tris-borate-EDTA

Tetramethylethylenediamine
transfer RNA regulatory fragment
Toll like receptor

transfer RNA

uridine
Untranslated region
Ultraviolet light

small non-coding nuclear RNA
voltage

vault RNA
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wild type

5-Bromo-4-chloro-3-indolyl -D-galactopyranoside
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Y box-binding protein 1
cytoplasmic RNA (Y1, Y3, Y4, Y5)
Y RNA ribonucleoprotein

Y RNA derived small RNA

Zipcode-binding protein 1
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Chapter 1 Introduction

1.1 The central dogma of molecular biology

The central dogma is a fundamental concept of molecular biology that was initially
proposed by Francis Crick in 1958. It describes the flow of genetic information from
DNA via RNA to proteins (Crick, 1958). In 1970 the central dogma had to be redefined
due to the discovery of retroviruses that contain RNA genomes and generate DNA by
reverse transcription. The restated dogma emphasized that genetic information

cannot be transferred from proteins to other proteins or nucleic acids (Crick, 1970).

Intriguingly, the human genome project revealed that the majority of the human
genome is comprised of non-coding DNA regions and only 1.5% of the human
genome encode for proteins. It was shown that around 98% of the human
transcriptome consists of non-protein coding RNA. Initially it was thought that these
non-coding regions are “junk DNA” and not functional (Mattick, 2001; Venter et al.,
2001; International Human Genome Sequencing Consortium, 2004; Birney et al.,
2007).

However, with advances of sequencing technologies in the last decade it became
apparent that intronic and other non-protein coding RNAs fulfil vital functions (Mattick,
2004). Consequently, the central dogma has been challenged because these
regulatory non-coding RNAs represent an additional layer of gene regulation (Mattick,
2003). Non coding RNAs play key roles in RNA metabolism and are involved in almost
all cellular processes including development, differentiation, stress response,

epigenetics, maintaining genome stability and diseases (Morris and Mattick, 2014).

1.2 The non-coding RNA world

1.2.1 Ribosomal RNAs and transfer RNAs

Ribosomal RNAs (rRNAs) and transfer RNAs (tRNAs) were initially discovered in the
1950s and have been intensively studied due to their high abundance in cells. The
majority of total RNA in cells is comprised of rRNAs (80-90%) and tRNAs (10-12%)
whereas messenger RNAs (mMRNAs) only make up a small proportion (3-7%) and all
other non-coding RNAs together constitute less than 2% of the total cellular RNA

mass (Palazzo and Lee, 2015).
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Ribosomal RNAs were discovered by electron microscopy as part of the ribosome
which is essential for protein synthesis (Palade, 1955). In 1958 transfer RNAs were
described as adaptor molecules and mediators between mRNA and amino acid
sequence of proteins during translation (Crick, 1958; Hoagland et al., 1958).

1.2.2 Small nuclear RNAs

Apart from rRNAs and tRNAs that are infrastructural components of protein synthesis
small nuclear RNAs (snRNAs) were among the first discovered non-coding RNAs.
Small nuclear RNAs were identified as components of ribonucleoprotein particles in
patients with the autoimmune disorder systemic lupus erythematosus (Lerner and
Steitz, 1979). These ncRNAs included U1, U2, U4, U5 and U6 snRNAs and have
been shown to be part of the spliceosome machinery and mRNA splicing (Kruger et
al., 1982; Kramer, 1996).

1.2.3 Small nucleolar RNAs

Small nucleolar RNAs (snoRNAs) are another important class of non-coding RNAs
that were described in the 1990s (Maxwell and Fournier, 1995; Balakin et al., 1996;
Weinstein and Steitz, 1999). SnoRNAs are ~ 70-250 nt in length, are highly abundant
in the nucleolus and Cajal bodies of eukaryotic cells and have been shown to guide
chemical modifications and processing of several RNA species including rRNAs,
snRNAs and tRNAs. SnoRNAs can be classified based on their structural features
and chemical RNA modification they mediate into C/D box snoRNAs and H/ACA box
snoRNAs. C/D box snoRNAs are responsible for the 2° O-methylation of rRNAS,
snRNAs and tRNAs whereas H/ACA box snoRNAs direct pseudoruridylation of RNAs
(Kiss, 2001, 2002). SnoRNAs have also been shown to be involved in alternative
splicing (Kishore and Stamm, 2006; Falaleeva et al., 2016), chromatin remodelling
(Leung et al., 2009; Schubert et al., 2012) and diseases such as cancer (Mannoor et
al., 2012).
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1.2.4 Vault RNAs

Vault RNAs (vtRNAs) are part of a 13 MDa vault ribonucleoprotein complex and range
in sizes between 80-150 nts (Kedersha and Rome, 1986; Stadler et al., 2009). In
humans there are four paralogues described (VtRNA1-1, 1-2, 1-3 and 2-1). Vault
ribonucleoprotein complexes RNAs are transcribed by RNA polymerase lll, are highly
conserved among most eukaryotes and are characterized by a hollow barrel-shaped
structure. The function of vault RNAs is still not very clear but evidence suggested
that they play a role in chemotherapy resistance of cancer cells (Kickhoefer et al.,
1998; Steiner et al., 2006), nuclear transport (Vollmar et al., 2009), immunity (Berger
et al., 2008; Nandy et al., 2009), signalling, (Kim et al., 2006; Steiner et al., 2006;
Berger et al., 2008), DNA damage repair (Shimamoto et al., 2006) and apoptosis
(Amort et al., 2015). Recently, vault RNAs have been reported to regulate autophagy
(Horos et al., 2017).

In the last decades many other novel classes of non-coding RNAs have been
identified due to the further advances and improvement of next generation
sequencing technologies. Non coding RNAs represent key molecules that define and
contribute to the eukaryotic complexity (Mattick, 2001). The discovery of hon-coding
RNAs has revolutionized the RNA world and adds an additional layer of regulation
and complexity (Mattick, 2003; Hall and Dalmay, 2013).
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1.3 Small non coding RNAs

Historically, the term small RNA was used to describe all RNA molecules between
100-200 nt in prokaryotes (Wassarman et al., 1999; Storz, 2002).

However, due to the discovery of RNA interference (RNAi) and small non-coding
RNAs in plants and animals in the 1990s and 2000s all RNA molecules less than 200
nucleotides (nt) were named small non-coding RNAs. More recently the term small
RNA (sRNA) was used for the really small RNA molecules, i.e. 20-30 nt (Rother and
Meister, 2011).

In contrast, long non-coding RNAs are usually longer than 1 kilobase (1 kb) up to
several thousands of nt (Storz, 2002; Rother and Meister, 2011).

1.3.1 Discovery of small non-coding RNAs

The first small non-coding RNAs lin-4 and let-7 (~22 nt) were discovered in the
nematode Caenorhabditis elegans (C. elegans) through genetic mutant screening
(Lee et al.,, 1993; Reinhart et al., 2000). These RNAs were expressed in a
developmental stage-specific manner and were termed as short temporal RNAs
(stRNASs). They were shown to control the timing of transition during the development
of C. elegans by binding to complementary sequences in the 3’ untranslated regions
(3-UTR) of development-specific mRNAs resulting in the inhibition of gene

expression (Pasquinelli et al., 2000).

In 1998, Fire and Mello found in C. elegans that long double stranded (ds) RNA results
in the sequence-specific mMRNA degradation and inhibition of gene expression
through a phenomenon called RNA interference (RNAI) (Fire et al., 1998). Later RNAI
turned out to be the same process as what was called post-transcriptional gene

silencing in plants (Jorgensen, 1990; Napoli et al., 1990).

One year later Hamilton and Baulcombe discovered an abundant class of small
dsRNAs (21-24 nt) that were correlated with post-transcriptional gene silencing
(Hamilton and Baulcombe, 1999). Further biochemical studies on Drosophila cell
extracts demonstrated that long dsRNA molecules were processed into small
interfering RNAs (siRNAs) by endonucleolytic cleavage through the RNase Il
enzyme Dicer in both animals and plants (Hammond et al., 2000; Zamore et al., 2000;

Bernstein et al., 2001; Elbashir et al., 2001). Interestingly, stRNAs had the same size
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as siRNAs and the let-7 gene was shown to be conserved across the animal kingdom.
Therefore, it was hypothesized that Dicer might produce stRNAs which would mean
that they are not unique to C. elegans and that there could be more stRNAs in different
species. These hypotheses were tested by looking for 20-24 nt small RNAs in several
species including C.elegans, Drosophila and the human HelLa cell line.

In 2001, three laboratories identified over one hundred new sRNAs (~21-25 nt) in
Drosophila embryos, C. elegans and human HelLa cells by cloning size-fractionated
sRNAs and sequencing the cDNA libraries. Some of these newly identified SRNAs
were similar in size to the previously discovered stRNAs lin-4 and let-7. These RNAs
were encoded by the genome, were expressed in specific tissue- and/or at
developmental stages and were conserved among species. Interestingly, a few of
these identified SRNAs were constitutively expressed independent of developmental
stage or tissue. Therefore, this novel class of small non-coding RNAs was termed
microRNAs (miRNAS) instead of stRNAs (Lau et al., 2001).

1.3.2 MiRNAs

The intensive cloning of small RNAs (sRNAs), the improved sequencing of cDNA
libraries and bioinformatics analysis revealed hundreds of miRNA genes in animals,
plants, and viruses (Bartel, 2004; Pfeffer et al., 2004). Data from the miRNA database
(miRBase 21) revealed that there are 2588 predicted miRNAs in human (Griffiths-
Jones, 2006; Ha and Kim, 2014).

MiRNAs constitute one of the most abundant and best studied classes of small non-
coding RNAs in human. Intriguingly, around 30% of mammalian protein-coding genes
are regulated by miRNAs (Filipowicz et al., 2008). MiRNAs are around 19-23 nt in
length and regulate gene expression by binding to partially complementary (animals)
or near perfectly complementary sequences (plants) of target mRNAs which results
in translational repression and degradation of mMRNAs (Huntzinger and Izaurralde,
2011).

The majority of miRNA genes are transcribed by RNA polymerase |l from intergenic
regions or from introns of protein coding genes. Primary miRNA transcripts (pri-
mMiRNAS) are cleaved in the nucleus by the microprocessor complex which includes
the RNase Il enzyme Drosha, the dsRNA-binding domain protein DiGeorge

syndrome critical region 8 (DGCR8) and further auxiliary proteins resulting in the
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generation of precursor miRNAs (pre-miRNAs) (Denli et al., 2004; Han et al., 2004).
These pre-miRNAs are transported from the nucleus via the nuclear core complex
into the cytoplasm by Exportin-5 via a Ran-GTP dependent mechanism (Bohnsack et
al., 2004). In the cytoplasm the RNase Il enzyme Dicer cleaves the pre-miRNAs into
short ~ 22 nt miRNA duplex intermediates with 5’ phosphates and 2 nt 3’ overhangs
(Hutvagner et al., 2001; Ketting et al., 2001). The miRNA duplex structures are
comprised of a guide strand and passenger strand (MIRNA/MiRNA*) (Kim et al.,
2009).

During assembly of the RNA induced silencing complex (RISC) the miRNA duplex
structure gets unwound and only one strand is incorporated into the RISC complex,
whereas the other strand is usually removed and degraded. However, there are
reports that the miRNA*sequences can be loaded into RISC and act as functional
mMiRNAs (Okamura et al., 2008; Ghildiyal et al., 2010).

The determination which strand gets incorporated and retained in the RISC complex
correlates with its thermodynamic stability and is mainly based on the asymmetry rule.
The strand with the lower thermodynamic stability at the 5’ end will be incorporated
into the RISC complex and guides the complex to the mRNA target (Khvorova et al.,
2003; Schwarz et al., 2003; Okamura et al., 2008).

In the RISC complex the mature miRNA binds to a member of the Argonaute protein
family.

Argonaute proteins are characterized by four domains, N-, PIWI Argonaute Zwille
(PAZ), middle (MID) - and PIWI domains. The N-domain is involved in loading of the
sRNAs into the RISC complex and functions in the unwinding of the miRNA duplex
during the RISC assembly process (Kwak and Tomari, 2012). The PAZ domain
interacts with the 3’ end of sRNAs and the MID domain recognizes the 5 end of
sRNAs (Hutvagner and Simard, 2008). The PIWI domain has structural similarities to
RNase H, which cleaves RNA in DNA-RNA hybrids and was shown to have
endonuclease activity (Rivas et al., 2005).

In human only Ago2, but not Agol, Ago3 and Ago4 have been shown to have
endonucleolytic activity (Meister, 2013). After loading into the RISC complex,
posttranscriptional gene silencing is mediated through binding of miRNAs to partially
complementary target sites within the 3’ untranslated region (3’ UTR) of their target
MRNAs resulting in translational repression and/or mRNA destabilization of mMRNAs
(Filipowicz et al., 2008; Bartel, 2009).

During the last decade several novel classes of SRNAs apart from miRNAs have been

discovered due to advancing next generation sequencing technologies. Interestingly,
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many small RNA fragments derived from longer non-coding RNAs have been
identified and it was shown that some of these sRNAs are functional and not
degradation products (Wittmann and Jack, 2010; Rother and Meister, 2011). In recent
years it has been shown that small RNA fragments can be generated from several
classes of non-coding RNAs, including snoRNAs, snRNAs, rRNAs, tRNAs, vault
RNAs or Y RNAs (Li et al., 2012; Chen and Heard, 2013).

In the next section | will briefly give an overview to the most intensively studied SRNA

fragments that are generated from non-coding RNAs.

1.4 Small RNAs derived from longer transcripts

1.4.1 SnoRNA derived small RNAs

Small RNAs derived from snoRNAs (sdRNAs) have been initially discovered by next
generation sequencing of immunoprecipitated RNAs associated with Agol and Ago2
using HEK293 cells. Among the sequencing reads, the sURNA ACA45 was identified.
Interestingly, this SRNA was dependent on Dicer, but independent of Drosha/DGCR8.
Luciferase experiments revealed that this sSARNA mediated post transcriptional gene
silencing and was acting such as miRNAs (Ender et al., 2008). In animals, sdURNAs
derived from H/ACA box snoRNAs are mainly 20-24 nt and are generated from the 3’
end. C/D box sdRNAs are 17-19 nt or longer than 27 nt and are mainly derived from
the 5’ end of snoRNAs (Taft et al., 2009; Brameier et al., 2011). In the last decade
several sdRNAs with miRNA-like functions have been identified. They have been
shown to be involved in alternative splicing (Kishore and Stamm, 2006; Kishore et al.,
2010) and have been associated with cancer (Martens-Uzunova et al., 2011,
Patterson et al., 2017; Chow and Chen, 2018).

1.4.2 Transfer RNA derived small RNAs

Transfer RNAs (tRNAs) are transcribed by RNA polymerase Il and are characterized
by a clover leaf tertiary structure, five structural features (acceptor stem, D-loop, TWC
loop, anticodon loop, variable loop) and 5’ leader and 3’ trailer sequences (Kumar et
al., 2016; Shen et al., 2018). During tRNA maturation the 5’ leader sequences of the
pre-tRNA is removed by the endoribonuclease RNase P (Frank and Pace, 1998)
whereas the 3’ trailer sequence is cleaved by RNase Z (ELAC?2) (Schiffer et al., 2002).
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This is followed by the addition of the nucleotides CCA to the processed 3’ end via
the tRNA nucleotidyl transferase and nuclear export to the cytoplasm (Maraia and
Lamichhane, 2011).

Advances in next generation sequencing technologies and bioinformatics analysis
revealed that tRNAs are cleaved into smaller RNA fragments (Lee et al., 2009). These
tRNA derived sRNA fragments can be classified depending on their origin and
biogenesis into stress-induced tRNA fragments termed tiRNA or tRNA halves and
regulatory tRNA fragments (tRFs).

The tRNA halves are fragmented upon various stress conditions, such as oxidative
stress, nutrient starvation, hypothermia, UV irradiation (Fu et al., 2009; Yamasaki et
al., 2009) but are also present under normal conditions in low abundance (Thompson
et al., 2008). These tRNA fragments have been initially identified in Escherichia coli
(E. coli) during bacteriophage infection. Later these fragments were found in
Tetrahymena thermophila during nutrient starvation (Lee and Collins, 2005). From
then on, tRNA halves were discovered in more species of bacteria (Haiser et al.,
2008), fungi (Jochl et al., 2008) and eukaryotes (Thompson et al., 2008). The tRNA
halves are 31-40 nt in length and are generated primarily by specific cleavage in the
anticodon loop of the mature tRNA by the ribonuclease angiogenin in humans
(Thompson et al., 2008; Yamasaki et al., 2009) and Rnylp in yeast (Thompson and
Parker, 2009). Depending on the position of the cleavage site at the anticodon loop
tRNA halves can be classified into 3' and 5’ end derived tRNA halves (Thompson et
al., 2008; Kumar et al., 2016). It was shown that tRNA halves are involved in the
inhibition of translation independent of the phosphorylation of the translation initiation
factor elF2a by displacing elF4G/elF4A from mRNA (lvanov et al., 2011) and
formation of stress granules (Emara et al., 2010). Interestingly, only the 5’ end derived
tRNA halves and not the 3’ end derived tRNA halves were able to repress protein

translation (Yamasaki et al., 2009; Emara et al., 2010).

Apart from stress-induced tRNA halves, next generation sequencing of prostate
cancer cell lines revealed that there are three classes of regulatory tRFs, tRF-1, tRF-
3, tRF5 that are between 17-26 nt in length (Lee et al., 2009). In addition to these
three described classes of tRFs internal tRFs (itRFs) have been recently described.
It was shown that itRFs are generated by a combination of cleavages in the anticodon
loop and either D arm or TWYC arm of the tRNA (Keam and Hutvagner, 2015; Telonis
et al., 2015).
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The tRF-1 fragments are generated by removal of the 3’ trailer of a pre-tRNA by
cleavage mediated by the ribonuclease RNaseZ/ELAC2 (Lee et al., 2009). The tRNA
fragment tRF-1001 was the most abundant tRF in the prostate cancer lines. In
knockdown experiments it was observed that tFR-1001 was essential for cell
proliferation and was required in the transition between G2 and M phase during cell
cycle (Lee et al., 2009).

It is reported that Dicer and other ribonucleases such as angiogenin are involved in
the specific cleavage and generation of tRF-3 and tRF-5 fragments. The tRF-3
fragments are either ~18 nt or ~22 nt in length and are produced by cleavages in the
TWC loop. The tRF-5 fragments vary in length between 14-30 nt and are cleaved at
the D-loop or the stem region between the D-loop and anticodon loop (Kumar et al.,
2014). Several studies showed that the processing of tRFs can be Dicer dependent
(Cole et al., 2009; Lee et al., 2009; Haussecker et al., 2010; Pederson, 2010) or can
occur Drosha and Dicer independent (Li et al., 2012; Kumar et al., 2014). However,
the ribonucleases and mechanisms involved in the generation of tRFs still remain

elusive (Kumar et al., 2014).

Next generation sequencing experiments of SRNAs immunoprecipitated with Agol,
Ago2, Ago3 and Ago4 in human cells revealed that tRF-3 fragments preferentially
associate with Agol, Ago3 or Ago4, instead of Ago2 (Haussecker et al., 2010; Kumar
et al.,, 2014). It was observed that some tRFs are involved in RNA silencing
mechanisms and act in a similar way to miRNAs and repress translation (Haussecker
et al., 2010). However, only tRF-5 fragments have been shown to be involved in gene

silencing mechanisms and translational repression (Sobala and Hutvagner, 2013).

Depending on their association with different Ago proteins tRFs function in several
biological processes such as cell growth, cell proliferation, apoptosis, DNA damage
response, assembly of stress granules, genome stability, epigenetic inheritance and

various diseases such as cancer (Shen et al., 2018; Zhu et al., 2018).

Recently it was shown that the endoribonuclease RNase L is responsible for tRNA
cleavage in response to viral infection in human A549 lung cancer cells. Donovan et
al. demonstrated that dsRNA induced tRNA cleavage by RNase L resulted in

translation arrest and inhibition of protein synthesis (Donovan et al., 2017).
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1.4.3 Vault RNA derived small RNAs

Bioinformatics analysis of next generation sequencing experiments led to the
discovery of vault RNA derived sSRNAs (svRNASs). Vault RNAs have a characteristic
stem loop structure and produce fragments from the 3’ end and 5’ end of the terminal
stem. Persson et al. demonstrated that human svRNAs are processed in a different
way than canonical miRNAs. The generation of svRNAs was reported to be
independent of Drosha, but Dicer dependent. Interestingly, one svRNA was reported
to be loaded into Ago2 and act like a miRNA by regulating the gene expression of
CYP3A4 which is involved in drug resistance (Persson et al., 2009).

With the recent advances in next generation sequencing technologies vault RNA
derived sRNAs have been found highly enriched in extracellular vesicles derived from

immune cells (Nolte-'t Hoen et al., 2012).

Recently, it was shown that RNA modifications play an important role in the
processing of vault RNAs into smaller RNA fragments. It was reported that the RNA
methyltransferase NSun2 is responsible for the cytosine-5 methylation (m°>C) of vault
RNAs which affects the generation of svRNAs. In this study it was demonstrated that
sVRNA4 associates with Ago2 and Ago3 and acts in a miRNA like manner (Hussain
et al., 2013). In humans the loss of NSun2 is correlated with neurodevelopmental
diseases (Abbasi-Moheb et al., 2012; Martinez et al., 2012). Interestingly, in NSun2
deficient cells in which the processing into svRNAs is affected an increase of mMRNAs
related to neurodevelopmental disorders was observed. This suggested that the
altered processing of vault RNAs into svRNAs in NSun2 deficient cells may contribute

to developmental disorders (Hussain et al., 2013).
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1.5 Y RNAs

1.5.1 Y RNAs in general

Another class of non-coding RNAs that generate SRNA fragments are Y RNAs which
are subject of this thesis. Y RNAs were initially discovered in 1981 as components of
the Ro60 and La ribonucleoprotein complexes (RoRNP) in sera of patients with the
autoimmune disorders systemic lupus erythematosus (SLE) and Sjégren’s syndrome
(Lerner et al., 1981a; Wolin and Steitz, 1984). Y RNAs were shown to associate with
the 60 kDa protein Ro60 and the 47 kDa protein La. Both Ro60 and La auto-antigens
have a RNA binding motif that consists of 80 amino acids. Ro60 is conserved among
vertebrates and orthologues have also been described in prokaryotes. Ro60 is mainly

involved in RNA quality control, RNA stability and cellular stress response.

The La auto-antigen was identified in a subset of RORNPs (Hendrick et al., 1981).
The La protein associates with RNA polymerase lll transcripts and is involved in the
accurate and efficient termination of RNA polymerase Ill transcription. The La protein

binds to the 3’ polyuridine tail of newly synthesized transcripts in the nucleus.

Y RNAs were discovered by Lerner and colleagues who identified small cytoplasmic
RNAs by immunoprecipitation of total cell extracts from mouse Ehrlich ascites and
serum from SLE patients containing antibodies against Ro and La proteins. The prefix
“Y” was attributed to this class of non-coding RNAs and these RNAs were termed Y
RNAs because of their cytoplasmic localization in contrast to ShRNAs (URNAS) which
were found in nuclear extracts of Ehrlich ascites cells. Hendrick et al. confirmed by
immunofluorescence experiments that Y RNAs are cytoplasmic (Hendrick et al.,
1981).

Y RNAs are transcribed by RNA polymerase Il from single copy genes and range in
length between 84-112 nt (Hendrick et al., 1981; Wolin and Steitz, 1983; Maraia et
al., 1994a). Human Y RNAs were found highly abundant in heart and brain tissues

and low abundant in liver tissues (Wolin and Steitz, 1984).
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1.5.2 Evolution of Y RNAs

Y RNAs have been identified so far in vertebrates, insects, nematodes and their
orthologues have been described in prokaryotes, but not in yeast or higher plants. In
several green algae such as Chlamydomonas reinhardtii, Volvox carteri and
Tetrabena socialis as well as at least one fungus Allomyces macrogynus Ro60
orthologues have been identified (Wolin, 2019).

Y RNAs are highly evolutionarily conserved among vertebrates and the number of
distinct Y RNAs varies between one and four Y RNAs. Y3 seems to be the most
conserved Y RNA among all Y RNAs (Farris et al., 1996). It was proposed that all Y
RNA genes are derived from a common single ancestral Y RNA gene (Wolin and
Steitz, 1983). It was suggested that gene duplication events resulted in the
development of Y1/Y3 and Y4/Y5 paralogues (Mosig et al., 2007).

In humans there are four Y RNAs, named hY1, hY3, hY4 and hY5 RNA, while hY2 is
a truncated version of hY1 (Wolin and Steitz, 1983). In contrast to humans, rodents
only possess Y1 and Y3 homologues (mY1 and mY3), while they have a redundant

“fossil” YSRNA gene which is not expressed anymore (Pruijn et al., 1993).

Moreover, bioinformatics analysis revealed that humans and chimpanzees contain
more than 1000 Y RNA pseudogenes, whereas mice only have a few pseudogenes
(Perreault et al., 2005; Perreault et al., 2007). Sequence analysis of the flanking
regions suggested that the human Y RNA pseudogenes were generated by the
integration of mutated Y RNAs through L1 retro transposition. Interestingly, hY1 and
hY3 gave rise to the majority of hY RNA pseudogenes whereas hY5 RNA resulted

only in a few pseudogenes (Perreault et al., 2005).

Sequence homology analysis of Y RNAs and Y RNA pseudogenes across various
different metazoans suggested that the different Y RNA species evolved from a
common single ancient ancestor Y RNA gene through tandem gene duplication
events. This original ancient Y RNA gene might have diverged into two putative Y
RNAs in nematodes and Y1 and Y3 in the ancestor of fish. The Y4 and Y5 RNA gene
might have evolved later in evolution and were first present in amphibians. Thus, there
exist four major clades of Y RNAs Y1, Y3, Y4 and Y5 in vertebrates, including the
teleost Y1/Y3 RNAs and amphibian Y5 RNAs (Mosig et al., 2007; Perreault et al.,
2007; Duarte Junior et al., 2019).
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In humans, all Y RNA genes are located and clustered together within 45 kb at a
single locus on chromosome 7936 and all Y RNA genes are transcribed by RNA
polymerase Il from distinct promoters.

Y3, Y4 and Y5 RNA are transcribed from the plus strand whereas Y1 is transcribed
from the minus strand (Maraia et al., 1994b; Maraia et al., 1996, Hendrick et al., 1981;
Wolin and Steitz, 1983).

The four Y RNA genes are highly conserved among vertebrates and the number of Y
RNA genes varies among species (Pruijn et al., 1993). Frogs have four Y RNA genes
xY3, xY4, xY5 and Ya (O'Brien et al., 1993). Interestingly the Y1 gene might have
gone lost during evolution and through gene duplication of the Y5 gene the paralogue

Ya gene was gained (Perreault et al., 2007).

In C. elegans one ceY RNA was identified (Van Horn et al., 1995). However, it was
shown that this ceY RNA is not essential as nematodes are viable when the ceY RNA
gene was deleted (Boria et al., 2010). In addition, the ceY RNA is not involved in the
initiation of DNA replication and has no structure and/or sequence similarity to
vertebrate Y RNA (Boria et al., 2010; Gardiner et al., 2009). Thus, ceY RNAs might

be involved in other cellular processes in nematodes.

Interestingly, a class of small non-coding stem bulge RNAs (sbRNAs) has been
discovered in nematodes (Deng et al., 2006; Aftab et al., 2008; Boria et al., 2010).

During recent years sbRNA homologues have been identified in the insect Anopheles
gambiae (Perreault et al., 2007), the silkworm Bombyx mori (Duarte Junior et al.,
2015) or Branchiostoma floridae (Mosig et al., 2007).

Interestingly, these sbRNAs were identified as homologues of vertebrate Y RNAs and
are conserved in both their sequence and secondary structure. Phylogenetic analysis
showed that nematode sbRNAs are not related to Y1, Y3 or Y4, but are more closely
related to Y5. Intriguingly, the sbRNAs identified in Bombyx mori contained a highly
evolutionarily conserved sequence motif (GTGGCTTATC) with hY5 RNA and
Chinese hamster chY5 RNA. This suggested that these sbRNAs may function as Y
RNAs but further investigations are needed in the functions of sbRNAs in Bombyx
mori (Duarte Junior et al., 2015; 2019).

Y RNAs and sbRNAs are expressed in vertebrates and nematodes around ten times
less than ribosomal 5S RNAs (Christov et al., 2006). It was shown that most sbRNAs

were differentially expressed during early embryonic development. Interestingly, in
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adult worms, dauer larvae and nematodes under heat stress most of the sbRNAs
were upregulated (Deng et al., 2006, Boria et al., 2010).

Recently Kowalski et al. reported that sbRNAs are essential for cell proliferation and
early embryonic development of C. elegans. Knockout of sbRNAs by antisense
morpholino oligonucleotides resulted in defects during the initiation of DNA replication
and increased lethality of C. elegans embryos (Kowalski et al., 2015).

Both nematode sbRNAs and Y RNAs have a characteristic stem-loop structure with
a bulged double-stranded stem domain and a pyrimidine-rich single-stranded loop
domain. The single-bulged cytosine separates the lower stem from the upper stem
domain. The upper stem domain is characterized by a highly conserved A/GUG-CAC-
U nucleotide sequence motif which was shown to be essential for the initiation of
chromosomal DNA replication (Boria et al., 2010; Christov et al., 2006; Gardiner et
al., 2009; Kowalski et al., 2015; Wang et al., 2014). Interestingly, both sbRNAs and Y
RNA have a central loop domain that allows flexibility. Remarkably, this central loop
also includes a highly conserved sequence motif of UUAUC at the 5’ end of the loop
domain downstream of the GUG-motif. By substitution mutations of this penta-
nucleotide motif UUAUC it was shown that the upper stem domain and the UUAUC
motif downstream of the GUG sequence motif of sbRNAs are important for the
initiation of DNA replication (Boria et al., 2010; Wang et al., 2014; Kowalski et al.,
2015).

Recently, two functional sbRNAs named Dml and Dm2 were identified and
characterized in Drosophila melanogaster for the first time. Phylogenetic analysis
showed that these sbRNAs are evolutionarily closer related to nematode sbRNAs
than to vertebrate Y RNAs. Interestingly, Dm1 and Dm2 sbRNAs have similar
secondary structure features to nematode sbRNAs and both contain a GUG-CAC
motif and a UUUAC penta-nucleotide motif which is similar to the UUAUC motif in
vertebrate Y RNA sequences. Intriguingly, it was shown that Dm1 and Dm1 sbRNA,
but not Dm2 sbRNA was able to initiate DNA replication in a human cell-free system
when vertebrate Y RNA were depleted. Thus, it was suggested that Dm1 sbRNA has
similar functions than vertebrate Y RNAs and can be considered as a functional

homologue of vertebrate Y RNAs (Duarte Junior et al., 2019).

Y RNA have also been discovered in various prokaryotes such as Deinococcus
radiodurans (D. radiodurans) (Chen et al., 2000), Salmonella enterica serovar
typhimurium (S. typhimurium) (Armour et al., 2009) or Mycobacterium smegmatis
(Chen et al., 2014).
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1.5.3 Secondary structure of Y RNAs

All human Y RNAs show evolutionary conservation in their sequence and secondary
structures and fold into characteristic stem-loop structures (Wolin and Steitz, 1983).
The secondary structures of human Y RNAs were initially predicted based on
sequence alignment and computational minimum-free energy (Kato et al., 1982;
Wolin and Steitz, 1983, 1984).

However, these minimum-free energy based calculated predictions were limited and
some important structural features were further determined using both enzymatic
cleavage and nucleotide chemical modification experiments (Wolin & Steitz, 1984;
van Gelder et al., 1994).

Van Gelder et al. investigated the structural features of hY1 and hY5 biochemically in
more detail by further enzymatic cleavage and chemical probing of hY3 and hY4 RNA.
The human Y RNAs were digested with several RNases under native and denaturing
conditions in order to determine stacked, double-stranded or single-stranded RNA
regions. The RNase V1 cleaves double stranded RNAs (dsN), RNase A cleaves
single-stranded RNA regions after C and U (ssC and ssU), RNase T1 cleaves single-
stranded RNAs after G (ssG) and RNase T2 single-stranded RNAs (ssN) (van Gelder
et al., 1994).

In the chemical probing experiments the nucleotides were chemically modified by
dimethylsulfide (DMS), 1-cyclohexyl-(2-morpholinoethyl) carbodiimide metho-p-
toluene sulfonate (CMCT) and kethoxal treatment. DMS mainly reacts with the N1
atom of adenosines (N1-A), while CMCT modifies N3-U and kethoxal is reactive with
N1-G and N2-G. Primer extension analysis was performed to identify the chemically
modified nucleotides and get the exact positions of all Watson-Crick bases (van
Gelder et al., 1994).

The structure probing experiments of hY1l and hY5 revealed that the secondary
structures of hY1l and hY5 were in general similar to the minimum-free energy
calculated secondary structure predictions of hY1l and hY5 RNA (van Gelder et al.,
1994). However, the pyrimidine rich region of hY1 RNA was not found single stranded
as previously anticipated from earlier computational based sequence alignment
(Figure 1.1). The hY1 RNA was resistant to structure probing chemicals and enzymes
under native conditions but not under semi-denaturing conditions. The authors
suggested that tertiary interactions or base stacking were involved which might be

important for RNA binding protein recognition (van Gelder et al., 1994).
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Intriguingly, under native conditions the hY5 RNA formed a large internal loop which
was contradictory to the minimum-free energy based calculated secondary structure
(shown in Figure 1.1 A). In this computational prediction using Mfold (Figure 1.1 A)
it was suggested that base pairing between U23-G46 (Figure 1.1, shown in red) as
well as between A24-U45 (Figure 1.1, shown in green) occurred. This base pairing
resulted in the formation of a smaller internal loop and a mismatch between U25-U44
(Pruijn et al.,, 1991) whereas in the enzymatic and chemical structure probing
experiments there was no base pairing between U23 and G46 (Figure 1.1 B, shown
in red) and A24 and U45 (Figure 1.1 B, shown in green) and an internal loop was
formed (van Gelder et al., 1994).
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Figure 1.1. Secondary structure predictions of hY5 RNA using Mfold and chemical
structure probing experiments.

A, Predicted secondary structure of hY5 RNA using Mfold after Pruijn et al., 1991.
The predicted structure using Mfold suggested that base pairing between U23 and G46
(shown in red) and A24 and U45 (shown in green) occurred, which resulted in a smaller
internal loop and a mismatch between U25 and U44. The shaded region shows the highly
conserved Ro60 binding site whereas the dotted region indicates the La binding site. The

figure was taken from Pruijn et al., 1991 and modified.

B, Enzymatic and chemical structure probing of hY5 RNA after van Gelder et al., 1994.
In contrast to the computationally predicted secondary structure of hY5 using Mfold (A) the
enzymatic and chemical structure probing experiments indicated that under native conditions
the internal loop 2 is completely accessible and no base pairing between U23 and G46 (shown

in red) and A24 and U45 (shown in green) was observed.

Bold and light circles around the individual nucleotides mean strong and moderate reactivity
to DMS under native conditions. Squares around the nucleotides indicate the nucleotides that
were unreactive under native conditions, but showed reactivity towards CMCT under semi-
denaturing conditions. Asterisks mark the positions where the reverse transcription was
stopped. The enzymatic cleavage sites of single strand-specific RNases (T1, A, T2) under
native conditions are marked by small solid circles and are bold for strong reactivity and open
circles for moderate reactivity. The cleavages by RNase VI are indicated by triangles and a
bold triangle symbol means strong reactivity whereas open triangle suggests moderate

reactivity. The figure was taken from van Gelder et al., 1994 and modified.
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In a later study performed by Teunissen et al. the secondary structures of Y3 and Y4
RNA from human, frog and iguana were investigated in vitro using enzymatic and
chemical probing experiments and compared with phylogenetic data. The obtained
structure probing data for Y3 and Y4 RNA were partly different compared to the
computationally predicted secondary structures but all Y RNAs showed highly
conserved structural elements in human, frog and iguana Y RNAs (Teunissen et al.,
2000).

Previous phylogenetic analysis using a novel secondary structure prediction
algorithm also revealed that the secondary structure of Y1, Y3 and Y4 RNA was highly
conserved in rabbit, duck, trout, guinea pig and cow suggesting that the secondary
structure of Y RNAs is conserved among vertebrates (Farris et al., 1999).

All' Y RNAs are characterized by at least two conserved stem structures. The stem
formed by extensive base pairing between the 3’ and 5’ region of the Y RNAs is the
most conserved. This region contains a single bulged cytosine within a conserved
helix and an internal loop which separates the lower stem from the upper stem
(Figure 1.2, A).

Y RNAs are characterized by an internal single-stranded pyrimidine-rich loop domain
which is least conserved and varies in nucleotide sequence and size between 13-36
nt. From the structure probing experiments it was suggested that the central part of Y
RNAs is rather dynamic and accessible to interaction partners such as other nucleic
acids or proteins. This would suggest that this region might be important for the
functionality of Y RNAs (van Gelder et al., 1994; Teunissen et al., 2000). In overall,
eukaryotic and prokaryotic Y RNAs are modular and the binding site of Ro60
orthologues in the lower stem region is highly conserved among vertebrates,

nematodes and prokaryotes (Figure 1.2, B).
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Figure 1.2. Secondary structures and modular compaosition of eukaryotic and

prokaryotic Y RNAs.

A, Secondary structures of human Y RNAs. Human Y RNAs are evolutionarily conserved
in their sequence and secondary structure. The region highlighted in red shows the conserved
stem domain where Ro60 binds. The blue highlighted upper stem was shown to be involved

in DNA replication.

B, Modular structure of Y RNAs. The region shown in red is the highly conserved binding
site of Ro60 orthologues of vertebrate, nematode and prokaryotic RNAs that is composed of
a lower stem that is formed by extensive base pairing of the 3’ and 5’ end. The upper stem is
highlighted in blue and plays an essential role in DNA replication. The internal single-stranded
pyrimidine-rich loop domain is least conserved. In prokaryotes the exoribonuclease
polynucleotide phosphorylase PNPase shown in grey interacts with the Ro60 orthologue Rsr
forming the RNA degradation complex RYPER (Ro60/Y RNA/PNPase exoribonuclease RNP).

The figure was taken from Kowalski and Krude 2015.
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Ribonuclease protection experiments revealed that Ro60 binds to the lower stem
region of the conserved stem that contains a bulged helix. Deletion experiments
showed that a single cytidine bulge is essential for Ro60 binding (Wolin and Steitz,
1984; Pruijn et al., 1991; Green et al., 1998) (Figure 1.2, highlighted in red).

Green et al. demonstrated by mutagenesis and chemical structure probing
experiments that Ro60 recognizes specific base pairs within the bulged conserved
helix and binds to the major groove of Y RNAs. It was observed that a single bulged
nucleotide and a bulge of 3 nt on the opposite strand of the helix are required for
Ro60 binding. In addition, it was shown that the base pairing between C9 and G90 is
critical for Ro60 binding and the bulge at C8 is required for Ro60 recognition (Green
et al., 1998).

In previous structure probing experiments of naked hY1 and hY5 RNAs performed by
van Gelder et al. it was reported that in the majority of Y RNA molecules the cytosine

at position 9 was bulged out.

However, in a few molecules base-pairing between C9-G102 occurred and C8 was
bulged out which suggested that two conformations of Y RNAs bound to Ro60 exist
(Figure 1.1 B) (van Gelder et al., 1994).

Interestingly, Green et al. performed structural analysis of naked and protein-bound
RNA and found that Ro60 binding resulted in a structural change of Y RNAs. From
these results it was suggested that in the naked Y RNA the cytidine at position 9 is
unpaired whereas in the Ro60 bound form the cytidine at position 8 is bulged out and
a base pair between C9 and G90 in the xY3 RNA is formed (Green et al., 1998).

Furthermore, Y RNAs seem not have posttranscriptional modifications (Kato et al.,
1982) and are characterized by an oligo-uridine stretch at the 3’ terminus which is the
binding site for the La protein. Atthe 5’ end Y RNAs have a tri-phosphorylated guanine
residue (pppG), whereas hY5 shows a tri-phosphorylated adenine residue (pppA)
(Hendrick et al., 1981; Kowalski and Krude, 2015).
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1.6 Y RNAs in RoRNPs

1.6.1 Ro60 protein

During investigations of the autoimmune disorders SLE and Sjégren’s syndrome it
was shown that the 60 kDa protein Ro60 (SSA) and the 47 kDa protein La (SSB) are
the major autoantigens that associate with Y RNAs forming RoRNPs. It was found
that in patients with SLE, anti-Ro antibodies are linked to photosensitivity and
neonatal lupus in which mothers give birth to children suffering from cardiac
conduction defects or complete heart block. Xue et al. showed that mice lacking Ro60
developed a lupus-like syndrome which proposed that Ro60 might play a role in the

prevention of autoimmunity (Xue et al., 2003).

Ro60 is evolutionarily conserved among vertebrates and has been characterized in
mammalian cells (Deutscher et al., 1988). Its orthologues have been described in
Xenopus laevis (O'Brien et al., 1993) and nematodes (Van Horn et al., 1995; Labbé
etal., 1999) and prokaryotes such D. radiodurans and Salmonella (Wolin et al., 2013).
Although RoRNPs have been detected in sera of SLE patients over 30 years ago, the

precise functional role of RORNPs and Y RNASs has yet to be elucidated.

The crystal structure of full-length Xenopus laevis Ro60 that was resolved with and
without ligands revealed that Ro60 has a doughnut-shaped structure. Ro60 has two
domains. One domain of the Ro60 protein shows a similar structure to the van
Willebrand factor A (VWFA) domain whereas the second domain is composed of
several a-helical HEAT repeats that form the toroid structure and a central cavity
which is positively charged. It was shown that the single stranded 3’ ends of misfolded
RNAs bind via this central cavity and not dsRNAs. Interestingly, Y RNAs bind to the
outer ring domain along with misfolded RNAs. Y RNAs might sterically prevent
binding of misfolded RNAs on the outer surface of Ro60 via competition for the same
binding site. Hence, it was suggested that Y RNAs regulate the access of misfolded
RNAs and other RNA molecules to the Ro60 protein (Stein et al., 2005; Fuchs et al.,
2006). Further, a metal ion dependent adhesion site (MIDAS) motif was identified in
the VWFA domain. This motif was proposed to be responsible for the conformational
change of Ro60 during opening and closing of the toroid structure. Therefore, this
motif might also be involved in the recruitment of other protein interaction partners or
ribonucleases and regulate the accessibly of misfolded RNAs to Ro60 (Stein et al.,
2005).
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1.6.2 Role of RoORNPs in RNA quality control

Several studies revealed that Ro60 is involved in quality control pathways of
misfolded RNAs. Immunoprecipitation experiments of X. laevis oocyte nuclei showed
that Ro60 associates with defective 5S rRNA precursors (O'Brien and Wolin, 1994).
These variants of 5S rRNA contain an extra 8-10 nt at the 3’ end which are generated
by a failure of RNA polymerase Il transcription termination. The misfolded 5S rRNA
precursors cannot be efficiently processed to mature 5S rRNAs. The variant 5S rRNA
molecules fold into alternative secondary structures, which are recognized by Ro60
resulting in the degradation of defective 5S rRNA precursors (O'Brien and Wolin,
1994; Shi et al., 1996).

In mouse embryonic stem cells it was observed that Ro60 also binds misfolded U2
small nuclear RNAs (snRNAs) that have important functional roles in pre-mRNA
splicing. When wild type and variant U2 small nuclear RNAs were injected into X.
laevis oocytes at the same time, Ro60 associated with the misfolded U2 snRNA in
the nucleus (Chen et al., 2003).

The binding of Ro60 to misfolded 5S rRNA precursors in X. laevis oocyte nuclei and
variant U2 snRNAs in mouse embryonic stem cells in X. laevis oocytes suggests that
Ro60 plays an important role in quality control pathways of small non-coding RNAs.

One Y RNA homologue, called ceY RNA was identified in C. elegans which
associates with ROP-1. Intriguingly, ceY RNAs were drastically downregulated in rop-
1 mutants which indicates that ceY RNAs are stabilized by binding to the Ro protein
(Labbé et al., 1999). Also, in mouse cells it was shown that the number of Y RNAs
was decreased in cells lacking Ro60 which strengthens the possibility that binding to
Ro stabilizes Y RNAs (Chen et al., 2000).

Interestingly, Hogg and Collins suggested that Y RNAs recruit defective and
misfolded RNAs to Ro60. They showed that human Y5 RNAs interact with variant 5S
rRNAs via the ribosomal protein L5. It was observed that Y5 RNA has a preference
for binding to 5S rRNA variants compared to the correctly processed 5S rRNA
transcripts. Consequently, the Y5 RNA might assist Ro60 to differentiate between
correctly folded and misfolded 5S rRNAs, suggesting that it facilitates the access of

RNA variants to the outer surface of Ro60 (Hogg and Collins, 2007).
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1.6.3 Role of RORNPSs in stress response

Ro60 is also involved in the survival of cells upon various types of environmental
stress, such as UV irradiation in bacteria and animal cells (Sim and Wolin, 2011; Chen
et al., 2014). An orthologue of Ro60, called Rsr (Ro-sixty related) and a single Y RNA
have been identified in the radiation-resistant bacteria D. radiodurans. When the D.
radiodurans strains were subjected to UV irradiation both the Ro60 homologue Rsr
and the associated Y RNA were upregulated in the cells. Bacterial strains lacking Rsr
(Arsr) were shown to be more sensitive following UV irradiation, compared to the wild
type D. radiodurans strains (Chen et al., 2000). Both Rsr and Y RNA were
accumulated upon different environmental stress conditions such as ionizing
radiation, heat stress or during the stationary phase of D. radiodurans growth. In
addition, mouse cells lacking the Ro protein were more sensitive to UV irradiation
compared to normal cells and both Ro60 and mY3 were found accumulated in the
nucleus (Chen et al., 2003).

A further important finding in D. radiodurans revealed that during stress Y RNAs and
Ro are involved in maturation and decay pathways of structured RNAs including
exoribonucleases (Wurtmann and Wolin, 2010). It was shown that Y RNAs tether the
Ro60 ortholog Rsr to the 3’ to 5’ exoribonuclease polynucleotide phosphorylase
PNPase forming the RNA degradation machinery RYPER (Ro60/Y_RNA/PNPase
Exoribonuclease RNP). The ring shaped Rsr interacts with single-stranded structured
non-coding RNAs via its central cavity where PNPase degrades structured RNAs. Rsr
interacts with the exoribonucleases RNase Il and RNase PH during heat stress in
23S rRNA maturation. Biochemical experiments showed that Y RNA binding to Rsr
inhibits rRNA maturation. Ribosomal RNAs are only processed when Y RNAs are not
bound to Rsr. Y RNAs tether the Ro60 ortholog Rsr to other proteins in order to form
either the degradation complex RYPER in rRNA decay pathways or to interact with
other exoribonucleases in rRNA maturation during stress (Chen et al., 2007; Chen et
al., 2013; Wolin et al., 2013; Chen et al., 2014).

In conclusion, RORNPs are involved in quality control pathways and RNA stability. As
part of RORNPs Y RNAs play an important role in the regulation of the access of other
RNAs to the central cavity of Ro and can be seen as “gate keepers” (Chen et al.,
2013). Both Ro60 and Y RNAs are important for cell survival under stress conditions
(Chen et al., 2000). However, the function of Ro60 and Y RNAs correlated with the

pathogenesis of autoimmune disorders is still not clear.
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1.6.4 Subcellular localisation of RORNPs

Intriguingly, the Ro60 protein has been localized in both the cytoplasm and nucleus.
In contrast, Y RNAs are primarily localized in the cytoplasm of mammalian cells and
X. laevis oocytes (O'Brien et al., 1993; Peek et al., 1993). Simons et al. suggested
after microinjection of X. laevis oocytes and immunoprecipitation experiments that
Ro60 and La protein are transported into the nucleus after translation and associate
with Y RNAs in the nucleus where the RORNP assembly occurs (Simons et al., 1994).
The RoRNP complex is then exported to the cytoplasm. For the nuclear export of Y
RNAs into the cytoplasm the Ro60 binding site needs to be intact (Simons et al.,
1996). Further it was shown that when Ro60 protein was mutated, Ro60 was primarily
localized in the nucleus and not associated with Y RNAs (Sim et al., 2009). In this
study it was found that Ro60 has a nuclear accumulation signal that is masked by the
binding of Y RNAs to Ro60. During stress Ro60 accumulates in the nucleus and the
nuclear accumulation signal becomes accessible. This suggested that Y RNAs play
an important role in the regulation of the subcellular distribution of Ro60 under normal
and stress conditions (Sim et al., 2009; Sim and Wolin, 2011).

A later study showed that out of all human Y RNAs, only the hY5 RoRNP was retained
in the nucleus which suggested that it has an additional function that other human Y
RNAs lack (Gendron et al., 2001).

Due to the different techniques that were applied the subcellular localisation of Y
RNAs still remains controversial. In situ hybridization and electron microscopy of
cultured human cells suggested that Y RNAs are present in both the nucleus and
cytoplasm (Farris et al., 1997). In proliferating cells it was observed that hY1, hY3 and

hY5 are localized in the perinucleolar compartment (Matera et al., 1995).

In a recent study it was reported that during DNA replication all Y RNAs interact
dynamically with chromatin and replication proteins in G1 phase nuclei. This was
shown in vitro using fluorescently labelled Y RNAs in a human cell-free system.
Interestingly, hY1, hY3 and hY4 were associated with early replicating euchromatin,

whereas hY5 RNA was primarily found in nucleoli (Zhang et al., 2011).
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1.7 Y RNA binding proteins

Using biochemical approaches several stable or transient Y RNA associated proteins
have been identified. Interestingly, most of the described Y RNA binding proteins

have been shown to be involved in alternative splicing and translation.

1.7.1 La protein

Apart from Ro60 the La protein (SSB) is a major autoantigen which was found in sera
of patients with SLE and Sjogren’s syndrome in complexes with Y RNAs and a subset
of RORNPs (Alspaugh and Tan, 1975; Hendrick et al., 1981). The La protein is a
phosphoprotein that is highly abundant and primarily found in the nucleus under
normal conditions, but is also present in the cytoplasm (Pruijn et al., 1991; Slobbe et
al., 1992). Compared to Ro60 the La protein is almost 50 times more abundant (Peek
et al., 1993). The human La protein is 47 kDa in size, comprised of 408 amino acids

and highly evolutionarily conserved (Wolin and Cedervall, 2002).

The La protein binds all RNA polymerase Il transcripts such as pre-tRNAs, pre-
5SRNAs, U6 snRNAs, 7SL RNAs, Alu elements, Y RNAs (Hendrick et al., 1981).
Some viral encoded RNAs including the Epstein-Barr virus encoded RNAs EBER 1
or EBER 2 or the adenovirus- RNAs VAI and VAIl were also shown in association
with La protein (Lerner et al., 1981b; Rosa et al., 1981; Rinke and Steitz, 1982; Wolin
and Cedervall, 2002). The La protein is involved in the accurate termination of RNA
polymerase lll transcription. It was shown that La binds to the 3’ polyuridine tail in the
nucleus and stabilizes newly synthesized RNA polymerase lll transcripts (Stefano,
1984; Gottlieb and Steitz, 1989; Maraia et al., 1994a).

Interestingly, it was shown that La is important for the nuclear retention of Y RNAs in
order to protect them from degradation by exonucleases (Simons et al., 1996). La
binds to the 3’ polyuridine tail and increases Y RNA stability (Gottlieb and Steitz,
1989). Notably, after transcription termination Y RNAs stay associated with the La
protein whereas other RNA polymerase Il transcripts dissociate from it (Boire and
Craft, 1989; Peek et al., 1993) suggesting that the La protein might be important for

Y RNA function or recruitment of other proteins.

It was observed that during apoptosis the La protein is rapidly dephosphorylated and
25% of La proteins are cleaved at the C-terminus in a caspase dependent manner.
The La protein is a phosphoprotein and synthesis of new RNA polymerase Il

transcripts is regulated by a phosphorylation and dephosphorylation cycle.
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The induction of apoptosis results in a dysregulation of this phosphorylation cycle.
This suggests that dephosphorylation of La might be important in the initiation of cell
death mechanisms (Rutjes et al., 1999Db).

Interestingly, the La protein is involved in the inhibition of interferon induced antiviral
response. through the protein kinase PKR that gets activated by double stranded
RNA. The La protein is involved in the unwinding of dsRNA which prevents the
activation of the protein kinase PKR through dsRNA. (Xiao et al., 1994). Therefore,
it was proposed that the dephosphorylation and cleavage of the La protein during
apoptosis might be a key step to activate PKR and interferon induced antiviral
response mechanisms (Rutjes et al., 1999b).

1.7.2 Nucleolin

Nucleolin is a phosphoprotein localized in the nucleolus and plays key roles in
chromatin structure, rRNA biogenesis and maturation, ribosome assembly and
nucleocytoplasmic transport. Nucleolin was shown to be associated with cell
proliferation and cell growth (Ginisty et al., 1999; Srivastava and Pollard, 1999;
Fouraux et al., 2002).

In order to identify novel RoORNP associated proteins Ro060 and La
immunoprecipitation experiments and mass spectrometry were performed. In this in
vitro experiment Nucleolin was identified as a new RoRNP associated protein.
Surprisingly, nucleolin was only in complex with hY1 and hY3, but not with hY4 and
hY5.

Deletion mutants on hY1 RNA revealed that a pyrimidine-rich internal loop structural
feature and not the nucleotide sequence is required for efficient nucleolin association.
The hY3 RNA has a similar pyrimidine-rich internal loop to hY1 RNA. However, hY4

and hY5 lack this structural feature and therefore cannot bind nucleolin.

It was hypothesized that nucleolin is involved in the shuffling of hY1 and hY3 from the
nucleus to the cytoplasm since nucleolin was reported to be involved in

nucleocytoplasmic transport (Fouraux et al., 2002).

Controversially, Langley et al. observed using a human cell-free system and
immunoprecipitation experiments that nucleolin binds all four human Y RNAs but
preferentially associates with hY1. This result might be due to the fact that different
experimental set ups (Northern blotting versus quantitative reverse transcription-

PCR) and antibodies were used for this study.
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Further, it was shown that Ro60, La and nucleolin are not involved in the initiation of
DNA replication. Intriguingly, using real-time PCR it was observed in the same study
that 50% of all Y RNAs were not associated with Ro60, La or nucleolin (Langley et
al., 2010). Langley et al. suggested that naked Y RNAs that are not bound to proteins
are involved in DNA replication in vitro, whereas the protein bound Y RNAs fulfil
different functions including RNA quality control, RNA stability or stress response
(O'Brien and Wolin, 1994; Chen et al., 2003; Sim et al., 2009).

Interestingly, by Garcia et al. it was reported that the Moloney murine leukemia virus
(MLV) selectively incorporates host mY1 and mY3 RNAs without the requirement of
Ro60 and La binding. This study further confirmed that Y RNAs can be functional
independent of Ro60 or La (Garcia et al., 2009; Langley et al., 2010).

1.7.3 Ro052

Ro052 has been identified in sera of patients with SLE and Sjogren's syndrome. This
protein was previously reported to interact with Y RNAs and to be part of RORNPs
with Ro60 and La (Ben-Chetrit et al., 1988). By immunofluorescence microscopy it
was shown that Ro52 and Ro60 co-localize in both the cytoplasm and nucleus
(Slobbe et al., 1991). Immunoprecipitation experiments using HelLa cell extract and
monospecific antisera against Ro60, La and Ro52 indicated that Ro52 can only
interact with hY1 RNA in the presence of Ro60 (Slobbe et al., 1992).

In later experiments using glycerol density gradient fractionation and co-
immunoprecipitation experiments with Ro60 revealed that Ro52 was not part of
RoRNPs and did not co-localize with Ro60 in vivo (Kelekar et al., 1994; Boire et al.,
1995). Intriguingly, it was shown that Ro52 does not have any RNA recognhition motif
which suggested that Ro52 is not a RNA binding protein (Kelekar et al., 1994). This
was further confirmed by Frank et al. who reported that Ro52 contained zinc finger
and leucine zipper motifs in the predicted amino acid sequence. It was proposed that
it was a DNA binding protein that belongs to the TRIM (tripartite motif) protein family
(Frank et al., 1995; Ottosson et al., 2006). Ro52 was identified as an E3 ubiquitin
ligase that plays important roles in cell proliferation, cell death and autoimmunity
(Espinosa et al., 2006).
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1.7.4 Heterogeneous nuclear ribonucleoproteins

In order to identify novel Y RNA-associated proteins, in vitro biochemical purification
of RORNPs and reconstitution experiments of biotinylated Y RNAs using HeLa S100
cell extracts were performed. In these experiments several Y RNA binding proteins
ranging in size between 15-80 kDa were identified. Interestingly, all of these proteins
preferentially interacted with Y1 and Y3 RNA (Fabini et al., 2000). Later the
heterogeneous nuclear ribonucleoproteins hnRNP |, also named polypyrimidine tract
protein (PTB) and hnRNP K were identified by mass spectrometry and the interaction
with human Y RNAs was validated in vitro using deletion mutants of hY1. It was clearly
seen that hnRNP I/PTB and hnRNP K preferentially associate with hY1 and hY3, but
not hY4 or hY5 via the pyrimidine rich central loop like nucleolin. Using a yeast three
hybrid screen the interaction of hnRNP I/PTB and hnRNP K with hY1 and hY3 was

confirmed in vivo (Fabini et al., 2001).

The proteins hnRNP | also named polypyrimidine tract binding protein (PTBP1) and
hnRNP K are implicated in nucleocytoplasmic transport and have key roles in RNA
processing, export, RNA stability and translation. Interestingly, La was found to be
required between the interaction of hnRNP I/PTB and hnRNP K and Y RNAs.
Therefore, it was hypothesized that La might be molecular chaperone for Y RNAs in
order to allow the association with hnRNP I/PTB and hnRNP K and regulation of
translation (Fabini et al., 2001; Belisova et al., 2005).

1.7.5 Zipcode-binding protein

Previous studies indicated that the zipcode-binding protein ZBP1 (also called
IGF2BP1 and IMP1) was associated with nucleolin, Ro60 and PTB which were
described as Y RNA binding proteins above (Fabini et al., 2001; Kéhn et al., 2010).

Using near infrared labelled Y RNAs and electromobility shift assay ZBP1 was
identified as an RNA binding protein of Y3. ZBP1 forms a trimeric complex with Y3
and La. This ternary complex formation was specific to Y3 since the complex

dissociated in the presence of Y5 (Kdhn et al., 2010).

Later ZBP1 was found co-purified with mouse Ro60 by tandem affinity purification.
Interestingly, it was shown that ZBP1 interacts with mY1 and mY3 like nucleolin,
hnRNP I/PTB or hnRNP K via the Y RNA loop domains (Sim et al., 2012; Kéhn et al.,
2013).
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ZBP1 was reported to be involved in the subcellular localization of Ro60 and mY3
RNA. Under stress conditions such as UV irradiation it was observed that ZBP1 is
bound to the mY3/Ro60 complex and accumulates in the nucleus whereas under
normal conditions Ro60 and mY3 were primarily found in the cytoplasm. Also, after
depletion of ZBP1 the mY3/Ro60 complex showed high accumulation in the nucleus
suggesting that ZBP1 might be important for the nuclear export of RORNPs (Sim et
al., 2012). Interestingly, in the same study it was reported that apart from ZBP1, the
Y-box protein YB-1 and a RNA dependent helicase MOV10 which play key roles in
cellular stress response (Lu et al., 2005) associate with Ro60 and associated RNAs
(Sim et al., 2012).

1.7.6 APOBEC3G

The apolipoprotein B mRNA-editing enzyme catalytic polypeptide-like 3G
(APOBEC3G) belongs to the family of cytidine deaminases and catalyses the

deamination of cytidine to uridine. APOBEC3G is also involved in antiviral response.

Intriguingly, APOBEC3G was reported to be part of the RORNPs and associated with
all four human Y RNAs (Chiu et al., 2006; Gallois-Montbrun et al., 2008). However,
the function of APOBEC3G in RoORNPs remains obscure and it was hypothesized that
APOBEC3G might function in the RNA editing of Y RNAs and regulate their function
(Chiu et al., 2006; Kohn et al., 2013).

1.7.7 RoRNP binding protein 1

The Ro RNP binding protein (RoBPI) is also known as poly U binding splicing factor
(PUF60). RoBPI was reported to be a DNA and RNA binding protein that plays key
roles in transcription and splicing (Page-McCaw et al., 1999) and can be linked with

autoimmune diseases (Fiorentino et al., 2016) and cancer (Kobayashi et al., 2016).

RoBPI was identified by a modified yeast-three hybrid assay called RNA interaction
trap assay (RITA) which allows the reconstitution of tripartite RNPs. Interestingly, it
was observed that RoBPI primarily interacted with hY5 RNA in the nucleus, but was
also reported to bind hY1 and hY3 RNA (Hogg and Collins, 2007).
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Using the yeast-three hybrid assay it was found that in human cells RoBPI only
associated with recombinant Ro60 and specifically hY5 RNA together but not to Ro60
or hY5 RNA alone (Bouffard et al., 2000).

Previous studies already indicated that hY5 RNA appeared to have different
biochemical properties or localization compared to the other human Y RNAs. In
human and mouse cells the hY5 RNA is mostly localized in the nucleus while hY1,
hY3 or hY4 RNAs are cytoplasmic. Furthermore, it was suggested that the sequence
of hY5 RNA itself contributes to the nuclear retention (Gendron et al., 2001). Notably,
anion exchange chromatography showed that the hY5 RNA was found in a different
fraction compared to hY1, hY3 or hY4 RNAs (Boire et al., 1995). Interestingly, sera
from two SLE patients with autoantibodies against Ro RNPs contained antibodies
specifically to hY5 RNA (Boire and Craft, 1989; Boulanger et al., 1995).
Immunoprecipitation experiments after T1 RNA digestion demonstrated that a 27 nt
fragment mapping to the 5’ end of hY5 RNA and a 31 nt fragment mapping to the 3’
end of hY5 RNA were specifically recognized by anti-hY5 antibodies (Boulanger et
al., 1995).

1.7.8 Ribosomal protein L5

RNA-based affinity purification of hY1, hY3, hY4 and hY5 RNPs combined with mass
spectrometry revealed that hY5 RNP specifically associated with the ribosomal
protein L5 and misfolded 5S RNA. Steitz et al. previously reported that L5 protein is
complexed with 5S rRNA and plays a role in the ribosome assembly (Steitz et al.,
1988). Mutagenesis experiments revealed that certain structural features of the
internal pyrimidine loop of hY5 RNA are involved in the recognition of misfolded 5S
RNA. These results suggested that Y5 RNA might be involved in RNA quality
mechanism and assists to distinguish between correctly folded and misfolded
ncRNAs. Further it was indicated that Y5 RNA might be involved in the recruitment of
other proteins such as the interferon-induced protein with tetratricopeptide repeats 5
(IFIT5) which plays a role in innate immunity (Hogg and Collins, 2007). IFIT5 was
reported to bind ssRNAs that have a triphosphate group at the 5’ end like the Y5 RNA
(Hendrick et al., 1981; Abbas et al., 2013; Katibah et al., 2014).
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1.7.9 Poly (A) specific ribonuclease

Poly(A) specific ribonuclease (PARN) is a deadenylase and mutations in PARN are
linked to severe hereditary diseases such as pulmonary fibrosis or the congenital
disorders which were correlated with telomere shortening (Stuart et al., 2015).
Interestingly knockdown experiments revealed that PARN is required for Y RNA
stability and correct 3’ end processing in human cells. During 3’ end processing of Y
RNAs PARN and the exosome protein EXOSC10 remove the oligo (A) tails that were
added by PAPD5 and stabilize Y RNAs from degradation. The 3’- to 5’ exonucleases
DIS3L or TOE1 recognize oligo (A) tails and are involved in RNA degradation.
Interestingly, after sSiRNA knockdown of PARN and EXOSC10 a decrease of Y RNA
levels was observed. Further knockdown experiments confirmed that PARN,
EXOSC10 and PAPDS5 play a key role in the 3’ end processing and stability of Y
RNAs. (Shukla and Parker, 2017).

1.7.10 Cleavage and polyadenylation specificity factor

The cleavage and polyadenylation specificity factor CPSF is required for the 3’ end
cleavage of pre-mRNAs (Chan et al., 2011). Intriguingly, by mass spectrometry of
proteins that interact with biotinylated Y RNAs and copurification experiments CPSF
was identified to interact with Y3/Y3** RNA (Y3** isomer of Y3). RNA sequencing
analysis and knockdown experiments confirmed that among all the tested Y RNAs
only the Y3 isomer Y3** was found in association with mRNA processing factors. In
particular, it was confirmed that Y3** is essential for the 3’ end processing of histone
mMRNAs (Koéhn et al., 2015).
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1.8 Functions of Y RNAS

1.8.1 Y RNAs in DNA replication

The first direct cellular function of Y RNAs that has been established was that Y RNAs
are required for chromosomal DNA replication in vertebrates (Christov et al., 2006).

DNA replication is a vital process in order to ensure genome stability and
maintenance. During cell division cycle the chromosomal DNA first gets duplicated (S
phase) which is followed by a segregation into two genetically identical daughter cells
(M phase). In addition to S phase and M phase the cell cycle includes two transition
gap phases that allow further cell cycle regulation. The G2 phase occurs between S
phase and M phase, whereas the G1 phase is between M phase and S phase (Rao
and Johnson, 1970). During G1 phase the decision if the S phase and hence cell
proliferation is initiated is tightly regulated. After DNA replication is initiated (S phase)
several mechanisms control that all chromosomal DNA is duplicated exactly once
before chromosomal segregation into two identical daughter cells in the M phase can
occur (G2 phase) (Heichman and Roberts, 1994; Nurse, 1994).

Hence, a key step of the cell division cycle is the initiation of DNA replication. The
process of DNA replication is described in detail in several excellent reviews and | am
giving a short overview about the most important steps (Bell and Dutta, 2002; Takeda
and Dutta, 2005; Pospiech et al., 2010, Fragkos et al., 2015).

In the first step of the initiation of DNA replication the coordinated assembly of the
multiprotein prereplicative complexes (pre-RC) or replication licence in the early G1
phase takes place. The formation of pre-RCs is initiated by the multiprotein origin
recognition complex (ORC) containing six related proteins that bind to replication
origins during all steps of the cell cycle. ORC recognizes autonomously replicating
sequences (ARS) that are a few hundreds of base pairs in length and are responsible

for the initiation of DNA replication.

The initiation factors Cdc6 and Cdtl bind to the ORC at the origins of replication and
allow the recruitment of a group of six related minichromosome maintenance proteins
(MCM2-7) to the ORC complex resulting in the formation of the pre-RC.

Pre-RCs play an important role in the initiation of DNA replication during S phase as
they are involved in the unwinding of replication origins and recruitment of DNA

polymerases.
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During the transition between G1 phase and S phase the pre-RC needs to get
activated into active replication forks. This requires another set of replication factors.
The initiation of DNA replication involves the origin unwinding, stabilization of single
stranded DNA and finally the recruitment of DNA polymerases. Within the pre-RC the
MCM2-7 helicase complex forms a ring around the DNA and DNA gets unwound and
DNA replication is initiated (see Figure 1.3).

Cyclin-dependent kinase CDK2 and DBF4-dependent kinase CDC7 are required for
the phosphorylation und hence activation of the replication origins, the conversion of
the pre-initiation complex (pre-IC) into active replication forks during S phase.

For the activation of the pre-IC complex the initiation factors Mcm10, the cell division
control protein CDC45, the ATP-dependent DNA helicase Q4 (RECQL4), Treslin, the
GINS complex, the DNA topoisomerase 2-binding protein (TOPBP1), DNA

polymerase ¢ and replication protein A (RPA) are recruited in order to unwind DNA.

After the activation of MCM2-7 helicase complex several replication proteins such as
replication factor C (RFC), proliferating cell nuclear antigen (PCNA) and other DNA

polymerases (DNA pol a and d) are recruited and DNA replication is initiated.

The CMG complex is formed by CDC45, the MCM2-7 helicase hexamer complex and
the DNA replication complex GINS and comprises the replisome which is only formed
on activated origins. After the CMG complex gets activated the DNA is unwound and

DNA replication is initiated.

The check point Serin/Threonine kinases ATR and Serine protein kinase ATM that
are involved in the activation of check point kinases CHK1 and CHK2 are involved in
the check point control of origin activation and repression of origin re-replication which
is an important regulation mechanism (see Figure 1.3) (Takisawa et al., 2000;
Takeda and Dutta, 2005; Pospiech et al., 2010; Fragkos et al., 2015).
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Figure 1.3. Overview of DNA replication.

A. Formation of the pre-RC complex.

In the G1 phase the proteins CDC6 and CDT1 bind the multiprotein origin recognition complex
(ORC) at the origins of replication. This results in the recruitment of minichromosome
maintenance proteins (MCM2-7) to the ORC complex and the formation of the prereplicative
complex (pre-RC).

B. Formation of the pre-initiation complex (pre-IC).

During the G1-S transition phase the S phase cyclin dependent CDK2 and DBF4 dependent
kinase CDC7 control the activation of the origins and formation of replication forks by
phosphorylation of MCM10, the cell division control protein CDC45, the ATP-dependent DNA
helicase Q4 (RECQL4), Treslin, GINS, DNA topoisomerase 2-binding protein (TOPBP1) and
DNA polymerase ¢.

C. Activation of origin.

After the assembly of the pre-IC, in the S phase the replication protein A (RPA), proliferating
cell nuclear antigen (PCNA), the replication protein C (RPC) and additional replication fork
proteins are recruited resulting in the formation of replication forks and origin activation. The
replisome contains the CMG complex (CDC45, MCM hexamer, GINS complex) and is
responsible for helicase activity and DNA unwinding. The checkpoint kinases ATR, ATM that
phosphorylate the checkpoint kinases 1 and 2 (CHK1, CHK2) control and prevent the re-
replication of origins. Figure was taken from Fragkos et al., 2015 (permission obtained).
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In order to identify novel DNA replication factors and associated proteins involved in
DNA replication a human cell-free system was established. In this approach template
nuclei of cells that are arrested at late G1-phase are isolated. In these nuclei DNA
replication can still occur but they lack active DNA replication forks. Interestingly, upon
incubation of late G1 phase arrested with cytosolic extracts derived from S phase
replicating cells that contain replication initiation factors DNA replication can be
initiated in around 50 % of late G1-phase template nuclei (Krude 2000; Krude et al.,
20009).

Using the human cell free system, the cytosolic extract from proliferating human cells
was first separated by anion exchange chromatography. The obtained fractions were
added to the late Gl-phase arrested template nuclei. Surprisingly, in these
reconstitution experiments no protein was identified. However, non-coding Y RNAs
were discovered as essential factors of chromosomal DNA replication (Christov et al.,
2006).

It was confirmed that Y RNAs are necessary for the initiation of DNA replication as
specific knockdown of human Y RNA in cytosolic cell extracts by antisense DNA
oligonucleotides resulted in the inhibition of DNA replication and cell proliferation.
Intriguingly, the knockdown of Y RNAs could be rescued by the addition of any of the
four human Y RNAs and DNA replication could be initiated (Christov et al., 2006).

Notably, human Y RNAs were able to initiate chromosomal DNA replication in isolated
mouse cell nuclei while non-vertebrate Y RNAs were not. This suggested that the
functional role of Y RNAs as essential factors in the initiation of DNA replication is

conserved among vertebrates (Gardiner et al., 2009).

Further it was shown by DNA fibre fluorescence microscopy and nascent-strand
analysis that Y RNAs are specifically required for the initiation of chromosomal DNA
replication and establishing of new replication forks and were not required for

elongation of DNA replication forks (Krude et al., 2009).

Looking at the sequence and structural requirements of Y RNAs during DNA
replication mutagenesis analysis of hY1 revealed that a conserved, double-stranded
8 nt consensus sequence motif 5’-GUAGUGGG-3’ in the upper stem domain of the Y
RNAs is essential for the functional role in chromosomal DNA replication.
Transfection of a synthetic double-stranded RNA derived from the upper stem of hY1

alone was sufficient to initiate chromosomal DNA replication (Gardiner et al., 2009).
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Using biophysical techniques such as solution state nuclear magnetic resonance
(NMR) and far-UV circular dichroism (CD) spectrometry Wang et al. investigated
whether there are any sequence and structural requirements of the conserved stem
of hY1 in order to initiate chromosomal DNA replication. It was shown that mutations
introduced in the conserved GUG-CAC motif resulted in a destabilization of the A-
form helix and inhibition of chromosomal DNA replication (Wang et al., 2014).

Since Y RNAs are forming RoRNPs with Ro and La and Nucleolin interacts with the
pyrimidine-rich internal loops of hY1 and hY3 RNAs it was tested if these proteins are
required for the initiation of DNA replication. Depletion of Ro60, La and Nucleolin
proteins from human cell extracts by immune precipitation did not have any effect on
the initiation of DNA replication. This suggested that Ro60, La and Nucleolin were not
required for the initiation of DNA replication (Langley et al., 2010).

Previous mutagenesis experiments on hY1 already showed that the conserved lower
stem region of Y RNAs, where Ro60 binds, was not essential for the initiation DNA
replication (Christov et al., 2006). This finding was further confirmed by reconstitution
experiments which confirmed that the addition of recombinant purified Ro60, La and

Nucleolin did not have any effect on DNA replication in vitro (Langley et al., 2010).

Later it was observed that during DNA replication all Y RNAs associate dynamically
with euchromatin and replication proteins such as ORC, pre-RC and pre-IC proteins
Cdtl, Mcm2 and Cdc45, but not with DNA replication fork proteins in G1 phase nuclei.
These results suggested that Y RNAs might act as replication licensing factors (Zhang
et al., 2011). The licensing of replication origins takes only place once per cell cycle
in the G1 phase and involves the recognition of the pre-RC complex and this step

allows to control that DNA is accurately replicated (Fragkos et al., 2015).

Experiments using X. laevis and D. rerio embryos revealed that Y RNAs are essential
for chromosomal DNA replication after the mid-blastula transition stage in early
development dependent on ORC. However, just after gastrulation a knockdown of Y
RNAs by specific inhibitory morpholino oligonucleotides resulted in the rapid inhibition
of DNA replication, cell cycle arrest and death of the embryos (Collart et al., 2011).
This would suggest that Y RNAs are not required for the initiation of DNA replication

during early development and that other factors are involved.

Recently, the nucleosome and histone deacetylation complex NuRD isolated from X.
laevis eggs and pre-MBT embryos was identified to be responsible for the initiation of
DNA replication in early embryogenesis before MBT in the absence of non-coding Y
RNAs.
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The inactivation of xNuRD led to an inhibition of DNA replication, developmental
arrest and embryonic lethality. However, it was shown that in contrast to xXNuRD
complexes human NuRD complexes were not able to initiate DNA replication. Taken
together, it was suggested that the xXNuURD complex plays an important role in the
regulation of DNA replication through chromatin remodelling during early
development. After MBT Y RNAs might also be involved in chromatin remodelling in
order to activate replication forks and initiate DNA replication (Christov et al., 2018).

Another recent study looked more into the detail of the molecular mechanism of Y
RNA function and localization during cell cycle. Using proliferating cells derived from
human cancer and non-cancerous cell lines the Y RNAs were quantified in the soluble
and chromatin-associated fractions by gRT-PCR. Around one million soluble Y RNA
molecules per cell were quantified and among all Y RNAs it was found that Y3 was
the most abundant. Interestingly, there was no significant difference in Y RNA
accumulation between proliferating cancerous and non-cancerous cells. However, in
quiescent cells the level of Y RNAs was decreased, whereas in proliferating cells the
Y RNA level was upregulated which is consistent to their role in DNA replication (Kheir
and Krude, 2017).

It was shown by fluorescence labelling that Y RNAs preferentially associated with S
phase chromatin compared to G1 phase chromatin. Furthermore, it was
demonstrated that Y RNAs are required for the dynamic interaction with the ORC
complex and initiation of DNA replication. Interestingly, co-localization experiments of
human Y RNAs revealed that all Y RNAs, except Y5 preferentially interacted with the
ORC complex. Y5 RNA was primarily associated with Nucleolin and was mostly
localized in the nucleolus. Since Y5 was previously shown to interact with the
ribosomal protein L5 it was suggested that Y5 might also be important for other
nuclear processes apart from the initiation of DNA replication. It was hypothesized
that another possible function could be in ribosome biogenesis (Kheir and Krude,
2017).
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1.8.2 Y RNASs in cancer

One study reported that all human Y RNAs were significantly upregulated (between
4- and 13-fold) in extracts derived from human solid tumours (n=42) compared to
corresponding normal tissues (n=24) and cultured cells using quantitative RT-PCR.
In this study six different tissue types which included urinary bladder, cervix, colon,
kidney, lung and prostate were analysed and compared to normal tissue. Among all
the Y RNAs, hY1 and hY3 were most significantly upregulated in the solid tumour
samples (carcinomas and adenocarcinomas) including all analysed different tissue
types (Christov et al., 2008).

In the next step it was investigated if Y RNAs are required for cell proliferation. When
siRNAs against hY1l and hY3 were transfected into several human cell lines a

significant reduction in cell proliferation was observed (Christov et al., 2008).

Recently it was shown that in tumours Y RNAs were upregulated whereas in
quiescent normal tissues the level of Y RNAs was decreased. Hence, it was proposed
that the expression of Y RNAs could be used as a potential cell proliferation marker

instead of a cancer biomarker (Kheir and Krude, 2017).

In recent years several studies demonstrated that the expression of Y RNAs is altered
in cancer cells. Using quantitative real time PCR it was observed that all Y RNAs are
downregulated in urinary bladder cancer (n=88) compared to normal tissues (n=30)
(Tolkach et al., 2017). In the most recent study the same group found that Y RNAs
are also downregulated in prostate cancer patients (n=56) compared to normal
tissues (n=36). This downregulation of Y RNAs in urinary bladder cancer and prostate
cancer was controversial to the study performed by Christov et al. who saw an
upregulation of Y RNAs in tumour samples. These contradictory results could be
either explained by technical issues or the fact that Y RNA expression is different
among various cancer types (Christov et al., 2008; Tolkach et al., 2018). However,
the exact functions and molecular mechanisms of Y RNAs in cancer remains obscure

and needs further investigation.
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1.9 Y RNA derived small RNAs

Y RNA-derived sRNA (YsSRNA) fragments were first described in apoptotic cells by
Rutjes et al. in 1999. It was shown that during apoptosis human Y RNAs are rapidly
and specifically cleaved in a caspase-dependent manner generating shorter YSRNA
fragments between 22-25 nt and a larger fragment of 31 nt (Rutjes et al., 1999a). In
this study it was suggested that the nucleases that cleave Y RNAs are caspase-
dependent nucleases since Y RNA cleavage was similar to the cleavage of the Ul-
70K which was shown to be caspase-3-dependent (Casciola-Rosen et al., 1994;
Rutjes et al., 1999a). Results from immunoprecipitation experiments showed that
YsRNAs are bound to Ro60 and La. The 31 nt fragment associated with both Ro60
and La, whereas the shorter fragments only bound to Ro60 (Rutjes et al., 1999b).
These YsRNAs were assumed to be degradation products for a long time and it was
technically difficult to work with these short SRNA fragments (Hall et al., 2013).

However, little was known about their biological role and mechanisms.

Next generation sequencing from precursor B cells derived from acute leukaemia
patients and normal CD34+ cells revealed that sRNA fragments derived from the 3’
end of hY3 and hY5 Y RNAs were highly enriched (Schotte et al., 2009). However,
these sRNA fragments were initially mis-annotated as miRNAs and named miR-1975
(derived from the 3’ end of hY5) and miR-1979 (derived from the 3’ end of hY3). Meiri
et al. also identified them in several solid tumours while they realized that the SRNAs
are derived from Y RNAs. Performing luciferase reporter assays they showed that
these sRNA fragments had no gene silencing activity which suggested that miR-1975
and miR-1979 were not miRNAs (Meiri et al., 2010). Consequently, miR-1975 and

miR-1979 were removed from miRBase and annotated as Y RNA-derived sRNAs.

It was also shown that YSRNAs are derived from the 3’ and 5’ ends of Y RNAs and
that the biogenesis of Y RNA derived sRNAs is independent of the canonical miRNA
pathway (Nicolas et al., 2012). Y RNA fragments were found in both cancerous and
non-cancerous as well as stress-induced and unstressed cells. The levels of hY5-
derived sRNAs in non-stressed cells are similar to the abundance of miRNAs.
Northern blot experiments revealed that the levels of Y RNA fragments derived from
the 3’- and 5 end of human Y5 were significantly increased during apoptosis.
Furthermore, immunoprecipitation followed by a pull down assay and anion exchange
chromatography suggested that hY5 derived sRNAs are not in a complex with
Argonaute 2 (Nicolas et al., 2012). This indicates that YSRNAs are not directly loaded
into the RNA induced silencing complex (RISC).
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Therefore, YSRNAs are not involved in miRNA biogenesis pathways and Y RNA
derived sRNAs are not miRNAs (Nicolas et al., 2012).

YsSRNAs have also been identified in brain, retina, and other mammalian tissue.
Further, it was shown that YSRNAs were induced during viral infection (Cui et al.,
2010; Qi et al., 2010). Recently, YsRNA fragments have been identified in human
serum and plasma as circulating components of larger complexes (100-300 kDa).
These circulating Y RNA fragments were found cell-free and not included in
exosomes or microvesicles (Dhahbi et al., 2013). Moreover, YSRNAs are upregulated
in the serum of breast cancer patients. Hence, YSRNAs circulating in human serum
and plasma might be involved in cancer and therefore be potential biomarkers
(Dhahbi et al., 2014).

RNA sequencing experiments showed that around 95% of serum derived sRNA
sequencing reads mapped to hY4 RNA and its pseudogenes, whereas only a small
number of Y RNAs mapped to hY1, hY3 and hY5 RNAs (Dhahbi et al., 2013). The
hY4 RNAs circulating in the serum were cleaved into 5 end Y RNA fragments at
different positions and distinct proportions in the predicted internal loop of the full-
length hY4 RNAs (Dhahbi et al., 2013). Interestingly, in human serum the 5’ end
derived Y RNA fragments were roughly 20 times more abundant than the 3’ end
derived Y RNA fragments (Dhahbi et al., 2014). The levels of 5" end derived Y RNA
fragments were significantly increased in human serum compared to mouse serum
(Dhahbi et al., 2013). It needs to be further investigated why the composition of
circulating sRNAs is different in human and mouse sera. Also, Y RNA fragments have
been detected in extracellular vesicles (EVs) that were released from human semen
and immune cells (Nolte-'t Hoen et al., 2012; Vojtech et al., 2014).

A recent study investigated the processing and transfer of hY5 RNA fragments within
EVs derived from primary and cancer cell lines. Intriguingly, hY5 RNAs were highly
abundant and enriched in EVs. Shorter fragments (23, 29 and 31 nt) derived from the
5 and 3’ end of hY5 were also detected in EVs (Chakrabortty et al., 2015). In the
same study hY5 RNA fragmentation occurred in the EVs instead of inside the cells.
The 5’ end derived hY5 RNA fragments contained part of the conserved 8 nt motif (5’-
GUAGUGGG-3") which is involved in the initiation of chromosomal replication
(Gardiner et al., 2009). The same motif was shown to be important for the processing
of full-length hY5 RNAs into smaller Y RNA fragments (Chakrabortty et al., 2015).
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Interestingly, the exposure of human healthy cells with EVs derived from cancer cells
resulted in rapid cell death. However, cancer cells did not show any phenotype when
they were treated with EVs from normal or cancer cells. A synthetic version of the 23
nt- and 31 nt 5’ end derived hY5 fragment triggers cell death in primary cells in a
dose-dependent manner through an apoptotic pathway. Further, it was observed that
the conserved 8 nt motif in the 5’ end derived Y RNA fragments was required for the
induction of cell death (Chakrabortty et al., 2015).

In conclusion, there seems to be a correlation between 5 end derived Y RNA
fragments and cancer, since 5’ end derived Y RNA fragments released from cancer
cell EVs trigger rapid cell death in normal cells. It was hypothesized that the 5° Y RNA
fragment induced cell death might help tumours to invade tissues and to establish a

microenvironment (Chakrabortty et al., 2015).

1.10Functions of Y RNA derived small RNAS

1.10.1 Y RNA derived small RNAs involved in coronary artery disease

Coronary artery disease (CAD) is one of the most common cardiovascular diseases
and affects millions of people worldwide. At present it is the one of the leading causes
of death. CAD is caused by atherosclerosis of heart arteries and it was shown that
macrophage apoptosis is associated with atherogenesis pathogenesis. In early
stages of atherogenesis the accumulation of lipoproteins, mainly low-density
lipoprotein (LDL) results in the activation of immune response and recruitment of
macrophages. By endocytosis the macrophages ingest lipids and lipoproteins and
become so called foam cells. The foam cell formation results in the activation of
cytokines and apoptosis followed by a rapid phagocytic clearance of apoptotic foam
cells and decrease of atherosclerotic lesion progression. However, when
macrophage apoptosis and clearance of apoptotic foam cells are not tightly regulated
the inflammatory response results in atherosclerotic lesions and necrotic plague

formation.

Interestingly, next generation sequencing of human and mouse apoptotic
macrophages revealed that the expression of Y RNA derived sRNAs is induced after

treatment with pro-apoptotic or atherogenic stimuli.
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Further, in gRT-PCR experiments the levels of YSRNAs was significantly increased
in mouse models for atherosclerosis as well as the serum of 263 patients with
coronary artery disease (CAD) compared to 514 healthy controls. Among of all Y
RNAs, the hY1 5 end derived sRNA fragment was the most upregulated Y RNA
derived sRNA in the serum CAD patient samples. Statistical analysis indicated that
circulating Y RNA derived sRNA fragments might be used as novel diagnostic
biomarkers for CAD and other related cardiovascular diseases (Hizir et al., 2017).

Interestingly, a 31 nt 5’ end derived hY4 derived sSRNA was reported to be associated
with platelet function in patients with acute coronary disease and have been shown
highly abundant in plasma and enriched in exosomes (Dhahbi et al., 2013). Using
next generation sequencing and quantitative real time PCR with molecular beacons
a 31/32 nt 5" end derived hY4 fragment was detected in saliva of healthy persons
suggesting that this 5’ end derived hY4 sRNA could be used as a potential biomarker

to enhance diagnosis of coronary diseases (Ishikawa et al., 2017).

1.10.2 Y RNA fragment involved in cardioprotection

Recently, it was found that Y RNA fragments are highly enriched in extracellular
vesicles (EV) derived from cardiosphere derived cells (CDC) that were shown to
reduce myocardial infarct size. CDCs secrete EVs and are involved in inflammatory
response and regeneration of myocardial infarcts through polarization of
macrophages. Among all the Y RNAs the 5’ end derived hY4 fragment named EV-
YF1 was the most abundant in CDC EVs. Transfection of fluorescently labelled EV-
Y1 into macrophages induced an upregulation of interleukin IL-10 gene expression

and led to cardioprotection and a reduction of infarct size (Cambier et al., 2017).

1.10.3Y RNA derived sRNAs regulate cell death and inflammation in
monocytes/macrophages

Intriguingly, a recent study demonstrated that Y RNA derived sRNAs regulate
apoptosis and inflammatory response in monocytes/macrophages. When
monocytes/macrophages were treated with pro-atherogenic stimuli such as oxLDL or
palmitic acid (PA) caspase-dependent apoptosis and the NFkB signalling pathway

was activated.
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Interestingly, the co-transfection of 2’-O Me-RNA oligonucleotides that were
antisense to YsSRNAs and the knockdown of YSRNAs using siRNAs resulted both in
the downregulation of apoptosis in monocytes/macrophages (Hizir et al., 2017).

In order to investigate if extracellular YSRNA/Ro60 complex is involved in apoptosis
and inflammation in monocytes/macrophages Y RNA/Ro60 and YsRNA/Ro60 were
immunopurified either from treated cells or from untreated control cells. Monocytes
were treated with Y RNA/Ro60 or YsSRNA/Ro60 complexes and apoptosis was
induced after 12 h.

When the monocytes were cotransfected with antisense YsSRNAs apoptosis was
inhibited, indicating that the extracellular YSRNA/R060 activates apoptosis and NFk(3
signalling. The transfection with YSRNAs or the full-length Y RNA/Ro60 complex did
not show any activation of apoptosis. From these experiments it can be concluded
that extracellular YSRNAs need to be in complex with Ro60 in order to be able to

enter the cells and induce apoptosis and inflammation (Hizir et al., 2017).

In previous experiments it was shown that Ro60 is associated with endogenous
retroelements and plays an important role in the regulation of inflammatory gene
expression. When Ro60 was knocked down the expression of endogenous Alu
transcripts and IFN response related genes were upregulated. Since the upregulation
of Alu transcripts activated the secretion of cytokines it was tested whether the
inflammatory response was activated through Toll-like receptors (TLR). Treatment of
cells with chloroquine that inhibits the signaling pathway of TLR3, 7, 8 and 9 and
IRS954-thioate that blocks TLR7/9 revealed that the cytokine secretion was TLR7
dependent (Hung et al., 2015).

In order to test if TLRs are also involved in the YsRNA induced apoptosis and
inflammation in monocytes/macrophages the human and mouse monocytes were
treated with chloroquine and IRS954, subjected to flow cytometry and validated by
western blot analysis. It was shown that chloroquine and IRS954 inhibited the YsRNA
induced activation of caspase-dependent apoptosis and NFkB inflammatory
response. These results indicate that intracellular and extracellular YsRNAs stimulate
TLR7 to mediate apoptosis and inflammation in both human and mouse
monocytes/macrophages. The sequence and secondary structure of Y RNAs is highly
evolutionary conserved among vertebrates (Pruijn et al., 1993). Interestingly, the
conserved function of YSRNAs between human and mouse monocytes also indicates
that the function of YSRNAs might be evolutionary conserved and might underlie a

similar mechanism (Hung et al., 2015).
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1.10.4 Human Y4 RNA fragment can act as a guide for tRNase Z

Next generation sequencing of plasma derived sRNAs from three healthy persons
and three myeloma patients revealed that a 31 nt 5' end derived hY4 fragment was
significantly more abundant in myeloma patients compared to the healthy control
persons. Intriguingly, this hY4-derived sSRNA can adopt the structure of a 5’-tRNA half
and associate with a target RNA in order to form a pre-tRNA-like structure. This

structure is then recognized and cleaved by tRNase Z (Ninomiya et al., 2015).

Interestingly, recently a new class of bacterial Y RNAs named Y RNA-like A (YrlA)
RNAs was discovered. By crystal structure of S. thyphimurium YrlA it was shown that
this bacterial Y RNA is able to fold like a tRNA (Wang et al., 2018). By Chen et al., it
was already previously observed that bacterial Y RNAs can mimic tRNAs and can be
processed like tRNAs. Additionally, they could demonstrate that these Y RNAs had
nucleotide modifications which allowed the recognition of ribonucleases involved in
tRNA cleavage (Chen et.,2014).

1.10.5PTBP1

Notably, during apoptosis Y RNAs are cleaved into smaller fragments in a caspase
dependent manner (Casciola-Rosen et al., 1994; Rutjes et al., 1999a; Chen et al.,
2014). Next generation sequencing of Epstein-Barr virus (EBV) positive lymphoma
cells revealed a new class of small RNAs named AGO-taxis small RNAs (ASRs) that
were specifically bound to Agol. These ASRs were highly upregulated during lytic
EBYV infection and it was suggested that they are involved in apoptosis. Further it was
observed in siRNA mediated knockdown experiments that the biogenesis of ASRs
was independent of Drosha, Dicer and RNase L. ASRs were shown to have gene
silencing activity and CLASH (crosslinking, ligation, and sequencing of hybrids) data
revealed that ASRs primarily bound the coding sequence of the identified targets
(Yamakawa et al., 2014).

Recently, the same group reported that Y RNAs might be the precursors of ASRs and
that ASRs are generated by Y RNA cleavage during apoptosis. Cell fractionation
experiments using saturated ammonium sulfate (SAS), ion exchange
chromatography (IEC) and gel filtration chromatography resulted in the identification
of a cytoplasmic endoribonuclease and its inhibitor PTBP1 which is also known as
hnRNP1 and binds to the loop region of Y RNAs (Fabini et al., 2000; Ogata et al.,
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2018). It was shown that PTBP1 inhibited Y RNA cleavage by blocking the access of
endoribonuclease (s) to the central loop.

During apoptosis, PTBP1 gets cleaved by caspase 3 which results in Y RNA cleavage
and production of ASRs. However, the endoribonuclease involved in the generation
of the 3’ end derived ASR could not be identified and further investigation will be
needed (Ogata et al., 2018).

1.10.6 RNase L

During viral infection dsRNA triggers the activation of the innate immune response
through type-I interferons (IFNs) which result in the activation of 2’ 5’ oligoadenylate
synthetase genes (OAS) (Hovanessian et al., 1977). These OAS genes function as
pathogen pattern recognition receptors (PPRS) in order to initiate interferon induced
antiviral response. The activation of OAS genes by viral dSRNA leads to the synthesis
of small molecules named 2-5 A oligoadenylates in the presence of ATP (Silverman,
2007; Chakrabarti et al., 2015).

The endoribonuclease RNase L was shown to bind 2-5A with low affinity at
subnanomolar levels. The binding of 2-5A leads to the formation of catalytically active
homodimers. RNase L only cleaves ssRNAs preferentially after U-rich sequences but
not dsRNA molecules (Dong and Silverman, 1995). RNase L belongs to the family of
metal ion independent ribonucleases (Cooper et al., 2014). RNase L preferentially
cleaves ssRNAs after UpAp and UpUp dinucleotides (Wreschner et al., 1981) and
has sequence specificity for the consensus sequence UNAN (N = A, C, G, U). It was
observed that RNase L produces 5’-hydroxyl and 2’, 3’ cyclic phosphate termini at the
3’ end of cleaved RNAs (Han et al., 2014).

In order to be able to sequence small RNAs with 2’ 3’ cyclic phosphates Donovan et
al. used a cDNA library construction method based on RtcB ligase which allows the
ligation of RNAs with 2’ 3’ cyclic phosphates to the adapter sequence (Tanaka et al.,
2011).

Next generation sequencing of HelLa cells treated with poly (I:C) which mimics viral
infection and untreated cells revealed that tRNAs and Y RNAs were specifically
cleaved at UN”N position. Y RNA cleavage primarily occurred at the 5’ end of Y RNAs

between the positions 24-32 nt. However, hY4 RNA was exceptional and was cleaved
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after CA”G and it was suggested that hY4 RNA might be cleaved by another

ribonuclease.

For the most abundant tRNAs in the dataset tRNA-His, tRNA-GIn and tRNA-Pro it
was shown that the tRNAs were cleaved specifically in the anticodon stem loop region
during antiviral response. Further overexpression experiments of wild type RNase L
and RNase L mutant H672N revealed that tRNAs and Y RNAs were only cleaved in
cells in which wild type RNase L was overexpressed. Treatment of cells with 2-5A
also resulted in tRNA and Y RNA cleavage. Using human RNase L 7 cells tRNA and
Y RNA cleavage could only be detected by Northern blotting in RNase L wild type
cells. These results indicated that RNase L is directly responsible for tRNA and Y
RNA cleavage (Donovan et al., 2017).

Interestingly, it was reported that RNase L contributes to the early arrest of translation
during dsRNA response. Previously it was shown that the protein kinase PKR is
activated by dsRNA during antiviral response and is involved in translational inhibition
through the phosphorylation of the translation initiation factor elF2a (Smith et al.,
2005). By the analysis of nascent protein synthesis in wild type and RNase L 7 cells
it was demonstrated that RNase L is critical to inhibit protein synthesis. Intriguingly, it
was shown that translational arrest occurs rapidly, whereas components of the
translation machinery including rRNAs or mRNAs are degraded much later. It was
proposed that tRNA and Y RNA derived fragments might be involved in a signalling
like mechanism with RNase L and regulate translational inhibition. However the exact
mechanism how Y RNA and tRNA fragments are involved in this process is not clear
(Donovan et al., 2017).
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1.11 Aims and objectives of the thesis

Although YsRNAs were initially discovered in apoptotic cells almost two decades ago
and YsRNAs have been described in many different biological aspects during the last
two years, the exact biogenesis and mechanisms of YSRNAs are still remain poorly
characterized and further investigation is needed. It is currently unknown, what role
YsRNAs play in normal cells and how they function mechanistically during apoptosis,

stress, or cancer.

In this thesis, | took two approaches in order to understand the mechanisms

underlying the biogenesis of YSRNAS:

As Y RNAs are highly evolutionary conserved in vertebrates in the first two result
chapters of this thesis | investigated if the nucleotide sequence or conserved

structural features contribute to the size-specific Y RNA cleavage.

The aim of the first two thesis chapters was to establish sequence and structural
requirements for Y RNA cleavage into YsRNAs in order to understand how Y RNAs
are processed during stress response. Within this investigation | aimed to address
the question if the nucleotide sequence or the secondary structure is more important
in respect to determine where the Y RNA cleavage occurs.
In the first result chapter | aimed to further validate and analyse the next generation
sequencing results from a high throughput mutagenesis approach on the 3’ end of
the human Y5 RNA (Figure 1.4, A). The cDNA libraries of the 3’ end hY5 RNA

mutants were generated by a previous PhD student Carly Turnbull (Turnbull, 2013).

| took over this project and my aim was to experimentally validate the sequencing
results of the 3’ end hY5 RNA mutagenesis approach by generating individual hY5
RNA mutants and testing their expression and cleavage pattern by Northern blot

analysis.

Additionally, the aim of the first thesis chapter was to explore if there was a minimal
nucleotide requirement for Y RNA cleavage to occur. In particular, in subsequent
experiments | investigated if the sequence of the internal L2a loop (Figure 1.4, B)

was important for 3’ end hY5 RNA cleavage.
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Due to advances of next generation sequencing technologies it became apparent that
5" end derived hY5 RNA fragments are functional.

Hence, in the second result chapter of this thesis my objectives were to design and
to perform a high throughput mutagenesis approach on the 5’ end of hY5 RNA.

My goal was to validate and further analyse the sequencing results by cloning and
testing the expression levels of individual hY5 RNA mutants by Northern blot analysis.
In addition, my aim was to investigate if the sequence and/or structure of the internal

loop L2b (Figure 1.4, C) was involved in Y RNA cleavage.

In the last chapter of this thesis | tried to use a biochemical approach in order to
understand which protein(s) or ribonuclease(s) are involved in Y RNA cleavage. In
particular, my goal was to examine of role of Ro60 and RNase L on Y RNA cleavage

(Figure 1.4, D) in more detalil.
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Figure 1.4. Overview of aims and objectives performed in this thesis.
This figure gives an overview about the aims and objectives of this thesis.

A. High throughput mutagenesis approach on the 3‘ and 5’ end of hY5 RNA.

The secondary structure of hY5 RNA was predicted with RNAfold and visualized using Varna.
The human Y5 RNA has a characteristic stem loop structure. Three different regions near the
cleavage sites at the 3'/5" end of the hY5 RNA were selected for random mutagenesis. The
cleavage sites on the 3’ and 5’ end of hY5 RNA are indicated with red arrows and unknown
RNases involved in hY5 RNA cleavage are depicted as scissors. In each of these regions
close to the 3’ and 5’ end cleavage sites 5N substitution mutations were introduced resulting
in 1024 (4%) possible combinations for each library. Each library is shown in different colors.
For the 3’ end high throughput mutagenesis analysis library 1 (red), library 2 (green) and library
3 (dark blue) were generated. The 5 end high throughput mutagenesis involved the
generation of library 4 (blue), library 5 (yellow), library 6 (purple).

B. Mutagenesis of the hY5 RNA internal loop L2a.

The secondary structure of hY5 RNA was predicted with RNAfold and visualized using Varna.
The human Y5 RNA has a characteristic stem loop structure. One aim of the thesis was to
mutate the internal loop 2a (shown in red) in order to investigate if the length or nucleotide
sequence of this internal loop is important for 3’ end hY5 RNA cleavage.

C. Mutagenesis of the hY5 RNA internal loop L2b.

The secondary structure of hY5 RNA was predicted with RNAfold and visualized using Varna.
The human Y5 RNA has a characteristic stem loop structure. One aim of the thesis was to
mutate the internal loop L2b (shown in turquoise) in order to investigate if the sequence or
secondary structure of the internal loop L2b is important for human Y RNA cleavage length or
nucleotide sequence of this internal loop is important for 3’ end hY5 RNA cleavage

D. Investigation of which proteins/ribonucleases are involved in Y RNA cleavage.

In the last chapter it was examined in more detail if Ro60 and RNase L are involved in Y RNA
cleavage.
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Chapter 2 Materials and Methods

2.1 Cell culture

2.1.1 Cell lines and cell culture media

NIH 3T3 cells were purchased from the European Collection of Authenticated Cell
Cultures (ECACC) and were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) (Gibco, 10938) supplemented with 10% heat inactivated fetal bovine serum
(FBS) (Gibco, 10500), 1% L-Glutamine (200 mM) (Gibco, 25030) and 1% Penicillin-
Streptomycin (10000 U/ml) (Gibco, 15140).

HelLa cells and MCF7 cells were kindly provided by the laboratory of Dylan Edwards.
The cell lines were subjected to cell line authentication and mycoplasma testing by
ECACC (European Collection of Authenticated Cell Cultures). HelLa cells were
cultivated in Eagle’s Minimum Essential Medium (M2279, Sigma), supplemented with
10% heat inactivated fetal bovine serum (FBS), 1% MEM Non-Essential Amino Acid
Solution (100x) (Gibco, 11140), 1% L-Glutamine (200 mM) and 1% Penicillin-
Streptomycin (10000 U/ml) (Gibco, 15140).

MCF7 cells were cultured in low glucose DMEM + GlutaMAX medium (Gibco, 21885)
that was supplemented with 10% heat inactivated fetal bovine serum (FBS) (Gibco,
10500, 1% MEM Non-Essential Amino Acid Solution (100x) and 1% Penicillin-
Streptomycin (10000 U/ml) (Gibco, 15140).

The wild type and Ro60 - mouse embryonic stem cells (MES) were a kind gift from
Prof. Sandra Wolin (NCI, US) (Chen et al., 2003). The mES cells were cultured in
Knockout DMEM (Gibco, 10829), 15% ES cell FBS (Gibco, 10439), 1% L-Glutamine
(200 mM) (Gibco, 25030), 1% MEM Non-Essential Amino Acid Solution (100x)
(Gibco, 11140), 100 U/ml ESGRO leukemia inhibitory factor (Millipore, ESG 1107)
and 0.1 mM 2-Mercaptoethanol (Sigma, M6250).

The wild type and RNase L ” mouse embryonic fibroblast cells (mEFs) were kindly
provided by Prof. Robert Silverman. The RNase L "~ mEF cells were generated by the
insertion of a neomycin resistance gene into the 5’ end of RNase L gene (Zhou et al.,
1997).

The human wild type and CRISPR RNase L  A549 lung cancer cells were a kind gift
of Prof. Susan Weiss (Cleaveland Clinic, US) (Li et al., 2016).
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The mouse and human wild type and RNase L " cell lines were cultivated in RPMI
1640 medium (Gibco, 11975-001) supplemented with 1% L-Glutamine (200 mM)
(Gibco, 25030) and 1% Penicillin-Streptomycin (10000 U/ml) (Gibco, 15140).

2.1.2 Sub-culturing and cell culture conditions

All cell lines used in this thesis were cultivated in a humidified CO. incubator under
standard conditions at 5% CO; and 37°C. All cell culture work was performed in a

microbiological safety cabinet using aseptic technique.

For passaging the cells, the cell culture media was removed and the cells were once
washed with PBS (Gibco, 10010). For NIH 3T3, HeLa and MCF7 cells 0.25% Trypsin-
EDTA (Gibco, 25200) was added to the flask and pipetted gently to cover all the cells.
The flask was placed in the incubator for 2-5 min at 37°C. After incubation the flask
was gently tapped a few times to ensure all the cells were detached. The Trypsin-
EDTA was inactivated by adding an equal volume of the appropriate cell culture
media to the flask. The cell suspension was centrifuged for 5 min at 1,500 rpm. The
supernatant was carefully removed and the cells were resuspended in 10 ml fresh
cell culture media. The cell number was counted using a haemocytometer. For that
100 pl of cell suspension was added to 400 pl of 0.4% Tryphan blue and mixed gently.
Tryphan blue was used to calculate the cell viability because it can enter dead cells
and live cells do not take up the dye. To calculate the number of viable cells 20 pl of
the cell suspension was applied to the haemocytometer and the number of cells was
counted accordingly.

The cell suspension was diluted at the appropriate seeding density with fresh cell
culture media and transferred to a new flask containing the required volume of media.
The wild type and Ro60 - mouse embryonic stem cells were passaged using 0.05%
Trypsin-EDTA.

2.1.3 Freezing cells

For freezing the cells were trypsinized and centrifuged for 5 min at 800 rpm. The cell
pellet was resuspended in cell freezing medium containing 80% media, 10% FBS and
10 % dimethyl sulfoxide (DMSO) (Sigma, D2650). In each cryovial 1 ml of cell
suspension ranging in concentration from 2-5 x 10° cells/ml was added and placed
into an isopropanol bath at -80°C overnight. The next day the cryovials were placed

into a liquid nitrogen Dewar for long term storage.
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2.1.4 Transfection of NIH 3T3 cells with plasmid DNA

The transfections were carried out in 6-well plates (Sarstedt). The cells were seeded
at 200,000 cells/well the day before transfection using cell culture media without
antibiotics. The cells were transfected using Fugene 6 (Promega, E2691) according
to the manufacturer's manual. For the transfection of a 6-well plate 60 pl of Fugene 6
was diluted in serum-free OptiMEM | reduced-serum medium (Gibco, 51985), gently
mixed and incubated for 5 min at room temperature. The recommended ratio between
transfection reagent and DNA ratio for NIH 3T3 cells was 3:1, which means for each
1 ug of DNA 3 ul of Fugene 6 reagent was used. For one 6 well plate 20 ug of plasmid
DNA was added to the transfection mix, pipetted several times and incubated for 15
min at room temperature. During incubation the cell culture media of the 6 well plate
was replaced with fresh media without antibiotics and 150 pl of the transfection
mixture was added drop wise to the cells. For each transfection experiment
appropriate control experiments such as transfection with mock or empty vector were

conducted.

2.1.5 Transfection of MCF7 and mES wild type and Ro60 " cells with
poly (I:C)

Polyinosinic: polycytidylic acid potassium salt (poly (I:C)) (Sigma, P9582) was
prepared in sterilized filtered water at a concentration of 2.5 mg/ml and was used in

the experiments at a final concentration of 10 pg/ml.

For the poly (I:C) transfection experiments MCF7 and mES wild type and Ro60 " cells
were seeded in 6-well plates at a cell density of 200,000 cells/well in cell culture media
without antibiotics the day before transfection.

The cells were transfected using Lipofectamine ™ 2000 transfection reagent (Thermo
Fisher Scientific, 11668027). For one 6-well plate 32 ul Lipofectamine was gently
mixed with 4 ml Opti-MEM reduced-serum medium. In another 15 ml falcon tube 32
pl poly (I:C) were mixed with 4 ml Opti-MEM and incubated for 5 min at room
temperature. After the incubation the Lipofectamine-Opti-MEM mixture was added to
the tube containing poly (I:C)-Opti-MEM and incubated for 20 min.

The cell culture media was removed, the cells were washed three times with PBS and
fresh OptiMEM was added to the 6-well plate. After 5 h of transfection the Opti-MEM
was replaced with fresh cell culture media. The cells were treated with poly (I:C) in a

total of 8 h and cells were harvested after 3 h for RNA extraction.
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2.1.6 Treatment of NIH 3T3 cells with staurosporine

NIH 3T3 cells were seeded at 200,000 cells/ml in a 6-well plate one day before
transfection. The cells were transfected with plasmid DNA using Fugene 6 or
Lipofectamine and after 24 h the cells were treated with staurosporine.

Staurosporine (Cell Signalling Technology, #9953) was prepared in DMSO at a
concentration of 100 uM. The cells were treated with staurosporine at a final
concentration of 1 uM for 4-8 h. After the treatment the cells were harvested for RNA

extraction.

2.2 Protein extraction

For cell lysis and protein extraction of wild type and Ro60 - mouse embryonic stem
cells RIPA buffer (Sigma, R0278) was used according to the manufacturer’s
instructions. In order to prevent protein degradation a protease inhibitor cocktail was
added to the lysis buffer. After removal of the growth medium the cells were washed
with cold Phosphate Buffered Saline (PBS) (Gibco, 14190). Then 300 ul of RIPA
lysis buffer was added per well of a 6-well plate and incubated in the cold room

under rotation for 30 min.

After the incubation the cells were removed with a cell scraper and vigorous pipetting
and incubated on ice for another 5 min. The protein lysate was clarified by
centrifugation at 12,000 rpm for 20 min at 4°C. The lysate was frozen in liquid nitrogen
and stored at -80°C.

The protein concentration was determined in triplicates using Pierce bicinchoninic
acid (BCA) protein assay kit (Thermo Scientific, 23227) following the manufacturer’s
protocol. The standard curve was prepared using Bovine Serum Albumin (BSA) of
known concentrations. The protein concentration was calculated from the standard

curve.
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2.3 RNA extraction

For the work with RNA all the surfaces, pipettes and gloves were cleaned with 10%
Distel (VWR) as a surface detergent in order to avoid RNA degradation by RNases.
For preparing RNase-free solutions analytical reagent grade water (Fisher Scientific)

was autoclaved and filter sterilized using a 0.2 ym filter (Sartorius).

Total RNA was extracted using TRI Reagent (Thermo Fisher Scientific, AM9738)

according to the manufacturer’s instructions.

The cell culture media of the 6-well plate was removed and the cells were washed
once with PBS. When cells were treated with poly (I:C) or staurosporine the floating
cells were centrifuged at 800 rpm for 5 min and combined later with the cells attached

to the plate.

500 pl of TRI Reagent was added per well of the 6-well plate, pipetted up and down
several times and cells from three wells were combined to one 2 ml centrifuge tube
on ice. The tubes were spun at 13,000 rpm for 5 min at 4°C and the supernatant was
transferred to a new 2 ml centrifuge tube. The samples were incubated for 5 min at
room temperature. Then 300 pl of Chloroform (Fisher Scientific) was added and the
tubes were vortexed for 20-30 s. After incubation at room temperature for 5-10 min
and clear phase separation the samples were centrifuged at 13,000 rpm for 15 min
at 4°C. After centrifugation 750 pl of the aqueous phase was carefully pipetted into a
new 1.5 ml centrifuge tube without touching the organic phase. For isopropanol
precipitation an equal volume of isopropanol was added to the aqueous phase. The

samples were vortexed briefly and incubated at -20°C overnight.

The next day the samples were centrifuged at 13,000 rpm for 15 min at 4°C. In order
to remove salt, the RNA pellet was washed twice with 80% ethanol and centrifuged
each time at 13,000 rpm for 5 min at 4°C. After the last wash step the samples were
spun again at 13,000 rpm for 1 min and the remaining drops were removed with 10
ul filtered tips. The RNA pellets were air-dried for 10 min, resuspended in 30 pl of

RNase-free water and stored at -80°C.

The RNA concentration was measured using the Nanodrop 8000 spectrophotometer
(Thermo Fisher Scientific). The quality of the RNA was deemed good if the 280/260

ratio was ~2.0, and the 260/230 ratio was between 2-2.2.

In order to check the quality and integrity of the RNA the samples were run on a 1.5%

(w/v) agarose gel prepared in 0.5 x Tris-Borate-EDTA buffer (TBE) and stained with
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10 mg/ml ethidium bromide (Fisher Scientific). For running the RNA on the gel 1 pg
of RNA was added to 5 ul gel loading buffer Il (Thermo Fisher Scientific, AM8546G).
The buffer contains 95% formamide that stabilizes the RNA. Before running on the
gel the RNA was denatured at 70°C for 2 min. The gel electrophoresis was performed
at 100 V for 30 min and the gel was imaged using the Typhoon Scanner (GE
Healthcare). The integrity of the RNA was assessed by checking the 28S and 18S
ribosomal RNA bands.

2.4 Detecting small RNAs by Northern blotting

2.4.1 Separation of small RNAs by denaturing polyacrylamide gel
electrophoresis

Before the preparation of the denaturing polyacrylamide gels all the equipment was
soaked for at least 30 min with 10% Distel in order to destroy any RNases.
The separation of small RNAs was performed using 15% denaturing polyacrylamide
gels. To prepare a single gel 2.1 g urea (Fisher) was measured and 1.25 ml RNase-
free water and 0.5 ml 5 x TBE was added to a 50 ml centrifuge tube. The mixture was
heated in the microwave for 20-40s in order to dissolve the urea completely. After the
solution cooled down, 1.85 ml 40% acrylamide/bis solution 19:1 (Biorad, 16110144)
was added and the mixture was filled up with RNase-free water to a final volume of 5
ml. The centrifuge tube was gently inverted several times and the polymerisation
reaction was initiated by adding 2.5 pl Tetramethylethylenediamine (TEMED) (Biorad,
1610800) and 50 pl of 10 % ammonium persulfate solution (APS) (Sigma, A3678)

which acts as a radical initiator molecule in the polymerization process.

The gel solution was quickly poured between two 1.0 mm thin glass plates and a 10
well comb was inserted. The gel was polymerized for about 30 min. If more than 10
samples were loaded on the gel the gel solution was poured into a precast gel
cassette and let it polymerize. The gel electrophoresis of small gels was performed
using the mini PROTEAN Il system (Biorad). The bigger gels with more than 10 wells
were casted into Criterion cassettes (Biorad, 3459902) and the Criterion vertical

electrophoresis cell (Biorad) was used for gel electrophoresis.

After the gel was polymerized the gel was pre-run in 0.5 x TBE at 100V for 30 min

and the wells were washed with syringe and a 20-nauge needle.
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For Northern blotting of small RNAs 10 ug of RNA was mixed with an equal volume
of Gel loading buffer Il (Thermo Fisher Scientific, AM8546G), denatured at 70°C for
2 min and kept on ice. Before loading on the gel, the wells were again rinsed with a
syringe and a 20-nauge needle in order to remove some urea residues. The samples
were carefully loaded on the gel and the gel electrophoresis was performed at 110 V
for 2-3 h. After that, the gel was stained in a square petri dish with 10 mg/ml ethidium
bromide in 0.5 x TBE for 5 min. The gel was imaged using the Typhoon scanner and
RNA integrity and RNA separation was assessed before transfer.

2.4.2 Transfer of small RNAs onto a nylon membrane using semi-dry
transfer

For the transfer six whatman filter paper (Thermo Fisher Scientific, 3030-335) and
one piece of Hybond-NX nylon membrane (GE Healthcare, RPN202T) were cut at
the same size as the gel and soaked in water. A neutral Hybond-NX membrane was
used because positively charged nylon membranes are not compatible with the
following chemical crosslinking using 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC).

For the semi-dry transfer the membrane and the gel were placed in between of six
whatman filter paper. First three soaked whatman filter paper were positioned on the
semi-dry apparatus (Fisher) and air bubbles were removed by a pipette. Then the
membrane and the gel were placed on the three whatman filter paper followed by
another layer of three whatman filter paper. Remaining air bubbles were carefully

removed. The semi-dry transfer was performed at 20 V for 60 min at 4°C.

2.4.3 Chemical cross-linking

Before cross-linking the polyacrylamide gel was scanned using the Typhoon Scanner
in order to ensure that all the RNA was transferred successfully. The small RNAs
were crosslinked to the membrane by chemical cross-linking using EDC. It was
previously shown that Carbodiimide-mediated cross-linking enhanced the sensitivity
for the detection of small RNAs by Northern blotting up to 50-fold compared to
conventional UV-cross-linking (Pall and Hamilton, 2008). For the cross-linking
solution 122.5 yl 12.5 M 1-Methylimidazole (Sigma, M50834) and 10 pl concentrated

hydrochloric acid (HCI) was added to 10 ml water. The pH of the solution was checked
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using the pH meter and adjusted to pH 8.0. Then 0.373 g of EDC (Thermo Fisher
Scientific, 22980) was added to the solution, gently mixed and filled up with water to

a final volume of 12 ml.

A whatman filter paper that was slightly bigger than the membrane was soaked in
cross-linking solution and placed on a Saran wrap. The membrane was placed with
the RNA facing up on the soaked whatman filter paper, sealed tightly with Saran wrap
and incubated in a hybridization oven for at 60°C for 1-2 h.

After cross-linking the membrane was washed twice in water on an orbital shaker for
5 min at room temperature, sealed with Saran wrap and stored at -20°C until

hybridization.

2.4.4 Hybridization

For pre-hybridization the hybridization buffer (Sigma, H7033) was pre-warmed at
37°C. Then the membrane was placed in a hybridization tube containing 5-10 ml
hybridization buffer while the RNA side of the membrane was facing inside the tube.
The membrane was incubated at 37°C in a HB-1000 hybridization oven (UVP) under

rotation.

While the membranes were incubated, the probe for Northern blotting was prepared
in a screw-cap centrifugation tube. The antisense DNA oligonucleotide (without 5’ end
phosphate) was ordered and synthesized by Sigma. For preparing and end labelling
the antisense DNA oligonucleotide probe 2 ul of a 10 uM oligonucleotide (Sigma), 2
Ml of T4 Polynucleotide Kinase buffer (PNK) (NEB, M0201S), 14 ul nuclease-free
water, 3 pl of [y-32P]-ATP (~1.1 MBq) (Perkin Elmer, BLU502A500UC) and 1 pl of T4
Polynucleotide Kinase (PNK) (NEB, M0201S) were gently mixed in a screw-cap
centrifugation tube. PNK transfers the terminal phosphate from [y-32P]-ATP to the 5’
end of the DNA oligonucleotide. The reaction was incubated in the radioactivity
laboratory at 37°C for 1 h.

After 1 h 30 ul water was added to the tube and the whole reaction mixture was
carefully added to the hybridization tube without touching the membrane. The

membrane was incubated at 37 °C in the hybridization oven under rotation overnight.
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2.4.5 Washing of the membrane and signal detection

Following overnight hybridization the membrane was washed twice with wash buffer
containing 0.2 x Saline-Sodium citrate (SSC), 0.1% Sodium dodecyl sulphate (SDS)
at 37°C for 30 min under rotation. If the background of the membrane was too high
the washing was repeated in order to remove the non-specific radioactive signal. The
membrane was wrapped in Saran wrap, placed in a cassette and exposed to a
phosphorimager screen (Fujifilm) between 30 min and 5 days depending on the
signal. The phosphorimager screen was imaged using the Typhoon Scanner and the
Image Quant Software (GE Healthcare, Typhoon Scanner) was used for

guantification.

2.4.6 Stripping of Northern blot membranes

In order to hybridize the membrane with another oligonucleotide probe, the hybridized
labelled probe was removed from the membrane by incubating the membrane in 0.1%
SDS for 30 min to 5 h at 90°C in a hybridization oven under rotation. Successful
removal of the probe was checked by exposing the membrane to a phosphorimager

screen and imaging using the Typhoon Scanner.

2.4.7 Oligonucleotide probe sequences used for Northern blotting

The following DNA oligonucleotides reverse complementary to the small RNA of
interest (Sigma) were used for Northern blotting (Appendix Il, Table 0.12). For some
hY5 3’ end mutants a locked nucleic acid (LNA) probe had to be used because the
sequence was too short for the hybridization with a normal synthesized DNA
oligonucleotide. In an LNA probe the LNA nucleotide (shown in Appendix I, Table
0.12 by *) is modified by a methylene bridge between the 2’ oxygen atom and the 4’
carbon atom of the ribose. This modification locks the ribose in the 3’ endo
conformation by the bicyclic ring formation. The use of LNA probes increases the
hybridization sensitivity and detection of small RNAs. The LNA probe was

synthesized by Exigon.
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2.5 Western blotting

2.5.1 Polyacrylamide gel electrophoresis of proteins

For western blotting 10 ug of total protein extract was used. An equal volume of
Laemmli buffer (Sigma, S3401) was added to the protein lysate, denatured at 100°C
for 5 min and then immediately put back on ice until the gel was ready to be loaded.
The proteins were separated on precast 4-12% gradient Bis-Tris polyacrylamide gels
using the XCell Surelock mini-cell electrophoresis system (Invitrogen). The proteins
were run in NuPAGE MOPS SDS running buffer (Thermo Fisher Scientific, NP0O001)
at 120 V for 1-2 h. As protein standard the PageRuler prestained protein ladder
(Thermo Fisher Scientific, #SM0671) and MagicMark XP Western Protein Standard
(Thermo Fisher Scientific, LC5603) were used.

2.5.2 Western blot transfer

After gel electrophoresis, the proteins were transferred onto a nitrocellulose
membrane (Protran BA85, VWR, 732-4174) by wet-transfer using the XCell 1l blot

module (Invitrogen).

For the transfer, six whatman paper were cut at the same size as the gel and soaked
together with six sponge pads in 1x NUPAGE transfer buffer containing 10% methanol
(Thermo Fisher Scientific, NP0O006). For the wet-transfer first three soaked sponge
pads and whatman filter paper were placed on the transfer machine, followed by the
gel, nitrocellulose membrane and another layers of three whatman filter paper and

sponge pads. The transfer was carried out at 300 mA for 2-4 h at 4°C.

2.5.3 Blocking of membrane and antibody hybridization

After the transfer the membrane was blocked for 1h at room temperature in TBS (Tris-
buffered saline) buffer containing 0.1% Tween 20 (TBST) and 5% milk powder.

After blocking the membranes were incubated with the primary antibody in TBST-
buffer containing 5% milk powder overnight at 4°C. The following day the membranes
were washed three times in TBST buffer for 5 min at room temperature. After that,

the membranes were incubated with a horseradish peroxidase (HRP) conjugated
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secondary antibody in TBST-buffer supplemented with 5% milk powder for 1 h at
room temperature. The membranes were washed again three times with TBST buffer
and the western blot signal was detected using enhanced chemiluminescence (ECL)
SuperSignal West Pico Chemiluminescence Substrate (Thermo Fisher Scientific,
34080). The Western blots were visualized using the SYNGENE gel documentation
system.

2.5.4 Western blot antibodies

The antibodies used for the Western blots were diluted according to the
manufacturer’s instructions. The antibody for the detection of mouse Ro60 was kindly

provided from the laboratory of Sandra Wolin and was described by Chen et al., 2003.

For the detection of B-actin the membrane was incubated with a primary antibody
against mouse B-actin from Abcam (ab6276). In order to detect mouse Ro60 and (3-
actin a rabbit polyclonal secondary antibody against mouse IgG conjugated with HRP
(Abcam, ab6728) was used.

2.6 Generation of DNA constructs

2.6.1 DNA extraction from HelLa cells

Genomic DNA was extracted from 2 x 10®HeLa cells using the GenElute Mammalian
Genomic DNA Miniprep Kit (G1N10, Sigma) according to the manufacturer's

instructions. The genomic DNA was stored in -20°C until use.

2.6.2 Amplification of the human Y5 RNA gene from genomic DNA

The human Y5 RNA gene was amplified from genomic DNA as described in (Turnbull,
2014).

As a template for polymerase chain reaction (PCR) 100 ng of genomic DNA was
used. The PCR reaction was set up in a 20 pl reaction using Phusion High-Fidelity
DNA polymerase according to the manufacturer’s instructions (Thermo Fisher
Scientific, F530L). For PCR set up 100 ng genomic DNA was mixed with a final
concentration of 1 x Phusion HF (high fidelity) buffer, 0.4 mM dNTPs, 0.5 mM forward
primer, 0.5 mM reverse primer (see Appendix Il, Table 0.1) and 2 U Phusion DNA
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Polymerase. In order to amplify the human hY5 gene including the RNA polymerase
IIl promoter sequence and terminator region the forward primer was designed to bind
specific to the promoter region and the reverse primer to bind to the terminator region
of the human Y5 RNA gene. The human Y5 RNA gene was amplified including a 2.9
kb promoter region upstream the hY5 encoding region and 30 bp downstream of the

terminator signal.

The PCR cycling conditions were as follows: 98°C for 3 min, followed by 30 cycles of
98°C for 1 min, 64°C for 45 s and 72°C for 3 min, followed by a final extension of 72°C
for 10 min and 4 °C hold.

2.6.3 Agarose gel electrophoresis

The PCR products were separated by agarose gel electrophoresis. The percentage
of the agarose gel varied between 0.8 % and 2% depending on the expected size of
the PCR. The agarose was dissolved in 0.5 x TBE by heating up in the microwave.
The gel was poured and 10 mg/ml ethidium bromide was added. The PCR products
were mixed with 6 x DNA loading dye (NEB). The gel was run at 120 V for 30-60 min

and imaged using the UV transilluminator or Typhoon Scanner.

2.6.4 Purification of PCR products by gel extraction

After visualization of the gel with the UV transilluminator the DNA bands were excised
from the agarose gel with a sterile scalpel at the expected size and transferred to a
1.5 ml centrifugation tube. For the purification of PCR products from the agarose gel
the Zymoclean Gel DNA Recovery Kit (Zymo Research, D4007) was used according
to the manufacturer’s instructions. The excised gel slices were dissolved at 55°C for

10 min and the DNA was eluted in 6-10 pl sterile water.
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2.6.5 Adenosine tailing of PCR products for TA cloning

The High fidelity Phusion DNA polymerase generates blunt-ended DNA fragments.
In order to use blunt ended DNA fragments for TA cloning, the PCR products need to
have a 3’ terminal deoxyadenosine. For the tailing reaction 1-7 ul purified PCR
product was mixed with dATP at a final concentration of 0.2 mM, 1 pl of GoTaq G2
DNA Polymerase 10 x reaction buffer containing MgCl, and 5 U of GoTaq G2 DNA
polymerase (Promega, M7801) in a final volume of 10 pl. The reaction mixture was
incubated at 70°C for 30 min.

2.6.6 Cloning of PCR products into pGEMT easy vector

The pGEMT easy vector system | (Promega, A1360) was used for TA cloning of the
purified PCR products. The pGEMTeasy vector (see Error! Reference source not
found.) is a high-copy vector system that is linearized and contains 3’ terminal
deoxythymidine at both ends. The 3’-T overhangs at the insertion site create
overhangs for the efficient ligation of PCR products that have a 3’ terminal
deoxyadenosine. The multiple cloning region of the pGEMT easy vector is flanked by
the T7 and SP6 RNA polymerase promoter. Another feature of the pGEMT easy
vector is the B-galactosidase gene in the multiple cloning region which allows the
blue/white screening of recombinant bacteria. If an insert was cloned successfully in
the multiple cloning region of the pGEMT easy vector the coding sequence of the [3-
galactosidase gene gets disrupted which results in white colonies whereas bacteria
that only contain empty vector without any insert will appear blue. The ampicillin
resistance gene in the pGEMT easy vector is used as another selection marker to

screen for positive recombinant bacteria.

The A-tailed PCR product of the hY5 RNA gene including a 2.9 kb pol Ill promoter
upstream the hY5 RNA gene (Figure 2.1 B, shown in dark blue) and a 30 bp
terminator region downstream (shown in Figure 2.1 in dark red) of the hY5 RNA
gene (Figure 2.1 B shown in dark green) was ligated into the pGEMT easy vector
(Figure 2.1 A) and the pGEM-hY5-WT plasmid was generated (Figure 2.1 B).
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Figure 2.1. Vector map of pGEMTeasy and pGEM-hY5 WT plasmid DNA vector.
A. Vector map of pGEMT easy vector (Promega).

The vector map shows the circularized pGEMT easy vector with the origin of replication (ori),
the Ampicillin resistance gene (Amp"), the B-galactosidase gene (lacZ), the multiple cloning
region including the restriction sites that is flanked by the T7 and SP6 promoter. The figure
was taken from the pGEMT easy manual (Promega, A1360).

B. Vector map of the pGEM-hY5 WT plasmid.

The map shows the pPGEM-hY5 plasmid that was generated by the ligation of the A-tailed PCR
product of the hY5 RNA gene (shown in dark green) including a 2.9 kb RNA polymerase |l
promoter (shown in dark blue) upstream of the hY5 RNA gene (shown in green) and 30 bp
terminator region downstream of the hY5 RNA gene (shown in red) into the pGEMT easy
vector. The Amplicillin resistance (Amp) is shown in green. The LacZ gene for blue-white
selection is shown in light blue. The T7 promoter is depicted in turquoise and the origin of
replication is shown in grey. The vector map was generated using ApE the plasmid editor.
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2.6.7 Preparation of supercompetent DH5a bacterial cells

An aliquot of DH5a E.coli bacterial cells was plated on a LB-agar plate and incubated
at 37°C overnight. A single colony of DH5a cells was streaked onto a M9 minimum
plate and incubated for 48-72 h. After that, a single colony was plated on an LB agar
plate supplemented with 210mM MgCl,. As a contamination control the single colony
was also plated on an LB plate supplemented with 100 mg/ml Ampicillin. The plates
were incubated at 37°C overnight. The next day the LB Ampicillin plate was checked
for contamination and if nothing had grown a single colony from the LB/MgClI; plate
was inoculated in 5 ml TYM media and incubated overnight at 37°C under shaking at
200 rpm. One ml of the overnight culture was added to 125 ml TYM broth in a 500 ml
flask and incubated at 37°C under shaking at 300 rpm for an additional 3-4 h until the
optical density (ODsso) reached 0.5. The culture was poured into 50 ml falcon

centrifugation tubes and spun for 12 min at 1500 x g at 4°C.

The pellet was resuspended very gently in 40 ml of ice cold Tfbl resuspending buffer
and incubated on ice for 10 min. The suspension was centrifuged at 1500 x g for 8
min and resuspended in 4 ml of Tfbll buffer. The supercompetent cells were aliquoted,
frozen in liquid nitrogen and stored in -80°C. The competent cells were checked for
transformation efficiency by transforming 0.1 ng of pUC19 vector control (NEB,
N3041S). The transformation efficiency of DH5a cells was calculated to range
between 1 x 107 to 1 x 108 cfu/ug of DNA.

2.6.8 Transformation of bacterial cells

For the transformation 100 pl of homemade supercompetent DH5a E. coli cells were
thawed on ice for each transformation reaction. Then 5 pl of ligation reaction were
added to each tube of competent cells, mixed gently and incubated on ice for 30 min.
The mixture was then heat shocked at 42°C for 42 s and put on ice for 2 min. After
that 900 pl of LB-media was added to the transformation reactions and incubated at
37°C with shaking for 1-2 h.

In order to determine positive clones with the insert by using blue-white screening,
0.5 mM X-Gal (5-bromo-4-chloro-3-indolyl-D-galactoside) and 80 mg/mL IPTG
(Isopropyl-D-1-thiogalactopyranoside) were spread on the plates before the
transformation reactions were plated. Of each transformation reaction 100, 150 and
200 pl were spread on LB plates supplemented with 100 mg/ml ampicillin. The

bacteria plates were incubated at 37°C overnight.
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2.6.9 Colony PCR

The transformation success and positive clones were determined by blue-white
screening. Colony PCR was performed in order to confirm that the transformed
bacteria contained an insert and if the insert is at the expected size. The pUC M13
forward and reverse primers were used for colony PCR. The pUC M13 forward and
reverse primers bind to the flanking regions of the multiple cloning region and amplify
the whole insert if it was successfully cloned into the pGEMT easy vector.

The PCR reaction was set up in a final volume of 10 pl using GoTaq G2 Flexi DNA

Polymerase (Promega, M7801) according to the manufacturer’s instructions.

The PCR reaction was set up with a final concentration of 1 x GoTaqg Flexi DNA
Polymerase buffer, 2 mM MgCl,, 0.2 mM dNTPs, 0.2 mM forward primer, 0.2 mM
reverse primer (see Appendix Il, Table 0.2) and 0.5 U Phusion DNA Polymerase.

The PCR programme was chosen according to the manufacturer’s instructions and
the following conditions were used: 94°C for 2 min, followed by 29 cycles of 94°C for
30 s, 58°C for 30 s and 72°C for 90 s, followed by a final extension of 72°C for 10 min
and 4°C hold.

The products of the colony PCR were analysed on a 1% agarose gel (110 V, 45 min)
in order to confirm the presence and size of the insert. Positive colonies were
inoculated in 5 ml LB-media supplemented with 100 mg/ml ampicillin as selection

marker and incubated at 37°C overnight under shaking at 180 rpm.

85



MATERIALS AND METHODS

2.6.10 Purification of plasmid DNA

The plasmid DNA purification was performed using the QIAprep Spin Miniprep Kit
(Qiagen) following the manufacturer’s instructions. The plasmid DNA was eluted in
30 pl water. The concentration of the plasmid DNA was measured using the
nanodrop.

2.6.11 Sanger sequencing

In order to determine the sequence of the plasmids, the plasmid DNA sample was
mixed at a concentration of 50-100 ng/pl with water to a final volume of 17 pl. For
sequencing 2 ul of the sequencing primer (10 uM) was added and the samples were

sent to Eurofins MWG Operon (Ebersberg, Germany) for Sanger Sequencing.

2.7 High throughput mutagenesis approach on the 3’ end of
the human Y5 RNA

2.7.1 Generation of the 3’ end hY5 RNA mutant pool small RNA cDNA
libraries

The generation of the 3’ end hY5 RNA mutant pool cDNA libraries was performed by
a previous PhD student (Turnbull, 2014). For the 3’ hY5 mutagenesis analysis three
different regions close to the 3’ end cleavage site were chosen for random
mutagenesis. In each of these regions five nucleotide substitution mutations were
introduced resulting in 1024 possible combinations of hY5 mutants. The mutations
were introduced using long primers containing random nucleotides, generating a pool
of hY5 mutants for each of the three regions. The primers were synthesized in a way
each of the bases was mixed equally with a proportion of 25% at each of the five
mutated positions (IDT) in order to ensure that each hY5 mutant will be distributed
equally. The PCR for mutant pool 1, 2 & 3 was performed in three replicates. The
PCR products were A-tailed, ligated into pGEMT easy vector and transformed into
E.coli. Statistical analysis revealed that for each mutant pool replicate a minimum of
around 5000 colonies had to be harvested in order to be sure that each of the 1024
possible hY5 mutant will be represented at least once with a probability of 99%

(Statistical analysis was performed by Dr. Irina Mohorianu and Carly Turnbull).
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The colonies were harvested and the plasmid DNA was purified using the HiSpeed
Midi Prep kit. The hY5 mutant pools 1, 2 and 3 were transfected into NIH 3T3 cells
for 24 h. The cells were treated with staurosporine for 4 h. RNA was extracted and
SRNA production was checked by Northern blot analysis.

The small RNA cDNA libraries were constructed using 2 ug of total RNA using High
Definition (HD) adapters (Sorefan et al., 2012) with some modifications. For cDNA
library construction a FAM-labelled 3° HD-adapter and &’ lllumina adapter were used.
For PCR a longer RP-1 Index primer was designed in order to enrich for 3’ end derived
hY5 RNAs.

The sRNA cDNA libraries were sent for NGS to BaseClear (Netherlands) using a

customized sequencing primer.

2.7.2 Generation of the 3’ end hY5 RNA mutant pool full length cDNA
libraries and plasmid libraries

Apart from the hY5 3’ end mutant pools small RNA cDNA libraries, full length cDNA
libraries and plasmid libraries were also prepared as controls (Turnbull, 2013). Full
length hY5 RNA mutant cDNA libraries were generated in order to look at the
transcription level and stability of hY5 RNA mutants. The libraries generated from the
mutant plasmid pools itself were prepared to check if all the 1024 hY5 mutants are

present and equally distributed.

The full length cDNA and plasmid libraries were sequenced on one lane using a
customized sequencing primer. Since both full length and plasmid library sets have
the same sequence it was impossible to sequence these libraries with the standard
lllumina protocol because for successful clustering at the lllumina sequencing the first
15 nucleotides need to be different. For this reason a so called balancing DNA was
generated by PCR (see Appendix Il, Table 0.4 ) using the Phusion protocol in order
to introduce heterogeneity and create a variety of different sequences. The balancing
DNA contained a 20 nt stretch where random nucleotides were incorporated therefore

sequence heterogeneity was ensured.
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2.7.3 Bioinformatics analysis of hY5 3’ end mutant sRNA libraries

The bioinformatics analysis was carried out by Dr. Simon Moxon. As a first step, the
Fastq files were converted to Fasta format and all reads containing ambiguous bases
(“Ns”) were discarded. HD adapters containing four degenerate nucleotides were
used for 3’ end ligation and for each individual library replicate a different index primer

was used for library preparation.

Next, the first 8 nt of the 3’ HD adapter (5’-TGGAATTC-3’) were identified using
perfect sequence match and trimmed off. The four degenerate nucleotides of the 3’
HD adapter at the ligation site of each sRNA read were trimmed. From the 5’ end of
sequencing reads the lllumina adapter sequence was removed. The adapter trimming
was performed using the UEA sRNA Workbench (Stocks et al., 2012). A Perl script
was written in order to generate all possible 3’ end hY5 mutant sequences for each
mutated region 1, 2 and 3 resulting in a total of 3072 possible hY5 mutant sequences.
The reads were mapped full length and without allowing any mismatches to the 3072
possible hY5 mutant combinations using PatMaN (Prifer et al., 2008). Each library
replicate was ranked by abundance and for further analysis the mean rank across all

the three replicates was taken.

However, PCR duplication is a huge problem during NGS library preparation and
occurs through biases in the PCR amplification step. In this bioinformatics analysis
the PCR duplicates were not removed. In order to remove PCR duplicates the
degenerate nucleotides of the 3° HD adapter could be used to identify the PCR
duplicates. For that, any identical sequences with the same random nucleotides that
are likely to be PCR duplicates would be removed and collapsed. Then, the adapter

sequences would be trimmed off and aligned to all possible hY5 mutant combinations.
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2.7.4 Bioinformatics analysis of the full-length cDNA and plasmid
libraries

The bioinformatics analysis was carried out by Dr. Simon Moxon. For the analysis a
Perl script was used to generate all possible 3’ end hY5 mutant sequences for each
mutated region 1, 2 and 3 resulting in a total of 3072 possible hY5 mutant sequences.
The reads were aligned to all the possible hY5 RNA mutants without mismatch using
PatMaN. The plasmid libraries contained extra 6 nucleotide TAACAC before the hY5
coding sequence in order distinguish the plasmid library reads from the full length hY5
mutant cDNA library reads. Each library replicated was sorted by abundance and the

mean rank of all the three replicates was used for further analysis.

2.7.5 Secondary structure predictions and visualization

For secondary structure prediction of hY5 RNA mutants the programme RNAfold
under default parameters was used (Hofacker, 2003). The visualization of the

predicted hY5 RNA mutants was carried out using Varna (Darty et al., 2009).

2.7.6 Generation of individual hY5 3’ end mutants and loop mutants

After bioinformatics analysis the top ten most abundant sequences of each mutant

pool were cloned individually into the pGEMT easy vector.

The sequences of each oligonucleotide that was used for generating individual hY5

3’ end mutants and deletion mutants can be found in appendix Il.

The PCR was set up in a final volume of 20 pl using Phusion High-Fidelity DNA
polymerase according to the manufacturer’s instructions (Thermo Fisher Scientific,
F530L) with some modifications. 1 ng of wild type hY5 plasmid (pbGEM-WT) was set
up with 1 x Phusion HF buffer, 0.4 mM dNTPs and 2 U Phusion DNA Polymerase
without primers for 10 cycles at a lower annealing temperature. After 10 cycles 0.5
mM forward primer, 0.5 mM reverse primer (see Appendix Il, Table 0.3) were added
to the PCR mixture and the annealing temperature was raised to 69 °C for another
25 cycles. The PCR had to be modified that way because long reverse primers
spanning the downstream region of the human Y5 RNA had to be used for the PCR

reaction in order to amplify the whole hY5 mutant sequence.
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The cycling conditions for the first PCR reaction were the following: 98°C for 30 s,
followed by 9 cycles of 98°C for 10 s, 54°C for 30 s and 72°C for 2 min, followed by
a final extension of 72°C for 10 min and 4°C hold.

After adding the primers the PCR reaction was run for another 25 cycles under
following conditions: 98°C for 30 s, followed by 25 cycles of 98°C for 10 s, 69°C for
30 s and 72°C for 2 min, followed by a final extension of 72°C for 10 min and 4°C
hold.

The PCR products were run on a 1% agarose gel and purified using the Zymoclean
Gel DNA Recovery Kit according to the manufacturer’s protocol. The purified PCR
products were tailed and ligated into pGEMT easy vector as described before. The
ligation products were transformed into E. coli. The plasmid DNA was purified using
the QlAprep Spin Miniprep Kit according to the manufacturer’s instructions. After
checking the sequence and successful mutation by Sanger Sequencing a single
colony was inoculated in 5 ml LB medium supplemented with 100 mg/ml ampicillin for
5-8 hat 37°C and shaking at 200 rpm. After that the starter culture was diluted 1/1000
in 100 ml LB medium containing 100 mg/ml ampicillin as a selection antibiotics. The
culture was grown at 37 °C with shaking at 200 rpm overnight. The next day the
culture was centrifuged at 4,000 x g at 4 °C and the plasmid DNA was purified using
the HiSpeed Midi Prep kit (Qiagen, 12643). The plasmid DNA was eluted in 500 pl

water and the concentration was determined by nanodrop.

2.7.7 Transfection of hY5 mutants into NIH 3T3 cells

The transfection of hY5 mutants was carried out as described in 2.1.4. For the
transfection 20 ug of plasmid DNA was transfected using Fugene 6 for 24 h. For each
transfection experiment a mock transfection control and empty vector control was

included.

2.7.8 Treatment of NIH 3T3 cells with staurosporine

In order to induce apoptosis and hY5 derived small RNAs the cells were treated with

staurosporine for 8 h at a final concentration of 1 uyM.
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2.7.9 RNA extraction and Northern blot analysis

The RNA was extracted as described in section 2.3 and the RNA integrity was
checked on a 1.5 % agarose gel. The RNA concentration was measured using the
Nanodrop.

For Northern blotting 10 ug of RNA was used and the Northern blot protocol was
followed as previously detailed in section 2.4.

2.8 High throughput mutagenesis approach on the 5’ end of
the human Y5 RNA

2.8.1 Generation of 5’ end hY5 mutant pools-first strategy

For the 5 hY5 mutagenesis approach a similar strategy like for the 3’ end hY5
mutagenesis was designed. Three different regions near the 5’ hY5 RNA cleavage
site were selected for mutagenesis. In each of these regions five nucleotides were
substituted by random nucleotides that would result in 1024 different hY5 mutants per
mutated pool. The random mutations were introduced by overlap extension PCR
using primers containing degenerate nucleotides. The primers had to be synthesized
in a way that the five random nucleotides at each of the mutated regions were hand
mixed at an equal proportion of 25% in order to ensure each base is equally
distributed and less bias will be introduced by PCR. The PCR for mutant pool 4, 5
and 6 was carried out in three replicates. For PCR first 1 ng of wild type pGEM-WT
was used as a template to generate the two fragments (long and short) for overlap
extension PCR. The PCR was performed according to the manufacturer’s
instructions. 1 ng of pGEM-hY5 WT was mixed with a final concentration of 1 x
Phusion HF buffer, 0.4 mM dNTPs, 0.5 mM forward primer, 0.5 mM reverse primer
and 2 U Phusion DNA Polymerase (see Appendix Il, Table 0.5).

The cycling conditions for the long fragment of mutant pool 4, 5 and 6 were as follows:
98°C for 30 s, followed by 30 cycles of 98°C for 10 s, 54°C for 30 s and 72°C for 2

min, followed by a final extension of 72°C for 10 min and 4°C hold.

For generating the short fragment for mutant pool 4, 5 and 6 following PCR cycling
conditions were used: 98°C for 30 s, followed by 30 cycles of 98°C for 10 s, 52°C for
30 sand 72°C for 30 s, followed by a final extension of 72°C for 10 min and 4°C hold.
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The PCR products of the long fragment and short fragment were purified using
Zymoclean Gel DNA Recovery Kit according to the manufacturer’s instructions. The
purified PCR products were quantified using the nanodrop. For setting up the overlap
extension PCR 100 ng of the long fragment (2.9 kb) and 5 ng of the short fragment
was used. First the PCR reaction was set up without the addition of primers and final
extension for 5 cycles in order that both fragments can anneal to each other. 100 ng
of long fragment and 5 ng of short fragment were added to 1 x Phusion HF buffer, 0.4
mM dNTPs and 2 U Phusion DNA Polymerase.

The PCR conditions were as follows: 98°C for 30 s, followed by 4 cycles of 98°C for
10 s, 52°C for 30 s and 72°C for 2 min and 4°C hold.

After 5 cycles 0.5 mM forward primer and 0.5 mM reverse primer (see Appendix I,
Table 0.8) were added to the PCR reaction. The annealing temperature was raised
to 69 °C and the PCR was run for another 25 cycles. The PCR was run under the
following conditions for another 25 cycles: 98°C for 30 s, followed by 25 cycles of
98°C for 10 s, 69°C for 30 s, 72°C for 2 min, followed by a final extension of 72°C for
10 min and 4°C hold.
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The PCR for mutant pool 4, 5 & 6 was performed in three replicates. The PCR
products were A-tailed, ligated into pPGEMT easy vector and transformed into E.coli.
In order to check successful mutagenesis 50 purified plasmid DNA samples of each
mutant pool were sent for Sanger Sequencing.

For generating the large mutant pools around 9000-10000 colonies per mutant pool
was harvested in order to ensure that each mutant will be present. Previous statistical
analysis for the 3’ end hY5 mutagenesis approach revealed that for each mutant pool
replicate a minimum of around 5000 colonies had to harvested in order to be sure
that each of the 1024 possible hY5 mutant will be represented at least once with a
probability of 99% (Statistical analysis was performed by Dr. Irina Mohorianu and
Carly Turnbull). The colonies were harvested and the plasmid DNA was purified using
the HiSpeed Midi Prep Kkit.

2.8.2 Generation of hY5 5’ end mutant pool plasmid libraries

For generating the hY5 5’ end mutant pool plasmid libraries 5 ng of each mutant
plasmid pool replicate was used for PCR. In order to introduce the Illlumina adapter
sequences and indices for lllumina sequencing two separate PCR reactions were
carried out. The first PCR reaction was set up according to the Phusion protocol (see
Appendix I, Table 0.6) using 5 ng of template. 98°C for 30 s, followed by 25 cycles
of 98°C for 10 s, 55°C for 30 s, 72°C for 30 s, followed by a final extension of 72°C

for 10 min.

The samples were separated on an 8 % native polyacrylamide gel. For preparing the
2 gels 10 ml water, 1.5 ml 5 x TBE, 3 ml of 40 % acrylamide/bis solution 19:1 were
mixed and filled up with water to a final volume of 15 ml. For polymerisation 7.5 pl
TEMED and 150 pl 10% APS were added and the gels were set for 30 min. The PCR
reaction were mixed with 5 x Novex Hi-Density TBE Sample buffer (Thermo Fisher
Scientific, LC6678) and run in 0.5 x TBE at 120 V for around 2 h. The gels were
stained with SYBR Gold (Thermo Fisher Scientific, S11194) in 0.5 x TBE with a
dilution of 1/20000 for 1 min at room temperature and visualized using the Typhoon
Scanner. The DNA bands were purified from the gels using sterile razor blades and
the gel slices were placed into a gel breaker centrifugation tube and centrifuge at
20,000 x g for 5 min. The gel pieces were eluted with 1 x NEB2 buffer overnight at
4°C under rotation. The next day the soaked gel pieces were centrifuged in a Costar

Spin X column (Corning, CLS8160-96EA) at 2,600 rpm for 5 min at room temperature

93



MATERIALS AND METHODS

in order to filter out the solid gel debris. The eluted DNA was concentrated by ethanol
precipitation overnight at -20°C by adding 2.5-3 volumes of 100 % ethanol, 1/10 of
the eluted volumes 3M sodium acetate, pH 5.2 and 15 mg/ml glycoblue coprecipitant
(Thermo Fisher Scientific, AM9515). The next day the samples were centrifuged for
30 min at 20,000 x g at 4°C. The pellet was washed once with 80 % ethanol and
centrifuged for another 5 min at 20,000 x g at 4°C. The pellet was air dried for 5-10

min at room temperature and resuspended in 12 ul water.

For introducing the lllumina index primer sequences to the first PCR product another
PCR was set up using the Phusion protocol and lllumina index primer sequences (see
Appendix Il, Table 0.6). The first purified PCR product was diluted to 1 ng and used

as a template.

The PCR conditions were as follows: 98°C for 30 s, followed by 25 cycles of 98°C for
10 s, 55°C for 30 s, 72°C for 30 s, followed by a final extension of 72°C for 10 min
and 4°C hold.

The PCR product was separated on a native 8 % PAGE gel and purified as described
above in detail. The plasmid libraries were resuspended in 12 ul nuclease-free water.
After quantification and verification by Sanger Sequencing the plasmid libraries were

sent for next generation sequencing and bioinformatics analysis was carried out.
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2.8.3 Generation of the hY5 5 end mutant pools- second cloning
strategy

Next generation sequencing and bioinformatics analysis revealed that the hY5 wild
type sequence was overrepresented in the 5’ end mutant plasmid pools. To overcome
this problem another cloning strategy was performed. The previous cloning was
based on a plasmid containing the wild type hY5 full length sequence. The mutations
were introduced by overlap extension PCR and the fragments were purified by gel
extraction. One possibility could be that small traces of the full length hY5 wild type
sequence was carried over to the stage of overlap extension PCR and this wild type
sequence got amplified more efficiently in the overlap extension PCR compared to

the mutant hY5 sequences.

The cloning strategy was changed in a way that two different plasmids that contained
a disrupted version of the hY5 full length sequence were used as templates instead
of the plasmid encoding the full length hY5 RNA sequence. The PCR reactions for
the truncated wild type hY5 sequences to generate the two template plasmid
constructs were set up using the Phusion protocol (see Appendix Il, Table 0.7). 1 ng
of wild type hY5 plasmid and primer sets to create disrupted hY5 wild type sequences

were used.

The PCR conditions for plasmid DNA template 1 were as follows: 98°C for 30 s,
followed by 25 cycles of 98°C for 10 s, 52°C for 30 s, 72°C for 2 min, followed by a

final extension of 72°C for 10 min and 4°C hold.

The PCR conditions for plasmid DNA template 2 were as follows: 98°C for 30 s,
followed by 25 cycles of 98°C for 10 s, 52°C for 30 s, 72°C for 30 s, followed by a

final extension of 72°C for 10 min and 4°C hold.

The PCR products were purified using the Zymoclean gel extraction kit, A-tailed,
ligated into pGEMT easy vector and transformed into E. coli. The plasmid DNA
constructs were sent for Sanger Sequencing and checked that the full length hY5 wild

type sequence was not over-represented anymore.

The two plasmid DNA constructs with the confirmed truncated version of the hY5 full
length wild type sequence were used as templates. For generating the PCR products
for the mutant pools 4, 5 and 6 the degenerate nucleotides for each region were
introduced by overlap extension PCR. The long fragment was amplified according to
the Phusion protocol using 1 ng of template 1 (see Appendix Il, Table 0.7). For the

PCR of the short fragment 1 ng of template 2 was used.
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The PCR for plasmid DNA template 1 was run at the following conditions: 98°C for
30 s, followed by 25 cycles of 98°C for 10 s, 52°C for 30 s, 72°C for 30 s, followed by
a final extension of 72°C for 10 min and 4°C hold.

The PCR products were purified and quantified using the nanodrop. The final overlap
extension PCR reaction was carried out as previously described (2.8.1). The two
fragments were annealed at 55°C and after 5 cycles the forward and reverse primers
were added to the PCR reaction for another 25 cycles.

The PCR conditions were as follows 98°C for 30 s, followed by 4 cycles of 98°C for
10 s, 52°C for 30 s, 72°C for 2 min without final extension and 4°C hold.

After 5 cycles the 0.5 mM forward primer and 0.5 mM reverse primers (see Appendix
Il, Table 0.8) were added to the PCR reaction. The annealing temperature was raised

to 69°C and the PCR was run for another 25 cycles.

The overlap extension PCR conditions were: 98°C for 30 s, followed by 25 cycles of
98°C for 10 s, 69°C for 30 s, 72°C for 2 min, followed by a final extension of 72°C for
10 min and 4°C hold.

The PCR products were purified using the Zymoclean gel extraction kit, A-tailed,
ligated into pGEMT easy vector and transformed into E. coli. The generation of the
large plasmid mutant pools was carried out as previously described. For each mutant
pool replicate 30 colonies were selected and plasmid DNA was sent for Sanger

Sequencing in order to check successful mutagenesis.

2.8.4 Generation of full length cDNA and plasmid libraries for the hY5 5’
end mutant pools

The plasmid libraries for the hY5 5’ end mutant pools were prepared as previously
described using 1 ng of template for PCR. The purified plasmid libraries were sent for

next generation sequencing (Earlham Institute, Norwich Research Park).

For the full length cDNA libraries 5 ug of RNA was treated with Turbo DNase (Thermo
Fisher Scientific, AM2238) for 30 min at 37°C to eliminate all the genomic DNA. The
DNase treated RNA was purified using the RNA clean and concentrator kit according
to the manufacturer’s instructions. The RNA was eluted in 10 pl and the concentration
was determined by nanodrop. The reverse transcription reaction was carried out
using the Superscript Il protocol according to the manufacturer’s instructions. For first-
strand synthesis 500 ng purified RNA was mixed with 1 ul of 10 mM dNTPs and 1 pl
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of 2 yM hY5 RNA specific primer. The reaction was incubated at 65°C for 5 min and
chilled on ice immediately. After denaturing the RNA, 4 ul of 5 x First Stand buffer, 2
Ml of 0.1 M DTT and 1 pl of RNaseOUT (Thermo Fisher Scientific, 10777019 ) were
added and incubated at 42°C for 2 min. At the final step 1 ul of Superscript Il reverse
transcriptase (Thermo Fisher Scientific, 18064014 ) was added and the reaction was
gently mixed by pipetting up and down. The reaction was briefly centrifuged and
incubated at 42 °C for 50 min. The reaction was inactivated at 70°C for 15 min. As
described before for the plasmid libraries two PCR reactions had to be carried out in
order to introduce the Illumina adapter and index sequences for the following next
generation sequencing. The cDNA was used as a template for the first PCR reaction
and the PCR was performed using the primers shown in Appendix Il, Table 0.9
according to the Phusion protocol for 15 cycles. The resulting PCR product was
separated on a 6% PAGE gel and purified as described above. Then, 1 ng of the
purified PCR product was used for the second PCR to introduce the lllumina index
sequences according to the Phusion protocol for 10 cycles. The final cDNA full length
libraries were run on a 6% PAGE and purified. The full length hY5 cDNA libraries
were quantified using the Typhoon Image Quant software and after verification by
Sanger sequencing the 5 end hY5 full length cDNA libraries were sent for next

generation sequencing.

2.8.5 Small RNA library construction of hY5 5’ mutants

The small RNA libraries were generated according to our published protocol (Xu et
al., 2015) and standard lllumina protocol with some modifications. The total RNA was
extracted using the TriReagent protocol as described previously. For small RNA
library construction 2 ug of total RNA was used. The small RNA libraries were
constructed with lllumina adapters and a customized RP1 PCR primer containing the
original lllumina RP1 index sequence plus fifteen additional nucleotides on the 3’ end
of the oligonucleotide (see Appendix Il, Table 0.10). This modified RP1 primer had to
be used in order to enrich for YsRNAs because of their low abundance compared to
other small RNAs. Different enrichment sequences for YsRNAs (5 nt, 10 nt and 15
nt) were tested and 15 nt additional hY5 RNA sequence seemed to be sufficient for
YsRNA enrichment.

For small RNA library construction the 3’ lllumina adapter (Sigma) had to be
phosphorylated and adenylated because the truncated T4 RNA Ligase 2 (NEB)
specifically ligates pre-adenylated 5 ends of DNAs or RNAs to 3" hydroxyl groups of
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RNAs. For phosphorylation 6 pl of 100 uM 3’ lllumina adapter was mixed with 10 pl
of 10 x T4 polynucleotide buffer (NEB), 10 ul of 10 mM adenosine triphosphate (ATP)
(NEB), 72 ul of water and 2 pl of 10 U/ul T4 polynucleotide kinase (NEB) and
incubated at 37°C for 30 min. The phosphorylated product was concentrated by
ethanol precipitation overnight at -20°C.

After centrifugation at 20,000 x g for 10 min at 4°C the pellet was washed with 250 pl
80% ethanol and centrifuged at 20,000 x g for 5 min. The pellet was air dried for 10

min and resuspended in 12 pl nuclease-free water.

For adenylation of the phosphorylated 3’ adapters the 5’ DNA adenylation kit (NEB)
was used according to the manufacturer’'s manual. The reaction was set up by adding
4.5 pl of the phosphorylated 3’ adapter to 4 ul of 10 x 5° DNA adenylation buffer (NEB),
4 pl of 1 mM ATP (NEB), 4 ul of Mth RNA ligase (NEB) and 23.5 pl nuclease-free
water. The reaction mix was incubated at 65°C for 1 h and the enzyme was
inactivated at 85°C for 5 min. The adenylation reaction was cleaned up by phenol:
chloroform extraction (Sigma) and following ethanol precipitation at -20°C overnight.
After centrifugation at 20,000 x g at 4°C for 15 min, the pellet was washed twice with
80% ethanol and air-dried for 10 min at room temperature. The pellet was
resuspended in 12 pl nuclease-free water. The concentration of the 3’ adenylated
adapter was determined by nanodrop and adjusted to a final concentration of 20 uM.
The successful adenylation was checked along with non-adenylated adapters on a
15% denaturing polyacrylamide gel electrophoresis using the mini PROTEAN Il
system and 1.0 mm gel plates (Bio-Rad).

The first step of the cDNA library construction was the ligation of the 3’ adenylated
adapter to the sRNA using truncated T4 RNA Ligase 2 (NEB). Therefore, 50%
polyethylene glycol (PEG) 8000 solution (NEB) was warmed up at room temperature.
After that, 8 pl of the RNA sample were mixed with 1 pl of 20 uM adenylated 3’ adapter
and denatured at 70°C for 2 min. The ligation reaction was set up by adding 2 ul of
10 x T4 RNA ligase 2 buffer, 0.75 pl RNaseOUT (Thermo Fisher Scientific), 4 ul 50%
PEG solution (NEB), 1 ul T4 RNA ligase 2 and 3.25 pl nuclease-free water to the

denatured RNA and adapter reaction mixture.

The ligation reaction was incubated for 2-3 h at 26°C and was cleaned up using the
RNA clean and concentrator-5 kit (Zymo Research). The ligation product was eluted

in 12.1 ul nuclease-free water and put on ice.

In order to further clean up and remove excessive 3’ end lllumina adapter the ligation

reaction was separated on an 18% denaturing PAGE along with appropriate size
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markers and ligation controls. The gel was run at 100 V for 2-3 h, stained with SYBR
Gold and imaged with the Typhoon Scanner. The ligation product was gel extracted
and eluted in 1 x NEB2 buffer overnight as described before. The gel pieces were
centrifuged in a Costar Spin X column (Corning, CLS8160-96EA) at 2,600 rpm for 5
min at room temperature and the DNA was concentrated by ethanol precipitation for
1-2 hiin -80°C. The samples were centrifuged for 30 min at 20,000 x g at 4°C and the
pellet was washed once with 80 % ethanol and centrifuged for another 5 min at 20,000
X g at 4°C. The pellet was air dried for 5-10 min at room temperature and

resuspended in 3.5 pl water.

After the removal of excessive 3’ lllumina adapter by gel purification the ligation
product was ligated to the 5’ end lllumina adapter which is a RNA adapter. The 5’ end
adapter was denatured at 70°C for 2 min. The 5’ end ligation reaction was set up by
adding 0.5 pl of 10 x T4 RNA ligase 1 buffer (NEB), 0.5 pl of 10 mM ATP (NEB), 0.5
Ml of denatured 5’ lllumina adapter and 0.5 pl T4 RNA ligase to the first ligation

product. The ligation reaction was incubated for 2-3 h at 26°C.

After the ligation the di-tagged RNA was reverse transcribed using Superscript II
(Thermo Fisher Scientific). The ligation reaction was mixed with 1 ul RTP RNA RT
primer and denatured at 70°C for 2 min. Then 0.5 ul of 12.5 mM dNTPs, 1 pul of 0.1 M
DTT, 1 ul of RNase Out and 1 ul of Superscript || was added to the reaction mixture
and incubated at 50°C for 1 h.

For PCR amplification 4 pl of cDNA was mixed with 4 ul 5 x Phusion high fidelity
buffer, 0.5 pl of 10 MM dNTPs, 1 pl of modified RP1 primer, 1 ul of barcoded RP index
primer, 9.3 uyl water and 0.2 pl of Phusion DNA polymerase. The PCR reactions were
run at the following conditions: 98°C for 30 s, followed by 10-21 cycles of 98°C for 10
s, 60°C for 30 s, 72°C for 15 s, followed by a final extension of 72°C for 10 min and
4°C hold.

After PCR amplification with the optimal number of reaction cycles the PCR products
were loaded on 8% non-denaturing PAGE gels along with a 20 bp size marker.

Products between 140-150 bp were purified as described before.
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2.8.6 Generation of individual hY5 5’ end mutants

In order to validate the sequencing results after bioinformatics analysis several hY5
mutants were cloned individually. The PCR was set up as described in 2.8.3. The
oligonucleotides used for the generation of individual hY5 &’ end mutants can be

found in the appendix II, Table 0.11.

The PCR products were tailed and separated on a 1% agarose gel. The PCR
products were purified using the Zymoclean Gel DNA Recovery Kit according to the
manufacturer’s instructions. The PCR products were ligated into pGEMT easy vector
as described before. The ligation products were transformed into E. coli. The plasmid
DNA was purified using the HiSpeed Midi Prep kit (Qiagen, 12643) and eluted in 500
Ml nuclease-free water. The concentration of the plasmid DNA was determined by
nanodrop and sent for Sanger Sequencing (Eurofins MWG Operon, Ebersberg) to

confirm the sequence and successful mutagenesis.

2.9 Small RNA library construction using High Definition
adapters

The total RNA of wild type and Ro60 - mouse embryonic stem cells was extracted
using the TriReagent method as previously described. Twenty ug of total RNA was
used for purification using the mirVana kit according to the manufacturer’s

instructions.

For small RNA library construction 1 ug of purified total RNA was used. The
adenylation of the 3° HD adapter was performed the same way as previously

described for the 3’ end lllumina adapter.

The small RNA cDNA libraries using HD adapter had to be modified and were
constructed after the same protocol as described for the YSRNA cDNA libraries. The
only difference was that for the wild type and Ro60  mouse embryonic stem cell
SRNA cDNA libraries the commercial RP1 index primer and different barcoded RP

index primers were used.

The PCR products were separated by 8% non-denaturing PAGE gels along with a 20
bp size marker. Due to the fact of low abundant sRNAs in mouse embryonic stem
cells and previous sequencing results both the miRNA fraction (140-150 nt) and sRNA
fraction derived from longer RNAs (160 nt) were excised and purified as previously

described.
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Chapter 3 Establishing sequence and structural

requirements for 3’ end human Y5 RNA cleavage

3.1 Introduction

3.1.1 Cellular stress response

Cellular stress response is a vital process that allows cells to adapt and respond
immediately to various types of physiological and environmental stress conditions.
Such adverse stressors include UV irradiation, DNA damage, temperature shock,
nutrient starvation, oxidative stress, toxins, drugs, viral infection or endoplasmic
reticulum stress (Holcik and Sonenberg, 2005; Kultz, 2005; Pakos-Zebrucka et al.,
2016).

In order to respond to these stress conditions immediately, protect cells from further
damage and maintain homeostasis the cells had to evolve tightly regulated cellular
stress response mechanisms. These stress response mechanisms involve the
activation of molecular chaperones, DNA damage repair, autophagy, cell cycle
control, or in severe cases cell death (Leung and Sharp, 2010). Importantly, the
reprogramming of gene expression at transcriptional and translational level during
stress allows the cells to respond rapidly to environmental changes in order to ensure

cell survival and prevent damage (Spriggs et al., 2010; Vihervaara et al., 2018).

In the last decade it became increasingly clear that regulatory non coding RNAs are
involved in cellular stress response. For instance, miRNAs as key regulators of gene
expression have been shown to mediate stress response in animals and plants
(Leung and Sharp, 2007; Sunkar et al., 2007).

Work in our laboratory has shown that miR-395 in Arabidopsis thaliana (A. thaliana)
is upregulated under sulphate starvation and expressed in a tissue- and cell type-
specific manner (Kawashima et al., 2009). In order to investigate if there are novel
stress-induced miRNAs in animals, various cell types were exposed to different stress
conditions, such as heat shock, cold shock, glucose starvation and mimicking viral

infection and compared to an untreated control sample.
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3.1.2 Previous work and background of the project

In previous work conducted in our laboratory the human breast cancer cell line MCF7
was treated with the immunostimulant poly (I:C) in order to identify novel miRNAs
involved in viral infection. Therefore, small RNA cDNA libraries for 19-24 nt sized
small RNAs from poly (I:C) treated and untreated MCF7 cells have been constructed
and sent for next generation sequencing. Surprisingly, the sequencing results showed
that only three miRNAs (miR-1246, miR-1975 and miR-1979) were differently
expressed. Further investigation revealed that miR-1975 was derived from the 3’ end
of hY5 RNA, whereas miR-1979 was generated from the 3’ end of the hY3 RNA
(Nicolas et al., 2012). Meiri et al. confirmed the same finding one year later and the

mMiRNAs were removed from miRBase (Meiri et al., 2010).

Previous experiments showed that during apoptosis human Y RNAs are cleaved in a
caspase-dependent manner, generating Y RNA fragments with sizes ranging
between 22-36 nt from the 3’ and 5’ end (Rutjes et al., 1999a).

Northern blot analyses in our laboratory demonstrated that during stress human Y
RNA fragments were upregulated in several cancerous and non-cancerous cell lines
compared to the untreated conditions. Also it was noted that human YsRNAs were
also generated under normal conditions at a detectable level. In order to investigate
the biogenesis of YsRNAs it was shown in further experiments that YSRNA generation
is Dicer independent and Y RNA fragments are not in a complex with Argonaute 2.
Therefore, YSRNA generation seems to be independent of the canonical miRNA
pathway (Nicolas et al., 2012). However, it is still obscure how these YsRNAs are

produced at specific cleavage sites.

The sequence and secondary structure of Y RNAs are evolutionarily conserved
(Mosig et al., 2007; Perreault et al., 2007). One interesting and important question is
whether any specific sequence motif or secondary structure or both are required for
the specific Y RNA cleavages to occur. In order to answer this question, the human
Y5 RNA was chosen for the experiments, because the expression of hY5 RNA can

be studied in mouse cells which only express endogenous mY1 and mY3.

102



ESTABLISHING SEQUENCE AND STRUCTURAL REQUIREMENTS FOR 3’ END HUMAN Y5
RNA CLEAVAGE

A previous PhD student cloned the full length hY5 RNA including a 2.9 kb RNA
polymerase Ill promoter upstream and a 30 bp terminator region downstream of the
hY5 RNA into pPGEMT easy vector and started to introduce mutations close to the
Ro60 binding site. In this previously conducted work it was shown by deletion and
substitution mutagenesis analyses on the conserved stem-loop structure of hY5
showed that Y RNA cleavage seemed to correlate with the secondary structure. It
was demonstrated that the stem-loop structure and Ro60 binding site were required
for the generation of YSRNAs (Turnbull, 2014).

Due to the limit of targeted mutagenesis analysis, a high throughput mutagenesis
approach was designed by Turnbull (Turnbull, 2014) in order to be able to examine

thousands of hY5 mutants within this particular region at the same time.

Three different regions (designated as library 1, 2 and 3) near the 3’ end cleavage

site of the hY5 gene were selected for random mutagenesis (Figure 3.1 A and B).

The three different plasmid mutant pools were transfected into 3T3 mouse cells and
the cells were treated with staurosporine in order to induce apoptosis and YSRNA
cleavage products. Small RNA libraries from the resulting YsSRNAs were constructed
and sequenced through NGS (Figure 3.1) (Turnbull, 2014).

Preliminary bioinformatics analysis resulted in a list of fifty most expressed YsSRNA
cleavage products from three mutant pools. Interestingly, the NGS results indicated
that the Y RNA cleavage site correlated to the secondary structure of the mutated
hY5 RNAs. It was observed that the Y RNA cleavage of the mutated hY5 RNAs from
library 2 and 3 showed wild type sized YsSRNAS, while the Y RNA cleavage site was
2 nt upshifted in some mutants of library 1 compared to the wild type cleavage site.
Concluding the results from the preliminary NGS analysis, it was hypothesized that
the position of cleavage site is influenced by the secondary structure of the mutant
hY5 RNA sequences (Turnbull, 2014).

However, in this previous work the sequencing results were not confirmed
experimentally and the bioinformatics analysis had to be repeated because the data

were not normalized correctly.

As part of my thesis | continued the project at this point in order to validate and further
investigate sequence and structural requirements for human Y5 RNA cleavage.
Therefore, the work undertaken in this chapter is a continuation of the 3’ end hY5
RNA high throughput mutagenesis experiments which were performed by Carly
Turnbull (Turnbull, 2014).
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Figure 3.1. Overview of the design and workflow of the 3’ end high throughput
mutagenesis on the 3’ end of the hY5 RNA.

A. Schematic of the pGEM-hY5-WT vector containing the mutated regions of hY5 RNA
library 1, 2 and 3.

The mutations for library 1 (red), library 2 (green) and library 3 (blue) were introduced by
mutagenesis PCR using primers containing random nucleotides (N).

B. Predicted secondary structure of human Y5 RNA including the regions that were
selected for random mutagenesis at the 3’ end.

In each of these regions of library 1 (red), library 2 (green) and library 3 (blue) five nucleotide
substitution mutations were introduced resulting in 1024 (4°) possible combination for each
library.

C. Workflow of the 3’ hY5 RNA mutagenesis approach.

The three different plasmid mutant pools were transfected into 3T3 mouse cells and the cells
were treated with staurosporine in order to induce apoptosis and YsRNA cleavage products.
Small RNA libraries from the resulting YsRNAs were constructed and sequenced through
NGS.
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In this chapter, | mainly performed the validation of the next generation sequencing
results from the 3’ hY5 mutagenesis analysis. From bioinformatics analysis which was
performed by Simon Moxon | obtained a list containing the most abundant and least
abundant hY5 RNA mutants of mutant pool library 1, 2 and 3. In this thesis, | did a
further in-depth analysis of the resulting secondary structures of the thirty most and
least abundant hY5 RNA mutants. From this analysis | generated and cloned the ten
most and least abundant hY5 RNA mutants of each library into an expression vector
and tested their expression levels and YSRNA production during stress by Northern

blot analysis.

In order to investigate further sequence and structural elements that are involved in
hY5 RNA cleavage from the 3’ end of hY5 RNA | additionally performed mutagenesis
on the internal loop L2a. My aim was to explore if the length or the nucleotide

sequence of this loop has an influence on hY5 RNA cleavage from the 3’ end.

As a result, | could validate and establish novel sequence and structural requirements

for human Y5 RNA cleavage from the 3’ end.
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3.2 Results

3.2.1 Bioinformatics analysis of 3’ hY5 mutagenesis libraries

All the cDNA libraries for the 3’ hY5 high throughput mutagenesis were generated in
three replicates and sent for NGS (Turnbull, 2014). The libraries were sequenced on
the lllumina HiSeq 2000 at BaseClear (Netherlands). The bioinformatics analysis was
carried out by Dr. Simon Moxon.

In this section | am giving an overview of all the analyzed datasets for the 3’ end hY5

RNA mutagenesis study:

The sRNA cDNA libraries of mutant hY5 RNAs were prepared in order to determine
all YsRNAs that were derived from full length hY5 RNA sequences during apoptosis.
Apart from the sRNA libraries, libraries from mutant plasmid pools and cDNA of full-
length hY5 RNA sequences were prepared for the normalization of the sSRNA data
set. The purpose of creating libraries from each plasmid pool was to check if all the
hY5 RNA mutant sequences are present and to determine if some hY5 RNA mutant
sequences were cloned more efficiently than others. The libraries from the full-length
hY5 RNA sequences were created to see if all mutant hY5 RNA sequences were

transcribed in the cells.

The analyses of the plasmid libraries and the full-length hY5 libraries allowed us to
determine if the random mutagenesis was successful. With the analysis of these data
sets we checked if the mutagenesis was random and if there was a strong selection
for a particular hY5 RNA mutant sequence or if there was a problem that not all mutant

hY5 RNA sequences were successfully transfected.

Further, with the bioinformatics analysis of the plasmid bias and full length hY5 RNA
sequencing results it was possible for us to determine if there is any common feature
among all the hY5 RNA mutants that were successfully transfected and transcribed.
Therefore, the full-length hY5 RNA libraries and plasmid libraries were used to look

at biases introduced by PCR, transfection and transcription.

3.2.1.1 Analysis of plasmid libraries

The plasmid libraries for the 3’ end high throughput mutagenesis approach were
generated in order to check if the random mutagenesis was successful or a particular

hY5 RNA mutant sequences was over- or underrepresented. The plasmid libraries
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were performed in three biological replicates. By introducing Illumina adapter
sequences on the 3’ and 5’ end of hY5 RNA plasmid sequences the plasmid libraries

could be sequenced using the lllumina NGS platform.

For the analysis of the plasmid libraries the sequencing reads were mapped to all
possible 1024 hY5 mutant full length hY5 RNA sequences using PatMaN (Prufer et
al., 2008) without allowing any mismatch and a custom Perl script was used to parse
the mapping file and count the number of unique motifs obtained. The obtained

sequencing reads are summarized in Table 3.1.

The bioinformatics analysis of the plasmid libraries showed that when all the reads
were mapped to all possible 1024 (4°) full length hY5 RNA sequences that for each
library replicate we got all expected 1024 hY5 RNA mutant sequences and the
abundance of each sequence motif was more or less equally distributed. From the
bioinformatics analysis we could see that there was no particular hY5 RNA mutant
sequence that was overrepresented. The results from the bioinformatics analysis
confirmed that the random mutagenesis approach that was performed on the 3’ end
of hY5 RNA was successful. All 1024 different hY5 Y RNA mutant sequences were
cloned successfully and there was no significant bias against any particular sequence

motif.

3.2.1.2 Full length cDNA libraries

The full length cDNA libraries were prepared in order to investigate if all the hY5 RNA
mutants were successfully transfected and transcribed or if some hY5 RNA mutant
sequences were missing. The full length cDNA libraries were generated in three
biological replicates. The lllumina adapter sequences were introduced by PCR. Using
different lllumina barcode index sequences the full length cDNA libraries were
sequenced on the lllumina HiSeq 2500 sequencing platform. After adapter removal
the obtained sequencing reads of the full-length cDNA libraries were mapped to all
possible 1024 hY5 mutant full length hY5 RNA sequences using PatMaN without
allowing any mismatch and again analysed using a custom Perl script. The obtained

sequencing reads are summarized in Table 3.2.
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Table 3.1. Overview of sequenced 3’ end hY5 plasmid bias libraries.

The table summarizes the redundant read numbers for biological replicate of plasmid bias
(PB) library 1, 2 and 3 and unique sequencing reads mapping to each possible full length hY5
RNA mutant sequence. The first column shows the three biological replicates of each plasmid
bias library 1, 2 and 3 that were generated and sent for NGS. The second column shows the
number of total sequencing reads for each plasmid bias library replicate after mapping the
sequencing reads to all possible 1024 hY5 mutant full length sequences.

Total reads Unique hY5 RNA sequence motifs
PB 1-1 592365 1024
PB 1-2 572583 1024
PB 1-3 480579 1024
PB 2-1 482195 1024
PB 2-2 425736 1024
PB 2-3 488713 1024
PB 3-1 304449 1024
PB 3-2 336302 1024
PB 3-3 698035 1024

Table 3.2. Sequencing information of 3’ end hY5 full length cDNA libraries.

The table shows the redundant read numbers for biological replicate of full length (FL) cDNA
library 1, 2 and 3 and unique sequencing reads mapping to each possible full length hY5 RNA
mutant sequence. The first column shows the three biological replicates of each full length
library 1, 2 and 3 that were generated and sent for NGS. In the second column the number of
total sequencing reads for each full length library replicate after mapping the total reads to all
possible 1024 hY5 mutant full length sequences is listed. In the full length cDNA library 3
replicates not all 1024 unique mutant sequences were present and the number of mutant

sequences missing is shown in blue.

Total reads Sequence motifs
FL 1-1 1414197 1024
FL 1-2 1388192 1024
FL 1-3 1780207 1024
FL 2-1 1284671 1024
FL 2-2 1023731 1024
FL 2-3 748520 1024
FL 3-1 1099655 984 (40 missing)
FL 3-2 775323 906 (118 missing)
FL 3-3 872712 978 (46 missing)
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The bioinformatics analysis of the libraries for mutant pools 1 and 2 showed that all
the hY5 RNA mutant sequences were transcribed successfully and that the generated
transcripts were stable.

Intriguingly, in the full-length cDNA libraries of mutant pool 3 hY5 RNAs many motifs
were not represented across the three replicates. In replicate FL 3-1 40 sequence
motifs were missing whereas in FL 3-2 and FL 3-3 118 and 46 sequence motifs were
absent. It has to be noted, that the mutated region of mutant pool 3 was very close to
the Ro60 binding site (Figure 3.2, A, shown in blue).

We know from the literature that the bulged helix of the Ro60 binding site is highly
conserved and Ro60 was shown to interact with the major groove of Y RNAs. In
ribonuclease protection experiments on isolated RoRNPs from Hela cells it was
demonstrated that the Ro60 protein binding site contains a single bulged cytidine
within a helix (Wolin and Steitz, 1983). Further chemical probing experiments and
mutagenesis analysis of hY1 RNA revealed that a bulged cytidine residue is important
for Ro60 binding and interaction. Deletion of the cytosine bulge resulted in the
inhibition of Ro60 binding. Interestingly, the mutation of the cytosine bulge to
adenosine still allowed Ro60 binding but around five times less efficiently (Pruijn et
al., 1991).

A few years later Green et al. investigated the features of Y RNA sequence and
structure that are necessary for protein recognition and they found that specific base
pairs in the conserved bulged helix are critical for Ro60 protein recognition. Chemical
probing and mutagenesis experiments of xY3 RNA in X. laevis demonstrated that a
single bulged nucleotide and a bulge of 3 nt on the opposite strand of the helix are
essential for Ro60 binding. Ro60 was shown to bind to the lower stem region of the
conserved stem of Y RNAs and base pairing between C9 and G90 as well as a bulge

at position 8 was essential for Ro60 recognition (Green et al., 1998).

After the observation that some of the library 3 mutant motifs were absent, | performed
sequence logo analysis of the missing motifs and compared it to the sequence logos
of the fifty most abundant library 3 sequence motifs (Figure 3.2, B). For sequence
logo analysis all the three replicates were combined and the programme WebLogo

Version 2.8.2 (Crooks et al., 2004) was used for sequence logo generation.
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From the sequence logo analysis | could observe that the fifth position of the pool 3
mutated region shows an exclusive preference for guanosine (Figure 3.2, B). This
suggested that a G-C base pair between the positions 8 and 68 is necessary in order
to retain the cytidine bulge and ensure Ro60 binding as it was already reported in the

literature.

In position four of the sequence logo uridine seems to be preferred compared to
guanosine, adenine and cytidine. An explanation for this G-U wobble base pair could
be that this position requires some flexibility in order that a single nucleotide bulge in
the major groove of the helix can be formed and Ro60 binding can occur.

The secondary structure analysis of the missing sequences revealed that the mutant
pool 3 sequence motifs that were missing in the libraries change the secondary
structure of the mutant hY5 RNA sequence in a way that they lack a single cytidine
bulge and the bulge increased to an internal loop (Figure 3.2, D). Importantly, in those
mutants the G-C base pair at position 8 was absent. Therefore, the Ro60 binding site
in all missing full length hY5 mutant sequence motifs was disrupted and the stability
of the hY5 mutant RNA was clearly affected (Figure 3.2, D) in comparison to a highly
abundant pool 3 mutant (Figure 3.2, C).
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Figure 3.2. Requirement of a single cytosine bulge and a G-C base pair between
the positions 8 and 68 for Ro60 binding and hY5 RNA stability.

A. Predicted secondary structure of human Y5 RNA.

The mutated region of library 3 is shown in dark blue. The Ro60 binding site is indicated in
light blue.

B. Sequence logo analysis of most abundant and absent hY5 mutant pool 3 sequence
motifs.

The position 5 of abundant mutant pool 3 sequence motifs has a strong G preference.
C. Predicted secondary structure of a highly abundant mutant pool 3 sequence motif.

The mutated region is shown in blue. In this highly abundant pool 3 mutant the secondary
structure is similar to the wild type hY5 RNA with an intact cytidine bulge and Ro60 binding
site.

D. Predicted secondary structure of a highly abundant mutant pool 3 sequence motif.

The mutated region is shown in blue. The sequence motifs missing in the full length mutant
pool 3 libraries result in a change of secondary structure. The cytidine bulge and G-C base
pair are not present anymore which affects the Ro60 binding site and stability of missing
mutant pool 3 full length hY5 RNAs.
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3.2.1.3 Small RNA cDNA libraries

During apoptosis full length Y RNAs get cleaved at the 3’ end and 5’ end of Y RNAs
resulting in 3’ end and 5 end derived YsRNAs. The YSRNA cDNA libraries were
generated in order to investigate which 3’ end hY5 RNA derived Y RNA fragments
are more abundant than others and to examine which hY5 RNA full length mutant
sequences are cleaved more or less efficiently due to different sequence motifs. The
YsRNA cDNA libraries were prepared in three biological replicates. On the 3’ end and
5 end of the YsRNAs two adapter sequences were ligated and multiplexing was
performed using different lllumina barcode sequences. The libraries were sequenced

on an lllumina Hiseg2500 platform.

The first step in the bioinformatics analysis of the YSRNA cDNA libraries involved the
removal of the adapter sequence from the 3’ end of the sequencing read. Next, the
sequencing reads were mapped to the mouse reference genome. The reads mapping
to the mouse genome were discarded because we were just interested in the reads
mapping to the hY5 mutant sequences. In order to be able to map the obtained reads
to the hY5 mutant sequences for each library a reference set containing all possible
hY5 mutant sequences was generated using a Perl script. PatMaN was used to map
the remaining reads of each library separately to the hY5 mutant sequences while no

mismatch was allowed.

For library 1 sRNA libraries we obtained between 2 and 3 million reads, for library 2
libraries between 2.7 and 6 million, whereas for library 3 libraries we got between 1.1
and 3.8 million total reads. After adapter removal between 57% in and 75% of the
reads mapped to the mouse genome (GRCm38/mm10, USCS genome browser).
From the remaining reads between 2 % and 13% mapped to the hY5 mutant
sequences, whereas for library 3 sRNA library most of the sequencing reads mapped
to hY5 RNA (shown in Appendix IIl, Table 0.13).

From the size class distribution of the YsRNA libraries (Figure 3.3, A) | could see that
the size of YsSRNAs derived from hY5 library mutant pool 2 and 3 (shown in green
and blue) is mainly 32-33 nt whereas hY5 mutant pool 1 Y RNAs (shown in red)
generate longer YsRNAs with a length of 34-35 nt. The start position of the
sequencing reads of hY5 mutant pool 2 and 3 indicates that the cleavage occurs
between T49 and C50 or C50 and C51. This finding is consistent with previous
sequencing results obtained from MCF7 cells treated with poly (I:C) in which most of

the 3’ end derived hY5 RNA cleavage products were 32 nt.
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3.2.2 Some library 1 hY5 RNA mutants generate longer YSRNAs
compared to hY5 mutant pool 2 and 3

For all YSRNA reads from each library replicate a size class distribution was
generated. Interestingly, the size class distribution of all YSRNA sequencing reads
revealed that some library 1 mutant YSRNA reads were 1-2 nt longer compared to
hY5 mutant pool 2 and 3 YSRNA reads (Figure 3.3 A, shown in red). Mutant pool 1
YSRNA reads were mainly 34/35 nt whereas mutant pool 2 and 3 YSRNAs were
mainly between 32/33 nts.

In order to investigate and validate these sequencing results the YSRNA reads were
ranked by abundance. Then | looked at the respective predicted hY5 mutant RNA
secondary structures if the introduced mutations affected RNA folding. | performed
the RNA secondary structure analysis with RNAfold (Gruber et al., 2008) and for
comparison | analyzed the 30 most abundant and 30 least abundant YSRNAs derived

from each hY5 RNA mutant library pool.

From the RNA secondary structure analysis (Figure 3.3, F and G) | could show that
the overall structure of the library 1 hY5 RNA mutants with the most abundant
YsRNAs is similar to the wild type hY5 RNA (Figure 3.3, D, E).

However, the mutations introduced in the library 1 mutants that produced longer
fragments changed the secondary structure in a way that the internal loop gets shorter
and the Y RNA cleavage occurs 2-3 nt more upstream compared to the wild type hY5
RNA, but still two nucleotides above the conserved stem (Figure 3.3, F). Intriguingly,
all the most abundant hY5 library 1 mutants have a stem S2 region (Figure 3.3, D)

that consists at least of five Watson-Crick base pairs.

Interestingly, for the library 1 hY5 RNA mutant sequences with the least abundant
YsRNAs it was shown from bioinformatics analysis that these mutants did not
generate any YsRNAs (Figure 3.3, B). The secondary structure analysis of these
mutants (Figure 3.3, G) revealed that their secondary structures folded in a different
way than the wild type hY5 RNA.
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Figure 3.3. Some library 1 hY5 RNA mutants generate longer YSRNAs compared to
mutant pool 2 and 3.

A. Size class distribution of YsSRNAs from each hY5 library mutant pool replicate.

The graph shows the percentage of total reads for each SRNA cDNA library replicate of mutant
pool 1, 2 and 3 at each size ranging from 25-34 nts. Mutant pool 2 and 3 YsRNAs (shown in
green and blue) are mainly 32/33 nt. Mutant pool 1 YsRNA reads (shown in red) are longer
with a length of 34/35 nt compared to mutant pool 2 and 3.

B. Abundance of library 1 hY5 RNA mutant sequences with the five most abundant
YsRNAs.

The table shows the abundance of the L1 hY5 RNA mutant sequences with the five most
abundant YsRNAs after bicinformatics analysis. All the L1 YSRNA library reads of each
replicate were normalized and ranked by abundance. The first column shows the five
nucleotide sequence motif of the L1 hY5 RNA mutant sequences that gave the most abundant
YsRNA reads. In the second column the normalized abundance of each hY5 L1 sequence
motif is shown.

C. Abundance of library 1 hY5 mutant sequences with the five least abundant YsSRNAs

The table shows the abundance of the L1 hY5 RNA sequence motifs with the five least
abundant YsRNAs after bioinformatics analysis. All the L1 YsRNA library reads of each
replicate were normalized and ranked by abundance. The first column shows the five
nucleotide sequence motif of the L1 hY5 RNA mutant sequences that resulted in the least
abundant YsRNA reads. In the second column the normalized abundance of each hY5 L1
sequence motif is shown.

D. Predicted secondary structure of the wild type hY5 RNA.

The mutated region of L1 is shown in red. The hY5 RNA cleavage site is indicated with a red
arrow.

E. Predicted secondary structure features of hY5 wild type RNA.

The features and structural elements of the predicted hY5 RNA secondary structure were
adapted and modified after van Gelder et al., 1994 and Green et al., 1996. The examined
secondary structure features were the stem S3, the internal loop L2a and the stem S2.

F. Predicted secondary structures of the library 1 hY5 RNA mutants with the five most
abundant YsRNAs.

The mutation site of L1 hY5 mutants is shown in red. The hY5 L1 mutants that resulted in the
five most abundant YsRNAs altered the secondary structure in a way that the cleavage site
was 2 nt upshifted compared to the wild type hY5 RNA. Further, the cleavage occurred in both
the wild type and mutant hY5 RNAs in the loop 2-3 nt away from the stem. The red arrows
show the Y RNA cleavage site.

G. Predicted secondary structures of the library 1 hY5 RNA mutants with the five least
abundant L1 hY5 RNA mutants.

The mutation site of library 1 hY5 mutants is shown in red. The library 1 hY5 RNA mutants
with the five least abundant YsRNAs generated 1 altered the secondary structure of the hY5
RNA in a way that much less or no Y RNAs were cleaved.
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| analyzed the secondary structures of the library 1 hY5 RNA mutant sequences with
the most abundant and least abundant YSRNAs in more detail (Figure 3.4).

When the secondary structures of the five most abundant and five least abundant
library 1 hY5 mutants were analysed in more detail (see Figure 3.4, B and C) it was
noted that in the library 1 hY5 mutants that generated the most abundant YsSRNAs
the stem S2 mainly consisted of 6 nt and had a high G-C content (Figure 3.4, B).
However, the low abundant hY5 mutants folded in a way that the stem S2 was mostly
only 3 nt or as seen in L1-10 longer but less G-C content and more A-U and G-U
wobble base pairs (Figure 3.4, C).

This analysis suggested that the secondary structure features correlate with hY5 RNA
cleavage. From the secondary structure analysis of the library 1 hY5 RNA mutants
with the most abundant and least abundant YsRNAs it seemed that the internal loop
and the stem S2 consisting of 5-6 nt and high G-C content might contribute to Y RNA
cleavage from the 3’ end. The internal loop of the most abundant hY5 library 1
mutants was mainly between 7-9 nt long and was pyrimidine rich, whereas the hY5
library 1 mutant that produced low amount of YSRNAs only had an internal loop of 3
nt. Notably, in the hY5 library 1 mutants that produced the most abundant hY5
YsRNAs the introduced mutations resulted in the change of the secondary structure
in a way that the internal loop L2a got shortened by 1-2 nt compared to the wild type
hY5 RNA. The stem S2 has less G-C base pairs and more A-U and G-U wobble base
pairs which indicated that this region might be less stable and more flexible (Figure
3.4, B). These structural elements might be recognized by proteins/ribonuclease (s)
that are involved in Y RNA cleavage from the 3’ end of hY5 RNA.
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C

RNA motif Stem S3 Size of internal loop L2a Stem S2

L1-6 GUCGC 10 nt 3 nt 3 nt
1x G-C 2x U 3x G-C
2x G-U 1x C
7x A-U

L1-7 UCAAA 10 nt 3 nt 3 nt
1x G-C 2x U 3x G-C
2x G-U 1x C
7x A-U

L1-8 UUGAA 10 nt 3nt 3 nt
1x G-C 2x U 3x G-C
2x G-U 1x C
7x A-U

L1-9 UCGCG 10 nt 3 nt 3 nt
1x G-C 2x U 3x G-C
2x G-U 1x C
7x A-U

L1-10 UCAAG 7 nt 8 nt 6 nt
1x G-C 4x U 2x G-C
1x G-U Ix G 1x A-U
4x A-U 1x C 1x A-G

Figure 3.4. Secondary structure features of library 1 hY5 RNA mutants correlate
with hY5 RNA cleavage.

A. Predicted secondary structure of wild type hY5 RNA.

The feature and structural elements of the predicted hY5 RNA secondary. The human Y5 RNA
has a characteristic stem loop structure. The examined secondary structure features were the
stem S3 (shown in orange), the internal loop L2a (shown in blue) and the stem S2 (shown in
green). The 3’ end hY5 RNA cleavage site is indicated with a red arrow.

B. Secondary structure features of library 1 hY5 RNA mutants with the most abundant
YsRNAs.

The table gives an overview of the nucleotide and base pair composition of stem S3 (orange),
internal loop L2a (blue) and stem S3 (green) for the library 1 hY5 RNA mutants with the five
most abundant YsRNA reads.

C. Secondary structure features of library 1 hY5 RNA mutants with the least abundant
YsRNAs.

The table gives an overview of the nucleotide and base pair composition of stem S3 (orange),
internal loop L2a (blue) and stem S3 (green) for the library 1 hY5 RNA mutant sequences with
the five least abundant YSRNA reads.
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Interestingly, the sequencing data showed that the hY5 wild type motif (CCACA) was
not the most abundant sequence motif among the longer 34-35 nt YsSRNA reads, but
was one of the most abundant sequence motifs among the shorter 32 nt YsSRNA
reads. This also indicated that the secondary structure seems to be involved in 3’ end
hY5 RNA cleavage.

Therefore, the results from the bioinformatics and secondary structure analysis
further strengthened the hypothesis that the hY5 RNA cleavage at the 3’ end

correlates with the secondary structure, rather than the sequence.

After bioinformatics analysis the resulting YSRNA reads were normalized for all library
replicates and sorted by their abundance. Therefore, | got a list of the most abundant
and least abundant hY5 RNA sequence motifs that resulted in the most and least
abundant mutant YSRNAs for hY5 RNA library 1. From this list, | selected the five
most abundant and five least abundant mutant motifs of each library and cloned them
as individual hY5 RNA mutants including the polymerase Il promotor and terminator
sequence into pGEMT easy vector. | transfected each individual mutant plasmid DNA
and expressed the constructs in 3T3 mouse fibroblast cells. After 24 h | treated the
cells with staurosporine in order to induce apoptosis and generate YSRNASs. After 8 h

of treatment | extracted RNA and performed Northern blot analyses.

The aim of the Northern blot experiments was to compare and analyse the
accumulation level of the individual YSRNAs derived from the mutant hY5 RNA
sequences to the accumulation of YsSRNAs derived from the wild type hY5 RNA
(Figure 3.5). Intriguingly, the Northern blot analyses of the library 1 hY5 RNA that
resulted in the five most abundant library 1 mutant YsRNAs (Figure 3.5, A) confirmed

that the generated YsRNAs were longer compared to the wild type derived YsRNAs.

When the 3’ end derived YsRNAs were quantified from the Northern blots by
measuring the optical density and normalized to the loading control U6 and the wild
type derived YsRNAs, | could observe that the wild type hY5 RNA generated the
highest amount of YsSRNAs compared to the other library 1 hY5 RNA mutant
sequences that showed the most abundant YsRNAs in the bioinformatics analysis.
However, the other L1 hY5 RNA mutants also produced a good amount of YsRNAs.
From the relative quantification it can be concluded that all the library 1 hY5 mutant
sequences with the most abundant YSRNAs were cleaved efficiently and resulted in
a high amount of YSRNAs (Figure 3.3, B).
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Interestingly, when | compared the ratios of YSRNAs were compared to the full length
hY5 mutant RNA levels the library 1 hY5 RNA mutant L1-1 had a better ratio
YsRNA:full length ratio than the wild type hY5 RNA. This would mean, that this library
1 hY5 RNA mutant might be processed more efficiently than the wild type hY5 RNA
(Figure 3.3,C).

The library 1 hY5 RNA with the five least abundant YSRNA reads also showed in the
relative quantification and ratio of full length hY5 mutant RNA sequence level to the
YsRNA levels that these library 1 hY5 RNA mutants are cleaved at a much lower
extent or not at all and cannot be efficiently processed to YsRNAs like the wild type
hY5 RNA (Figure 3.3, E and F). These results further confirmed the sequencing

results and bioinformatics analysis.

Secondary structure prediction (Figure 3.3, F and G) and Northern blot analysis of
the library hY5 RNA mutants with the five most abundant and least abundant YsRNAs
clearly showed that the hY5 RNA cleavage mainly occurs between the second and
third nucleotide above the conserved stem. Therefore, these results confirm the
results of the next generation sequencing and proved that the hY5 RNA cleavage

from the 3’ end correlates with the secondary structure.
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Figure 3.5. Most abundant library 1 hY5 RNA mutants generate longer YSRNAs.

A. Northern blot analysis of library 1 mutants with the five most abundant YSRNAs.

Total RNA extracted from human MCF7 cells treated with poly (I:C) and a synthetic 3’ end
derived hY5 RNA fragment with a length of 31 nt were used as size markers. The library 1
hY5 RNA mutants with the five most abundant YsRNAs were transfected into mouse cells and
treated with staurosporine. The total RNA was extracted and Northern blot was performed.
The Northern blot was probed with the 3’ and 5° YSRNA probe. The blot was re-probed with
U6 to demonstrate equal loading. The YsRNAs generated from the 3’ end of the mutant hY5
RNAs were longer than the ones generated from wild type YsRNAs whereas the 5’ end derived
YsRNAs wild type had identical sizes for mutants and wild type.

B. Relative quantification of the most abundant 3’ end derived mutant pool 1 YsRNAs.

The Northern blot of the most abundant mutant pool 1 YsRNAs was quantified using the
ImageQuant software. The optical density of each mutant was normalized to the loading
control U6 and the wild type hY5 RNA derived YsRNAs. The normalized optical density of the
wild type derived YsRNAs was set at 1.

C. Calculated ratio between the expression level of full length hY5 mutant pool 1 hY5
RNAs compared to the expression level of most abundant mutant pool 1 YsSRNASs.

The ratio of the normalized optical density of full length L1 hY5 RNA mutants and the derived
YsRNAs was calculated and plotted on the graph.

D. Northern blot analysis of library 1 mutants with the five least abundant YsRNAs.

As a size marker for full length Y RNA and wild type sized Y RNA fragments, RNA extracted
from human MCF7 cells treated with poly (I:C) and a synthetic 3’ end derived hY5 RNA
fragment with a length of 31 nt were used. The Northern blot was probed with the 3’ end and
5’ end YsRNA probe. The YsRNAs generated from the 3’ end of the five least abundant library
1 mutants could not be detected by Northern blot. When the Northern blot was probed with
the 5" end YsRNA probe a small amount of YSRNAs was observed. The blot was re-probed
with U6 for equal loading.
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E. Relative quantification of least abundant 3’ end derived mutant pool 1 YsRNAs.

The Northern blot of the least abundant 3’ end derived mutant pool 1 YsRNAs was quantified
using the ImageQuant software. The optical density of each mutant was normalized to the
loading control U6 and the wild type hY5 RNA derived YSRNAs. The normalized optical
density of the wild type derived YSRNAs was set at 1.

F. Calculated ratio between the expression level of full length hY5 mutant pool 1 hY5
RNAs compared to the expression level of least abundant mutant pool 1 YSRNAs.

The ratio of the normalized optical density of full length L1 hY5 RNA mutants and the derived
YsRNAs was calculated and plotted on the graph.
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Interestingly, | could show by further secondary structure analysis of library 1 mutants
that three other library 1 mutants had the same secondary structure than the wild type
(Figure 3.6). When | looked at the sequencing reads derived from these library 1
mutants | could observe that they mainly produce YsRNAs of 32 nt like the wild type
sequence (shown in red in Figure 3.6, A).

Among them, the hY5 library 1 mutants L1-CUACA and L1-UCACA showed wild type-
sized YsRNAs after bioinformatics analysis and secondary structure folding (Figure
3.6, B and C). | cloned these mutants individually into pGEMT easy vector,
transfected into mouse cells and treated with staurosporine to induce apoptosis and
YsRNAs. After RNA extraction | performed Northern blot analysis and compared them
to the two most abundant library 1 hY5 mutants L1-ACGUC and L1-ACCGC that
generated longer YsRNAs. Remarkably, the Northern blot analysis clearly showed
that the hY5 library 1 mutants L1-CUACA and L1-UCACA that folded the same way
than wild type (Figure 3.6, B) generated wild type sized YsRNAs (Figure 3.6, D).

On the other hand the hY5 library 1 mutants L1-1 ACGUC and L1-2 ACCGC produced
1-2 nt longer YsRNAs (Figure 3.3, F, Figure 3.6, C) as previously shown as the
mutations introduced in these hY5 RNA mutants changed the secondary structure in

a way that the cleavage occurs more upstream (Figure 3.6, D).

Interestingly, the library 1 hY5 RNA mutants L1-CUACA and L1-UCACA that had the
same secondary structure than the wild type hY5 RNA showed a similar amount of
YsRNAs in the relative quantification by optical densitometry. Intriguingly, the library
1 mutant L1-CUACA is processed to YsRNAs as efficient as the wild type hY5 RNA
when the ratio of full length hY5 mutant RNA levels were compared to the YSRNA
levels (Figure 3.6, E and F).

Surprisingly, in the L1 hY5 RNA mutant L1-ACCGC that generates longer YsSRNAs
than the wild type hY5 RNA the amount of YSRNAS generated is at the same level
compared to the wild type hY5 RNA and is almost as efficiently processed to YsSRNAs
(Figure 3.6, E and F).

In conclusion, the random mutagenesis analysis suggests that the secondary
structure might be more important than the nucleotide sequence to determine where
the Y RNA cleavage occurs. Moreover, the Northern blot experiments confirmed that
some of the mutations in library 1 alter the secondary structure in a way that the
internal loop gets shorter and the Y RNA cleavage happens further upstream but still

two nucleotides above the stem.
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A

L1 32 nt YsRNA L1 34 nt YsRNA
Abundance

RNA motif Abundance RNA motif
CCACA (WT) 892 CCACA 424
CUACA 365 CUACA 8

UCACA 215 UCACA 8
ACGUC 35 ACGUC 3430

ACCGC 24 ACCGC 2722
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Figure 3.6. Library 1 hY5 mutants with exactly the same secondary structure as
wild type produce wild type sized YsSRNAs compared to the most abundant hY5
library 1 mutants that produce longer YsRNAs.

A. Abundances of wild type hY5 derived YSRNA reads and two hY5 library 1 mutants
with the same secondary structure as wild type hY5 RNA and 32 nt YSRNA reads and
two most abundant hY5 library 1 mutants that generate the most 34 nt YSRNA reads.

The table shows the normalized abundances of wild type hY5 RNA and the YSRNA reads of
the mutants L1-CUACA, L1-UCACA, L1-ACGUC and L1-ACCGC normalized across three
replicates with sizes of 32 and 34 nts.

B. Predicted secondary structures of wild type hY5 RNA and two hY5 library 1 mutants
with the same secondary structure as the wild type hY5 RNA.

The mutants L1-CUACA and L1-UCACA have exactly the same secondary structure than the
wild type hY5 RNA. The mutated region is indicated in red. The red arrows show the Y RNA
cleavage site resulting in YsSRNAs with 32 nts. The arrow in green indicates the Y RNA
cleavage site that leads to YsRNAs with a size of 34 nts.

C. Predicted secondary structures of wild type hY5 RNA and two hY5 library 1 mutants
that generated longer YSRNAS.

In the hY5 library 1 mutants L1-ACGUC and L1-ACCGC the secondary structure is changed
in a way that the Y RNA cleavage occurs more upstream. The mutated region is indicated in
red. The red arrows show the Y RNA cleavage site resulting in YSRNAs with 32 nts. The arrow
in green indicates the Y RNA cleavage site that leads to YsRNAs with a size of 34 nts.

D. Library 1 hY5 RNA mutants with exactly the same secondary structure as wild type
produce wild type sized YsRNAs compared to the most abundant hY5 library 1 mutants
that produce longer YSRNAs.

For Northern blot analysis total RNA extracted from human MCF7 cells treated with poly (1:C)
was used as a size marker. Two library 1 mutants that folded the same way than the wild type
hY5 RNA and the two most abundant library 1 mutants that generated longer YsSRNAs were
transfected into mouse cells and treated with staurosporine. The total RNA was extracted and
Northern blot was performed. The Northern blot was probed with the 3’ and 5 YsRNA probe.
The blot was re-probed with U6 to demonstrate equal loading. The YSRNAs generated from
the 3’ end of the two most abundant mutant hY5 RNAs (L1-ACGUC, L1-ACCGC) were longer
than the ones generated from wild type YsRNAs and the two tested hY5 library 1 mutants (L1-
CUACA, L1-UCACA) with the same secondary structure than the wild type. The 5’ end derived
YsRNAs had identical sizes for mutants and wild type.

E. Relative quantification of 3’ end derived mutant pool 1 YsRNAs.

The Northern blot of 3' end derived mutant pool 1 YsRNAs was quantified using the
ImageQuant software. The optical density of each mutant was normalized to the loading
control U6 and the wild type hY5 RNA derived YSRNAs. The normalized optical density of the
wild type derived YsRNAs was set at 1.

F. Calculated ratio between the expression level of full length hY5 mutant pool 1 hY5
RNAs compared to the expression level of most abundant mutant pool 1 YsRNAs.

The ratio of the normalized optical density of full length L1 hY5 RNA mutants and the derived
YsRNAs was calculated and plotted on the graph.
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3.2.3 Library 2 hY5 RNA mutants generate YSRNAs at the same size as
wild type

After bioinformatics analysis the YSRNAs derived from library 2 were ranked by
abundance (Figure 3.7, A). The library 2 hY5 RNA mutants with the top five most
abundant and five least abundant YSRNAs from each mutant pool were chosen for
experimental validation and cloned individually into the expression vector. | confirmed
the sequences of the constructs by Sanger sequencing. | transfected the individual
hY5 mutants into 3T3 cells and | tested the accumulation level of YSRNAs after
staurosporine treatment by Northern blot (Figure 3.7, E).

| predicted the secondary structures of 30 library 2 hY5 RNA mutants with the most
abundant and least abundant YsRNAs using RNAfold. For library 2 mutants it can be
seen that that all the secondary structures look similar (Figure 3.7, C and D) to the
wild type hY5 RNA (Figure 3.7, B) and that the cleavage occurred at the wild type
hY5 RNA cleavage site (Figure 3.7, E).

The library 2 hY5 RNA mutants that resulted in the top five most abundant and five
least abundant YsRNAs (Figure 3.7, A) were transfected into mouse cells and
experimental validation was performed by testing the expression level and hY5 RNA

cleavage pattern by Northern blot (Figure 3.7, E and G).

The Northern blot analysis of the library 2 hY5 RNA mutants that generate the five
most abundant YsSRNASs (Figure 3.7, E) confirmed that the hY5 RNA cleavage mainly
occurred between positions C50 and C51 as seen for the wild type hY5 RNA. The
Northern blots and relative quantification also showed that the YsRNAs derived from
the 3’ end of the five least abundant mutants were generated at a lower amount as
seen in the next generation sequencing (Figure 3.7, G and H). The relative
guantification of the most abundant library 2 hY5 RNA mutant derived YsRNASs to wild
type derived YsRNAs by densitometry showed that the YSRNA levels of the most
abundant library 2 hY5 RNA mutant sequences were similar to the amount of wild
type hY5 derived YsRNASs (Figure 3.7, F). Thus, the region that was mutated in library
2 hY5 RNA mutants might be more flexible and not be crucial for efficient Y RNA

processing.
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A

Five most abundant motifs Five least abundant motifs

Mutant Abundance Mutant Abundance
L2-1 CCGUU 4027 L2-6 GUCCG 156

L2-2 AGGUG 2865 L2-7 UCAAA 11

L2-3 CCGUC 2236 L2-8 UUGAA 2

L2-4 CUGUC 1908 L2-9 UCGCG 1

L2-5 CUGUG 1902 L2-10 UCAAG 1

Library 1

- & 4 4§ & 4 B

v| Library 2

Library 3
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Figure 3.7. Library 2 hY5 RNA mutants produce YSRNAs at the same size as
wild type.

A. Abundances of library 2 hY5 RNA mutants with the five most abundant and five least
abundant YsRNA reads.

The table shows the abundance of L2 hY5 RNA mutant sequences with the five most abundant
and five least abundant YsSRNAs after bioinformatics analysis. All L2 YSRNA library reads of
each replicate were normalized and ranked by abundance. The first column shows the five
nucleotide sequence motif of L2 hY5 RNA mutant sequences that gave the most
abundant/least abundant YsRNA reads. In the second column the normalized abundance of
each L2 hY5 RNA sequence motif is shown.

B. Predicted secondary structure of the wild type hY5 RNA.

The secondary structure was predicted using RNAfold and visualized using Varna. The region
mutated in L2 mutants is highlighted in green.

C. Predicted secondary structures of library 2 hY5 RNA mutants with the five most
abundant YsRNAs.

The secondary structures were predicted using RNAfold. The library 2 hY5 RNA mutants with
the five most abundant YSRNASs fold similar to the wild type hY5 RNA. The red arrows show
the Y RNA cleavage site.

D. Predicted secondary structures of library 2 hY5 RNA mutants with the five least
abundant YsRNAs.

Predicted secondary structures of library 2 hY5 RNA mutants with the five least abundant
YsRNAs RNAfold. The secondary structures of library 2 hY5 RNA mutants with the five least
abundant YsRNAs are similar to the wild type hY5 RNA structure.

E. Northern blot analysis of library 2 hY5 RNA mutants with the five most abundant
YsRNAs.

Total RNA extracted from human MCF7 cells treated with poly (I:C) and a synthetic 3’ end
derived hY5 fragment of 31 nt were used as size markers for full length hY5 RNA and wild
type-sized YsRNAs. The total RNAs extracted from the five most abundant library 2 hY5
mutants that were transfected into mouse cells and treated with staurosporine were analysed
by Northern blotting. The Northern blot was probed with the 3’ and 5’ YsRNA probe. The blot
was re-probed with U6 as a loading control. The YsRNAs produced from the five most
abundant hY5 library 2 mutants were at the same size as wild type hY5 YsRNAs both from
the 3’ end and the 5’ end of the hY5 RNA.

F. Relative quantification of the most abundant 3’ end derived mutant pool 2 YsRNAs.

The Northern blot of the most abundant mutant pool 2 YsRNAs was quantified using the
ImageQuant software. The optical density of each mutant was normalized to the loading
control U6 and the wild type hY5 RNA derived YSRNAs. The normalized optical density of the
wild type derived YsRNAs was set at 1.
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G. Northern blot analysis of library 2 hY5 RNA mutants with the five least abundant
YsRNAs.

As a size marker for full length Y RNA and wild type sized Y RNA fragments RNA from human
MCF7 cells treated with poly (I:C) and a synthetic 3’ end derived hY5 RNA fragment with a
length of 31 nt were used. After transfection of the least abundant hY5 library 2 mutant
plasmids into mouse cells and treatment with staurosporine the RNA was subjected to
Northern blot analysis. The Northern blot was probed with the 3’ and 5’ YsRNA probe. For
equal loading the Northern blot was re-probed with U6. The five least abundant hY5 library 2
mutants generated wild type-sized YSRNA but at a lower level than wild type hY5 RNA.

H. Relative quantification of the least abundant 3’ end derived mutant pool 2 YSRNAs.

The Northern blot of the least abundant mutant pool 2 YSRNAs was quantified using the
ImageQuant software. The optical density of each mutant was normalized to the loading
control U6 and the wild type hY5 RNA derived YSRNAs. The normalized optical density of the
wild type derived YsSRNAs was set at 1.
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3.2.4 Library 3 hY5 RNA mutants generate YSRNAs at the same size as
wild type hY5 RNA

After bioinformatics analysis and secondary structure prediction of library 3 hY5 RNA
mutants with the 30 most abundant and least abundant library 3 hY5 RNA YsSRNASs |
could observe that the secondary structures of library 3 mutants folded in a similar
way as the wild type hY5 RNA (Figure 3.8, C and D).

The library 3 hY5 RNA mutants with the five most abundant and five least abundant
YSRNA reads (Figure 3.8, A) were cloned individually as previously described,
transfected into mouse cells and experimental validation was performed by testing
the expression level and hY5 RNA cleavage pattern by Northern blot (Figure 3.8, E
and G).

The Northern blot analysis and relative quantification of the five most abundant
(Figure 3.8, E and F) and five least abundant hY5 library 3 mutants (Figure 3.8, G
and H) demonstrated that the hY5 RNA cleavage mainly occurred at the position C50
and C51 and therefore mutant pool 3 hY5 RNAs generate wild type-sized YSRNASs.

The relative quantification of the Northern blots with the most abundant and least
abundant 3’ end derived mutant pool 3 YsRNAs compared to the wild type hY5 RNA
derived YsRNAs showed that the levels of YSRNAs generated by the library 3 hY5
RNA mutants were similar to the wild type hY5 RNA (Figure 3.8, F and H). This
indicated that the mutations introduced in this region might not be that important for
YsRNA generation and is more flexible compared to the mutated region of hY5 library
1. However, when the Ro60 binding site is mutated no Y RNA can occur because the
hY5 mutant sequences are not stable anymore and undergo degradation (Figure
3.2).
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A

Five most abundant motifs

Mutant Abundance
L3-1 GUUUG 16755

L3-2 UGUAG 9742

L3-3 GUUCG 4523

L3-4 CGUUG 3066

L3-5 CGUCG 1441
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Figure 3.8. Library 3 hY5 RNA mutants generate YSRNAs at the same size as wild type
hY5 RNA.

A. Abundances of library 3 hY5 RNA mutants with the five most abundant and five least
abundant YsRNA reads.

The table shows the abundance of library 3 hY5 RNA mutant sequences with the five most
abundant and five least abundant YSRNASs after bioinformatics analysis. All L3 YSRNA library
reads of each replicate were normalized and ranked by abundance. The first column shows
the five nucleotide sequence motif of L3 hY5 RNA mutant sequences that gave the most
abundant/least abundant YsRNA reads. In the second column the normalized abundance of
each L2 hY5 RNA sequence motif is shown.

B. Predicted secondary structure of the wild type hY5 RNA.

The secondary structure was predicted using RNAfold and visualized using Varna. The region
mutated in L3 hY5 RNA mutants is highlighted in dark blue.

C. Predicted secondary structures of library 3 hY5 RNA mutants with the five most
abundant YsRNAs.

The secondary structures were predicted using RNAfold. The secondary structures of L3 hY5
RNA mutants with the most abundant YsRNAs fold similar to the wild type hY5 RNA. The red
arrows show the Y RNA cleavage site. The Y RNA cleavage occurred between C50 and

C51.The red arrows show the Y RNA cleavage site.

D. Predicted secondary structures of library 2 hY5 RNA mutants with the five least
abundant YsRNAs.

Predicted secondary structures of L3 hY5 RNA mutants with the five least abundant YsRNAs
using RNAfold. The secondary structures of the L3 hY5 RNA mutant sequences that have the
least abundant YSRNA reads fold in a similar way than the wild type hY5 RNA sequence.

E. Northern blot analysis of library 3 hY5 RNA mutants with the five most abundant
YsRNAs.

Total RNA extracted from human MCF7 cells treated with poly (I:C) and a synthetic 3’ end
derived hY5 fragment of 31 nt were used as size markers for full length hY5 RNA and wild
type-sized YsRNAs. The five most abundant library 3 mutants were transfected into mouse
cells and YsRNA production was induced by staurosporine. The total RNA was extracted and
analysed by Northern blotting. The Northern blot was probed with the 3’ end and 5’ end hY5
RNA probe. The blot was re-probed with U6 to demonstrate equal loading. The five most
abundant hY5 library 3 mutants produced wild type-sized YsRNAs from the 3’ and 5’ end of
the hY5 RNA.

F. Relative quantification of the most abundant 3’ end derived mutant pool 3 YsSRNAs.

The Northern blot of the most abundant mutant pool 3 YsRNAs was quantified using the
ImageQuant software. The optical density of each mutant was normalized to the loading
control U6 and the wild type hY5 RNA derived YSRNAs. The normalized optical density of the
wild type derived YsRNAs was set at 1.
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G. Northern blot analysis of library 3 hY5 RNA mutants with the five least abundant
YsRNAs.

As a size marker for full length Y RNA and wild type sized Y RNA fragments RNA from human
MCF7 cells treated with poly (I:C) and a synthetic 3’ end derived hY5 RNA fragment with a
length of 31 nt were used. The hY5 library 3 mutant sequences that generated the five least
abundant YsRNA reads were transfected into mouse cells and the expression level and
YsRNA production was measured by Northern blot. The Northern blot was probed with the 3’
and 5’ end hY5 RNA probe. For equal loading the Northern blot was re-probed with U6. The
hY5 RNA library 3 mutants with the five least abundant YSRNA reads produced less YSRNAs
compared to the wild type.

H. Relative quantification of the least abundant 3’ end derived mutant pool 3 YSRNAs.

The Northern blot of the least abundant mutant pool 3 YsSRNAs was quantified using the
ImageQuant software. The optical density of each mutant was normalized to the loading
control U6 and the wild type hY5 RNA derived YSRNAs. The normalized optical density of the
wild type derived YsSRNAs was set at 1.

143



ESTABLISHING SEQUENCE AND STRUCTURAL REQUIREMENTS FOR 3’ END HUMAN Y5
RNA CLEAVAGE

3.2.5 Abulge of one nucleotide is required for human Y5 RNA cleavage

The aim of this part of the work was to explore if the length of the loop L2a (Figure
3.9, A, shown in red) is important for human Y5 RNA cleavage. Therefore, | designed
and generated nine hY5 RNA mutants in order to sequentially delete the loop from
the 5" end of the hY5 RNA. These hY5 RNA mutants were termed L2a loop mutants.

Secondary structure analysis of L2a loop mutants showed that all the deletion
mutants except L2a A 8nt and L2a A 9nt fold similar to the wild type hY5 RNA (Figure
3.9, B). | transfected all the L2a loop deletion mutants into mouse cells and treated
the cells with staurosporine to induce YsSRNA generation. The RNAs were subjected
to Northern blot analysis and the accumulation of YSRNA in cells transfected with the
deletion mutants was compared to the wild type hY5 RNA (Figure 3.9, C, D and E).

Northern blot analysis and relative quantification showed that sequential deletion of
the loop L2a only had a small effect on YsRNA production from either the 3’ or the &’
end of the hY5 RNA compared to the wild type hY5 derived YsRNAs (Figure 3.9, C
and D). The mutants L2a loop A 1 nt to L2a loop A 8 nt showed decreased levels of
YsRNAs compared to the wild type hY5 RNA. The mutant L2a loop A 9nt did not
produce YsRNAs either from the 3’ nor the 5’ end of hY5. Also, it has to be noted that
the full length L2a loop A 9 nt RNA could not be detected because the mutant RNA
might not be stable (Figure 3.9, C and D). Interestingly, the relative quantification of
L2a loop derived YsRNAs showed that the mutant L2a loop A 4 nt, L2a loop A 5 nt
and L2a loop A 6 nt generated more YsSRNAs as the wild type hY5 RNA (Figure 3.9,
C). This could be explained due to the fact that these mutants fold similar to the wild
type hY5 RNA (Figure 3.9, B) and it could be that they are more accessible to RNases
to process these hY5 RNA L2a loop mutants.

From the Northern blot results and relative quantification of L2a loop mutant derived
YsRNAs compared to wild type hY5 RNA (Figure 3.9, C and D) it can be concluded
that a bulge of one nucleotide might be sufficient for hY5 RNA cleavage. Intriguingly,
the calculated ratio between full length hY5 RNA mutant levels compared to the
YsRNA levels of the L2a loop mutants clearly showed that the mutants L2a loop A 4
nt, L2a loop A 5 nt and L2a loop A 6 nt were processed more efficiently than wild type
hY5 RNA, but all the L2a loop mutants got processed except the L2a loop A 9 nt in
which the loop was completely removed. Therefore, a bulge of at least one nucleotide

is crucial for Y RNA cleavage.
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Figure 3.9. A bulge of one nucleotide is required for hY5 RNA cleavage.

A. Secondary structure of hY5 RNA.

The secondary structure of hY5 RNA was predicted with RNAfold and visualized using Varna.
In this experiment the internal loop L2a indicated in red was mutated.

B. Predicted secondary structures of L2a loop deletion mutants.

The secondary structures of the L2a loop mutants A1-9 were predicted using RNAfold. The
secondary structures were visualized using Varna.

C. Northern blot analysis of L2a loop deletion mutants.

As a size marker total RNA extracted from human MCF7 cells treated with poly (I:C) and a
synthetic 3’ end derived Y RNA fragment of 31 nt were used. The L2a loop deletion mutants
and the wild type hY5 RNA plasmid were transfected into mouse cells and treated with
staurosporine to induce YsRNA production. The total RNA was extracted and subjected to
Northern blot. The Northern blot was probed with the probe complementary to the 3’ and 5’
end of the hY5 RNA. U6 was used in order to check for equal loading. The amount of YsSRNAs
derived from the 3’ and 5’ end of L2a loop A 1 nt to L2a loop A 8 nt mutants was less compared
to the wild type hY5 RNA. For the mutant L2a loop A 9 nt no full length hY5 could not be
detected.

D. Relative quantification of YsRNAs derived from the 3’ end of L2a loop hY5 RNA
mutants.

The Northern blot of 3’ end derived L2a loop hY5 RNA YsRNAs mutants was quantified using
the ImageQuant software. The optical density of each mutant was normalized to the loading
control U6 and the wild type hY5 RNA derived YSRNAs. The normalized optical density of the
wild type derived YsRNAs was set at 1.

E. Calculated ratio between the expression level of full length hY5 RNA mutants
compared to the expression level of 3’ end derived L2a loop hY5 RNA mutants.

The ratio of the normalized optical density of full length L2a loop hY5 RNA mutants and the
derived YsRNAs was calculated and plotted on the graph.
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3.2.6 The sequence of the L2a loop does not seem to be important for
human hY5 RNA cleavage

The aim of this experiment was to investigate if the sequence at the hY5 RNA
cleavage is important for cleavage. It was previously shown in sequencing
experiments of MCF7 cells treated with poly (I:C) that the hY5 RNA cleavage from
the 3’ end mainly occurs between C50 and C51 generating YSRNAs with a length of
32-34 nt.

3.2.6.1 Mutagenesis of cytosines at the positions 50, 51 and 52 of hY5 RNA

| designed and generated several hY5 RNA mutants in which the cytosines at
positions 50, 51 and 52 were substituted or deleted in order to test if cytosines at

these positions are critical for Y RNA cleavage.

Another hypothesis to be examined was that the cytosines could be methylated at the
cleavage sites and a demethylase could be in involved in Y RNA cleavage as it was
previously shown for vault RNAs. In this study it was demonstrated that the RNA
methyltransferase NSun2 is involved in the m>C methylation of vault RNAs. In NSun2
deficient cells the processing of vault RNAs into svRNAs was inhibited suggesting
that the methylation of VtRNAs at the cytosines is important for the generation of
sVRNASs (Hussain et al., 2013).

Most of the generated hY5 substitution mutants except M9 and M14 folded in a similar
way than the wild type hY5 RNA (Figure 3.10, A). The secondary structure analysis
(Figure 3.10, B), Northern blot analysis and relative quantification (Figure 3.10, C, D
and E) showed that the nucleotide sequence at positions 50, 51 and 52 did not seem
to have any effect on hY5 RNA cleavage. All the mutants except the mutant M9
ALoopL2a were cleaved and generated YsRNAs (Figure 3.10, C). Only the mutants
M5 and M7 were less efficiently processed to YsRNAs compared to the wild type hY5
(Figure 3.10, C and D). This could be explained that the introduced hY5 RNA
substitution mutations changed the secondary structure of these mutants in such a
way that the RNases that are involved in Y RNA cleavage are recruited less efficiently
and cannot get access or the mutants M5 and M7 are less stable at the full length
transcript level than the other hY5 RNA substitution mutants. This might be the case
because the Northern blot already indicated that the full length levels of mutants M5
and M7 are much less compared to the wild type hY5 RNA full length transcript
(Figure 3.9, B).
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Therefore, the results indicated that the cytosine residues at the positions 50, 51 and
52 are not necessary for hY5 RNA cleavage from the 3’ end. However, it has to be
noted that the hY5 mutants M5 and M7 in which the C50 and C51 were mutated to
G50 and A51 resulted in less full-length hY5 transcript levels and processed less
efficiently compared to the other hY5 RNA mutants (Figure 3.10, B, C and D).

The secondary structure predictions | could show that when cytosines at positions 50,
51 or 52 are substituted or deleted the hY5 RNA mutants still maintain the L2a loop
like the wild type hY5 RNA (Figure 3.10, A and B).

However, in the M9 AlLoopL2a mutant that was generated by making it
complementary to the sequence of loop L2b no full-length hY5 RNA transcript could
be detected by Northern blot and relative quantification (Figure 3.10, B, C and D).
The mutation in the M9 mutant changed the secondary structure in such a manner
that it became a long double stranded RNA that could be further targeted for

degradation.

The mutants that involved point mutations of C51 to either G, T or A (M1, M3, M7) did
not have any effect on the hY5 RNA full length or processing from the 3’ or 5’ end of
the hY5 RNA. Except the mutant M7 had slightly decreased full length hY5 mutant
transcript levels and M7 hY5 mutant Y RNA sequences were less efficiently cleaved
(Figure 3.10, C and D).

When C50 was mutated to A, T or G (M5, M6, M8) no effect on full-length hY5
transcript level or Y RNA processing was seen in the mutants M6 and M8 compared
to the wild type. The mutant M5 showed less full length hY5 RNA mutant transcript

levels and only a small amount of YsRNAs was generated (Figure 3.10, C and D).

In the mutants M11 and M12 the positions C50 and C51 of the hY5 RNA gene were
mutated to G50 and G51 or G50 and T51. The Northern blot analysis also showed
that the nucleotide sequence did not affect Y RNA cleavage from either the 3’ end or
the 5’ end.

Interestingly, YsRNAs were still generated at the same amount compared to the wild
type when two cytosines at position C50 and C51 close to the 3’ end hY5 cleavage
site in the mutant M13 were deleted. The predicted secondary structure of M13 folds
very similarly to the hY5 wild type structure and contains 8 nt in the L2a loop whereas

the wild type consists of 9 nt (Figure 3.10, A and B).
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However, the deletion of three cytosines at the positions C50, C51 and C52 in the
mutant M14 altered the secondary structure in a way that the single stranded L2a
loop gets shortened from 9 nt to 3 nt which resulted in a lower accumulation of
YsRNAs compared to the wild type (Figure 3.10, B, C and D). These results coincide
with the previous Northern blot analyses of the L2a loop deletion mutants. Shortening
of the L2a loop resulted in a decrease of YSRNA generation compared to the wild
type and Y RNA cleavage still occurred when there was at least a bulge of 1 nt.

In conclusion, the mutagenesis of the cytosines indicated that these nucleotides at
the position 50, 51 and 52 are not essential for hY5 RNA cleavage. Additionally, this
might also suggest that m°C methylation by the RNA methyltransferase NSun2 that
was shown to be involved in vault RNA processing might not play a role in YSRNA

generation.

150



ESTABLISHING SEQUENCE AND STRUCTURAL REQUIREMENTS FOR 3’ END HUMAN Y5 RNA CLEAVAGE

WT hY5 RNA M1 C51--> G51 M2 C52-->G52 M3 C51-->U51 M4 C52-->U52

c-e

u-o-G

G=C

A—U-U-G-C-U-G-U-U-U-U

84

M5 C50-->G50 M6 C50-->U50 M7 C51-->A51 M8 C50-->A50 M9 Aloop2a

A—U-UGGCUGUUU

™

G- u-U-u-U

UG

0
A
|
U

G0y

u—a

u-o-G

84

5-C-U-G-U-U-U-U

A—U-u-G

vu-

u-G-u-u

-

ve

A—U

80

e

U-ss

151



ESTABLISHING SEQUENCE AND STRUCTURAL REQUIREMENTS FOR 3’ END HUMAN Y5 RNA CLEAVAGE

4 — u—a u—a —
c G=C~70 G=c-10 e=¢ o
Gou U GOy
L Gou sou Gou —
u—a u—a U—a y—a-710 L
u-oG UG u-o-G Vo6 yogmmn
) ¥ ; G=c
e=c e=c G=¢ s=c
) ¢ ; A—U-U-6-C- U-G-U-U-U-U— 81
A—U-U-G-C-U-G-U-U-U-U—84 A—U-U-G-C-U-G-U- U-U-U - 84 A== U UmG- CU- G U U U- U~ 84 A—U-U-G-C-U-G-U-U-U-U - 82 '
' i | ' ! 1 20
1 80 1 w0 1 50 1 8

152



ESTABLISHING SEQUENCE AND STRUCTURAL REQUIREMENTS FOR 3’ END HUMAN Y5

RNA CLEAVAGE

-

- |

i B

o~

..
{8
5
i ‘N
V
'
|
| ai
_. §
i)
£ <
> Z  Z
o ﬂ ) )
5 o ¥
o) = <
o ©

25

L
" e
P
T
"ot
B e

P e

LA

o

s s

———
e
——— e
———
. m

“ 8 o g

SVYNHSA PaAlSp
pua £ Jo uonealnuenb aAieal

o

153



ESTABLISHING SEQUENCE AND STRUCTURAL REQUIREMENTS FOR 3’ END HUMAN Y5
RNA CLEAVAGE

D

4.5
35

25

15
1
)
0
- N ™ < [Te] © N~ [<°] ™ <
= = = = = = = =2 g g

Figure 3.10. The cytosines at the positions 50, 51 and 52 are not essential for hY5 RNA
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cleavage.
A. Predicted secondary structures of L2a loop mutants.

The secondary structures of the L2a loop mutants were predicted using RNAfold and
visualized using Varna. The mutated nucleotides are indicted with a red circle.

B. Northern blot analysis of L2a loop mutants.

The L2a loop mutant sequences were transfected into mouse cells and treated with
staurosporine to induce Y RNA cleavage. Total RNA was extracted and subjected to Northern
blot analysis to investigate the amount of YsSRNAs that were derived from L2a loop mutants.
The Northern blot was probed with the 3’ end hY5 probe, 5’ end hY5 probe and U6 as a loading
control. As a positive control and size marker RNA extracted from MCF7 treated with poly (I:C)
and a synthetic 3’ hY5 derived fragment were included.

C. Relative quantification of YsRNAs derived from the 3’ end of L2a loop hY5 RNA
mutants.

The Northern blot of 3’ end derived L2a loop hY5 RNA YsRNAs mutants was quantified using
the ImageQuant software. The optical density of each mutant was normalized to the loading
control U6 and the wild type hY5 RNA derived YSRNAs. The normalized optical density of the
wild type derived YsRNAs was set at 1.

D. Calculated ratio between the expression level of full length hY5 RNA mutants
compared to the expression level of 3’ end derived L2a loop hY5 RNA mutants.

The ratio of the normalized optical density of full length L2a loop hY5 RNA mutants and the
derived YsRNAs was calculated and plotted on the graph.
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3.2.6.2 Mutagenesis of uridine at position 49 of hY5 RNA

Recently, Donovan et al. reported that the ribonuclease RNase L is responsible for
tRNA cleavage and Y RNA cleavage from the 5’ end of hY5 RNAs. Since RNase L is
known to cleave single-stranded RNAs after the UN”N in a sequence-specific manner
it was investigated if hY5 RNA still generate YSRNAs when the uridine at position 49
is mutated to adenine, guanine or cytosine. Additionally, this UN~AN motif was in
proximity to the hY5 RNA cleavage position at C50 and C51 raising the question if
RNase L is responsible for Y RNA cleavage from the 3’ end. | generated hY5 RNA
substitution mutants in which the uridine at position 49 was mutated to A, G and C
and transfected them into 3T3 mouse cells. In a parallel experimental set up |
transfected these hY5 mutants into wild type and RNase L - mouse embryonic
fibroblast cells. The YsRNA production was tested by Northern blot analysis.

Additionally, I analysed the secondary structures of these mutants using RNAfold.

The secondary structure analysis (Figure 3.11, A) revealed that the introduced
mutations that position 49 did not change the secondary structure and all hY5 RNA

mutants folded in the same way than wild type hY5 RNA.

Intriguingly, the Northern blot analysis of hY5 RNA mutants transfected into 3T3
mouse cells (Figure 3.11, B) showed that mutating the uridine at position 49 of the
hY5 RNA to guanine, cytosine and adenine had no effect on 3’ and 5’ end Y RNA
cleavage. This suggested that RNase L might not be critical for Y RNA cleavage from

the 3’ end and the UN”N sequence motif does not seem to be important.

From the Northern blot analysis of hY5 substitution mutants it can be concluded that
uridine at position 49 can be replaced by adenine, guanine and cytosine without any
effect on Y RNA expression and Y RNA cleavage from the 3’ and 5’ end. It was clearly
shown that the hY5 substitution mutants were cleaved into Y RNA fragments from the
3’ and 5’ end.

155



ESTABLISHING SEQUENCE AND STRUCTURAL REQUIREMENTS FOR 3’ END HUMAN Y5
RNA CLEAVAGE

A

hY5 WT U49  U49 --> G49 U49 --> A49 U49 --> C49

S s
& SIS
hY5 full length . Bt
3'hY5 SRNA | s S —
: =8=S=
5 hY5 SRNA | 48 .““
U [ e

Figure 3.11. Substitution mutations of hY5 RNA at position 49 did not have any
effect on hY5 RNA cleavage.

A. Predicted secondary structures of hY5 RNA substitution mutants at position 49.

The secondary structures were predicted with RNAfold and visualized using Varna. The
mutated nucleotide is indicated with a turquoise circle.

B. Northern blot analysis of hY5 substitution mutants at position 49 in 3T3 mouse cells.

The hY5 mutants were transfected into 3T3 mouse cells, treated with staurosporine, total RNA
was extracted after 8 h and subjected to Northern blot analysis. The Northern blot membrane
was hybridized with the 3’ end hY5 probe, 5 end hY5 probe and U6 as a loading control. As
a size marker total RNA extracted from human MCF7 cells treated with poly (I:C) was used.
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3.3 Discussion

From previous deletion and substitution mutagenesis analysis on the human Y5 RNA
conducted by Carly Turnbull, a previous PhD student it was hypothesized that Y RNA
cleavage correlates with secondary structure and is rather sequence independent
(Turnbull, 2014). In several mutagenesis experiments it was observed that the stem-
loop structure and Ro60 binding site were required for the generation of YSRNAs
(Turnbull, 2014).

However, in order to establish sequence and structural requirements for human Y5
RNA cleavage and to identify proteins involved in Y RNA cleavage, the approach in
generating individual hY5 mutants and testing their expression level by Northern blot
analysis was quite time consuming, low throughput and only a few hY5 mutants could

be tested at a time.

In recent years next generation sequencing of small RNA libraries has become an
important tool for profiling and discovery of novel sRNAs in different biological
systems. In our laboratory a high throughput mutagenesis approach on the human
Y5 RNA has been designed to apply the NGS technology that enabled to examine
thousands of different hY5 RNA mutants within a particular region of the hY5 RNA at
the same time. Using a high throughput mutagenesis approach on the hY5 RNA
instead of testing individual hY5 RNA mutants has the advantage to look at thousands
of different mutants at the same time. This approach would help to identify a particular
region or structural element of the hY5 RNA and proteins involved and responsible

for Y RNA cleavage.

After NGS of the 3’ hY5 high throughput mutagenesis libraries and bioinformatics
analysis the hypothesis was confirmed that the Y RNA cleavage site correlated with
the secondary structure of the mutated hY5 RNAs. The size class distribution showed
that hY5 library 2 and 3 mutants mainly generated wild type-sized YsRNAs.
Interestingly, hY5 library 1 mutants produced YsRNA reads that were 1-2 nt longer

compared to mutant pool 2 and 3.

| generated and cloned the hY5 RNA mutant sequences with the five most abundant
and five least abundant YsRNAs of each library individually and tested and compared
their expression levels as well as YSRNA generation to the wild type hY5 RNA by

Northern blot analysis and relative quantification.
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I could confirm that the library 2 and 3 hY5 RNA mutant sequences generated wild
type-sized YSRNAs whereas library 1 hY5 RNA mutants generated longer YSRNAs
compared to the wild type.

| performed secondary structure prediction of 30 library 1 hY5 RNA mutants with the
most abundant YsRNAs and | could clearly show that the mutations introduced in

region 1 resulted in a change of the secondary structure.

In further detailed analysis of the secondary structural features of library 1 hY5 RNA
mutants with the five most abundant and least abundant YSRNA reads | observed
that the secondary structure of the hY5 library 1 mutants that generated the most
abundant YsRNAs all consisted of a pyrimidine-rich internal loop that was shortened
by 1-2 nt compared to the wild type hY5 RNA. Interestingly, in all of those mutants
the internal loop was followed by a stem which was 5-6 nt long and had a high G-C
content. In contrast, most of the hY5 library 1 mutants that only generated a low
number of YsSRNAs only contained a stem of 3 nt. This might suggest that a stem
consisting of 5-6 nt and an internal loop might be required as structural features for
proteins/ ribonuclease(s) to recognize hY5 RNA and generate YsRNAs from the 3’
end of hY5 RNAs.

From the secondary structure analysis of the hY5 library 1 mutants | concluded that
by the introduced mutations in library 1 the internal L2a loop got shortened by 1-2 nt
compared to the internal loop of the wild type hY5 RNA. Thus, in library 1 hY5 RNA
mutants the Y RNA cleavage occurs 2-3 nt more upstream compared to the wild type
hY5 RNA but still two nucleotides above the stem. This would suggest that
protein(s)/ribonuclease(s) involved in hY5 RNA cleavage from the 3’ end might

recognize the stem and cleave hY5 RNAs between the 2"%/3™ nt above the stem.

The results from the next generation sequencing, secondary structure prediction,
Northern blot analyses confirmed that for hY5 RNA mutants in library 2 and 3 the Y
RNA cleavage mainly occurred at the position C50/C51.

By Northern blot analyses of the library 1 hY5 RNA mutants | demonstrated that Y
RNA cleavage occurs between 2"/ 3 nt above the stem of 5-6 nucleotides and

showed that the Y RNA cleavage correlates with the secondary structure.
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In addition, by relative quantification of Northern blots comparing full length library 1
hY5 RNA mutant levels to YSRNAs compared to the wild type hY5 RNA | could show
that library 1 hY5 RNA mutants with the most abundant YSRNAs were as efficiently
processed as wild type hY5 RNA. This further suggested that 3° end hY5 RNA
cleavage correlates with secondary structure.

Interestingly, hY5 library 1 mutations that resulted in the same secondary structure
as the wild type hY5 sequence showed wild type sized YsRNAs whereas hY5 library
1 mutations that have different secondary structure from the wild type hY5 RNA
generated longer hY5 RNA fragments. Thus, it further nicely confirmed the hypothesis

that hY5 RNA cleavage from the 3’ end correlated with the secondary structure.

The secondary structure predictions suggested that the nucleotide sequence
introduced in mutant pool 1, 2 and 3 did not have any effect on Y RNA cleavage as
long as the secondary structure contained a five nucleotide stem region preceded by
an internal loop. These results indicate that proteins involved in Y RNA cleavage
might recognize the stem and cleave the hY5 RNA two to three nucleotides in the L2a

loop.

In this part of the work | clearly demonstrated that the secondary structure of the hY5
RNA correlates with 3’ end hY5 RNA cleavage and | was able to identify and establish

secondary structure features and elements.

The next steps would involve the investigation of the proteins/endoribonuclease(s)
involved in 3’ end hY5 RNA cleavage that recognize the stem region and cleave in a
single-stranded loop region using RNA immunoprecipitation experiments combined
with mass spectrometry. One approach to look into Y RNA interaction partners of Y
RNAs and potential ribonucleases in Y RNA cleavage would be to transfect
biotinylated Y RNAs and carry out staurosporine treatment. The next step would
involve immunoprecipitation experiments using streptavidin beads of untreated and

treated samples followed by mass spectrometry.

Further experiments would involve investigations into the function of 3’ end derived
hY5 RNA fragments because until now in the literature no function of 3’ end derived
hY5 fragments has been described. In contrast, only the 5’ end derived hY5 RNA
fragment was reported to trigger apoptosis (Chakrabortty et al., 2015).
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Additionally, 5’ end derived Y RNA fragments have been shown to be highly enriched
in extracellular vesicles of several cancers (Dhahbi et al., 2013) and diseases
(Cambier et al., 2017) and have been observed to be involved in immunity (Hizir et
al., 2017).

In order to further investigate the sequence and structural requirements for 3’ end
hY5 RNA cleavage | carried out additional mutagenesis experiments to explore if

there was a minimal nucleotide requirement for Y RNA cleavage to occur.

The loop 2a was shortened by deletion mutagenesis and hY5 RNA mutants were
subjected to Northern blot analyses. The obtained sRNA Northern blot results and
their relative quantifications by densitometry suggested that the removal of 8 nt from
the L2a loop in general only resulted in a small decrease of YSRNA production from
the 3’ and the 5’ end of the hY5 RNA. However, the removal of 9 nt had a dramatic
effect on YsRNA generation from the 3’ and 5’ end of the human Y5 RNA and not
even the full length hY5 RNA was stable anymore. This phenomenon might be due
to the fact that the Loop L2a A9 nt mutant folds similar to long double stranded RNA
such as viral double stranded RNA that might be processed by RNase L for

degradation.

From the L2a loop deletion mutagenesis | concluded that a bulge of one nucleotide

is required for Y RNA cleavage or to have a stable Y RNA that can be processed.

In parallel to the L2a loop deletion experiments | studied in further experiments, if the
nucleotide sequence at the positions 50, 51 and 52 of the L2a loop which are in
proximity to the 3’ end hY5 RNA cleavage site were important for 3’ end hY5 RNA
cleavage. It was shown in previous experiments that the hY5 RNA cleavage from the

3’ end mainly occurs between C50 and C51 producing YsRNAs of 33-34 nt.

In the Northern blot analysis and relative quantification of 3’ end derived YsRNAs |
observed that the nucleotide sequence at the positions 50, 51 and 52 did not seem
to have any effect on hY5 RNA cleavage. Therefore, this suggested that cytosine
residues at the positions 50, 51 and 52 are not necessary for hY5 RNA cleavage from
the 3’ end. Thus, we could conclude that m°C methylation of cytosines that is
mediated by the RNA methyltransferase NSun2 and generation of vault RNA derived

small RNAs might not be involved in YSRNA generation.
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Intriguingly, when all three cytosines at the positions C50, C51 and C52 were deleted
a small decrease of YSRNA accumulation compared to wild type was observed, but
Y RNA cleavage from the 3’ and 5’ end of hY5 RNAs still occurred. This result was
consistent with the previous Northern blot analyses obtained from the loop L2a
deletion mutagenesis experiments that revealed that a bulge of 1 nt was sufficient for
Y RNA cleavage to occur.

Interestingly, when the loop L2a was completely deleted in the mutant M9 by
generating a sequence complementary to the sequence of the loop L2b no full length
hY5 RNA transcript could be detected by Northern blot. The predicted secondary
structures of this mutant indicate that the structure was altered dramatically compared
to the wild type hY5 RNA and it formed a long double stranded RNA region that might
be targeted for degradation resulting in the loss of Y RNA stability.

As in 2017 Donovan et al. claimed that RNase L is responsible for Y RNA cleavage
from the 5 end (Donovan et al., 2017) | investigated if this ribonuclease is also
involved in the generation of Y RNA fragments from the 3’ end. RNase L is known to
cleave single-stranded RNAs in a sequence-specific manner after UN®N sequence

motif. The very same motif was found close to the 3’ end Y RNA cleavage site.

In order to prove that RNase L is critical for the 3’ end hY5 RNA cleavage | mutated
the uridine at position 49 to adenine, guanine and cytosine and tested the generated
hY5 substitutions mutants by Northern blot. The obtained Northern blot experiments
clearly showed that YSRNA fragments were generated from both the 3’ and 5’ end of
hY5 RNA substitution mutants. These experiments suggested that uridine at position
49 is not essential for Y RNA cleavage from the 3’ end of hY5 RNA. Thus, RNase L
might not be responsible for Y RNA cleavage from the 3’ end of hY5 RNAs and other

proteins/ribonucleases are involved in Y RNA cleavage from the 3’ end of hY5 RNA.
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Chapter 4 Establishing sequence and structural

requirements for 5’ end human Y5 RNA cleavage

4.1 Introduction

4.1.1 Extracellular vesicles

Extracellular vesicles (EVs) are a heterogeneous population of membrane-enclosed
vesicles comprised of a phospholipid bilayer. They are characterized to release
cargoes such as nucleic acids, lipids or proteins from the plasma membrane of donor
cells to neighbouring or distinct recipient cells. EVs have been identified in both
eukaryotes and prokaryotes and the secretion of EVs is evolutionarily conserved
(Gould and Raposo, 2013). EVs are derived from many different cell types and have
been isolated from body fluids such as urine, blood, saliva, semen or breast milk
(Colombo et al., 2014).

According to their size, origin, morphology, purification, function and cargo EVs can
be roughly classified into exosomes, microvesicles and apoptotic bodies. However
the classification of EVs is still controversial in the field and there are still limitations

in the purification of EVs (Gould and Raposo, 2013).

Exosomes (30-100 nm in diameter) are formed during endosomal pathways within
large endosomal compartments called multivesicular endosomes or multivesicular
bodies (MVBs). They are released into the extracellular space by fusion of MVBs with
the plasma membrane (Johnstone et al.,, 1987). Microvesicles are larger than
exosomes (100-1000 nm) and are released by budding or fission of the plasma
membrane. Apoptotic bodies are generated during apoptosis and vary in size
between 1000 nm and 5000 nm (Gould and Raposo, 2013; Colombo et al., 2014).

EVs are key mediators of intercellular communication and are involved in multiple
physiological and pathological conditions. EVs play an important role in development,
cell homeostasis, neuronal signalling and immunity (Yanez-Mo et al., 2015; Maas et
al., 2017).

However, EVs have also been associated with inflammatory diseases (Buzas et al.,
2014), neurodegenerative diseases (Coleman and Hill, 2015) and cancer (Minciacchi
et al., 2015).
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In the last years it was shown that cancer-cell derived EVs have been implicated in
the tumour microenvironment and promote tumour progression, angiogenesis, cell

invasion and metastasis (Tkach and Théry, 2016).

The recent development of next generation sequencing technologies in the last
decade allowed the identification of a wide range of low abundant RNA species in
EVs isolated from different types of body fluids. A breakthrough in the field of EVs
was the discovery that exosome-derived mRNAs and miRNAs could be transferred
between cells and the released mRNAs were translated into proteins in the recipient
cells (Ratajczak et al., 2006; Valadi et al., 2007).

Due to the association of EVs with many different diseases including cancer, EV
associated miRNAs have emerged as novel diagnostic biomarkers (Kinoshita et al.,

2016) with a huge potential for therapeutic approaches (Fais et al., 2016).

Surprisingly, high throughput RNA sequencing of small RNAs derived from immune
cell EVs revealed that miRNAs represented only a small fraction of the RNA repertoire
in the EVs compared to cellular RNA. Unexpectedly, the EVs contained several other
classes of regulatory non-coding RNAs, such as small nucleolar RNAs, small nuclear
RNAs, transfer RNAs, ribosomal RNAs, long non-coding RNAs, circular RNAs, vault
RNAs as well as Y RNAs (Nolte-'t Hoen et al., 2012; Kim Kyoung et al., 2017). Among
them, vault RNAs and Y RNAs were found highly enriched in the immune cell derived
EVs. In addition, Nolte-t’ Hoen et al. also identified small RNA fragments derived from
longer transcripts, such as Y RNA fragments, tRNA fragments or a vault RNA derived
sRNA fragment enriched in immune cell EVs. Among them, Y RNA fragments were
the most abundant small RNA fragments in EVs suggesting a functional role of these

small RNAs derived from longer transcripts.

4.1.2 Functions of 5’ end derived Y RNAs in extracellular vesicles

Vojtech et al. showed by next generation sequencing of exosomes derived from
semen that 5’ end derived Y RNA fragments were highly enriched (Vojtech et al.,
2014). Interestingly, in human serum and plasma of healthy donors, Y RNA fragments
derived from the 5’ end of specific Y RNA genes and Y RNA pseudogenes with sizes
of 27 nt and 30-33 nt were identified. Surprisingly, in the plasma these 5’ end derived
Y RNA fragments were not incorporated within EVs but circulated in the blood as part

of a large complex with a mass of 100-130 kDa.
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In the same study it was shown that 5’ end derived Y RNA fragments were more
abundant in human serum compared to mouse serum while the opposite was
observed for 5 end tRNA halves. It needs to be further investigated why the
composition of circulating sSRNAs was different between human and mouse sera
(Dhahbi et al., 2013). Specific tRNA halves and Y RNA fragments were found to be
associated with breast cancer and differentially expressed compared to healthy
individuals (Dhahbi et al., 2014).

Dhahbi et al. observed that in human serum 5’ end derived Y RNA fragments are
about twenty times more abundant compared to 3’ end derived Y RNA fragments
(Dhahbi et al., 2013). Interestingly, RNA sequencing of five breast cancer patients
compared to control samples revealed that mostly 3’ end derived Y RNA fragments
were upregulated in five diagnosed breast cancer patients whereas 5’ end derived Y
RNA fragments showed downregulation compared to healthy patient samples
(Dhahbi et al., 2014). However, any function or mechanism or biogenesis pathway

remained obscure.

A recent study investigated the processing and transfer of hY5 RNA fragments within
EVs derived from primary and cancer cell lines. It was shown that hY5 RNAs were
highly abundant and enriched in EVs. Shorter fragments (23, 29 and 31 nt) derived
from the 5’ and 3’ end of hY5 were also detected in EVs (Chakrabortty et al., 2015).
In the same study hY5 RNA fragmentation occurred in the EVs instead of inside the

cells.

Notably, the 5’ end derived hY5 RNA fragments contained a conserved 8 nt RNA
sequence motif (5’-GUUGUGGG-3’) that was previously reported to be also involved
in the initiation of chromosomal replication (Gardiner et al., 2009). The same motif
was shown to be important for the processing of full-length hY5 RNAs into smaller
functional Y RNA fragments (Chakrabortty et al., 2015). Interestingly, the exposure of
human healthy cells with EVs derived from cancer cells resulted in rapid cell death.
However, cancer cells did not show any phenotype when they were treated with EVs

from normal or cancer cells.

Intriguingly, it was shown that only a synthetic version of the 23 nt- and 31 nt 5’ end
derived hY5 fragment and not the 3’ end derived hY5 fragment nor a double stranded
version of 3’ and 5 hY5 fragment triggered cell death in primary cells in a dose-

dependent manner through an apoptotic pathway.
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Further, it was observed that the conserved 8 nt motif in the 5’ end derived Y RNA
fragments was required for the induction of cell death (Chakrabortty et al., 2015).

The study conducted by Chakrabortty et al. indicated that there seems to be a
correlation between 5’ end derived Y RNA fragments and cancer, since 5’ end derived
hY5 RNA fragments only derived from cancer cell EVs trigger rapid cell death in
normal cells. It was hypothesized that the 5’ end derived hY5 RNA fragment induced
cell death might help tumours to invade tissues and to establish a microenvironment
(Chakrabortty et al., 2015).

In 2012 the Dalmay laboratory already showed that Y RNAs are also generated from
the 5’ end of human Y RNAs in several cancerous and non-cancerous cell lines as
previously described (Nicolas et al., 2012). However, because of the higher
abundance of 3’ end derived hY5 fragments compared to 5’ end derived hY5 RNA
fragments the research focus of our laboratory was mainly on the 3’ end derived hY5

RNA fragments.

Due to the fact that Chakrabortty et al., gave some evidence that 5’ end derived hY5
RNA fragments are functional and require a conserved 8 nt motif in order to induce
cell death, in this part of the work | aimed to investigate if there was any sequence
and/or secondary structure requirement for hY5 RNA cleavage from the 5’ end. In
order to pursue this, | designed and performed a high throughput mutagenesis

approach on the 5’ end of the human Y5 RNA.

4.2 Results

4.2.1 Generation of 5’ end hY5 mutant plasmid pools

| designed the 5’ end hY5 high throughput mutagenesis approach in a similar way to
the 3’ end hY5 mutagenesis study. Previous next generation sequencing performed
in our laboratory showed that MCF7 cells treated with poly (I:C) generated hY5 RNA
fragments from the 3’ and 5’ end. The main cleavage product from the 5’ end of the
hY5 RNA was 32 nt.

Thus, | selected three different five nucleotide regions immediately upstream of the
determined cleavage site for random mutagenesis (Figure 4.1, A and B). The five
nucleotide substitution mutations were introduced using primers containing

degenerate nucleotides at each of the five positions.
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The PCR products including the promoter region and 30 bp downstream terminator
region were amplified from the hY5 wild type expression construct by overlap
extension PCR (Figure 4.1, B) in three replicates for each mutant pool.

In order to check if the five nucleotide substitution mutations were introduced correctly
and to see if the degenerate nucleotides at each of the five positions are equally
distributed, | sent the generated PCR products of each library replicate for Sanger

sequencing and analyzed the sequences and chromatograms.

| cloned the A-tailed PCR products into pGEMT easy vector, transformed them into
E. coli. Apart from the PCR products | also sent ten plasmid DNA clones of each
library replicate for Sanger Sequencing and checked if the sequence and introduced

mutations were correct.

However, the analysis of the Sanger sequencing results of the mutant pool PCR
products and purified plasmid DNA samples of each mutant pool replicate revealed
that for mutant pool 4 and 5 the nucleotide composition at each of the five positions

was significantly biased (Figure 4.1, C and D).

After literature search and contacting gene synthesis companies | was suggested to
use “hand-mixed” primers containing degenerate nucleotides instead of custom
synthesized primers in order to overcome the bias. The primers would be synthesized
in a way that each nucleotide would be added individually by hand at a percentage of
25% at the five nucleotide mutagenesis region by hand and not randomized by the

oligo synthesis machine.

| repeated the PCR reactions for mutant pool 4 and 5 with newly designed “hand-
mixed” primers and sent the PCR products of all mutant pool replicates for Sanger
sequencing in order to investigate if the bias at the mutagenized regions could be

improved.

The chromatograms of library 4, 5 and 6 mutant pool PCR products and Sanger
Sequencing results of fifty isolated plasmid DNA clones of library 4, 5 and 6 using
“hand-mixed” primers indicated that the distribution of the four possible nucleotides
for library 4 and 5 was improved and more equally distributed (Figure 4.1, E and F)
compared to the machine-mixed custom synthesized primers that were used for the
PCR previously (Figure 4.1, C and D).
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Figure 4.1. Design and generation of the 5 end hY5 high throughput
mutagenesis approach.

A. Predicted human hY5 RNA secondary structure with the regions that were mutated
for the 5’ end high throughput mutagenesis analysis.

In each of these regions of library 4 (blue), library 5 (orange) and library 6 (purple), five
nucleotide substitution mutations were introduced resulting in 1024 (4°) possible combinations
for each library.

B. Schematic of the pGEM-hY5-WT vector containing the mutated regions of hY5 RNA
library 4,5 and 6.

The mutations for library 4 (blue), library 5 (orange) and library 6 (purple) were introduced by
mutagenesis PCR using primers containing random nucleotides (N).

C. Chromatograms of generated PCR products from library 4, 5 and 6 using custom
synthesized primers.

For library 4 and 5 it can be seen that the degenerate random nucleotides are not equally
distributed and that some bases are overrepresented when machine-mixed degenerate
primers were used for PCR, whereas in library 6 the degenerate nucleotides showed more or
less equal proportions at each position.

D. Sanger sequencing results of hY5 library mutants generated from library 4, 5 and 6
using custom synthesized primers.

Ten plasmid DNA samples isolated from each library replicate of mutant pool 4, 5 and 6 were
sent for Sanger Sequencing and analysed if the nucleotide composition at each of the five
positions is equally distributed or biased. The graph shows the base composition on the x-axis
as percentage of all the clones analysed. On the y-axis each position of the mutated five-
nucleotide mutagenesis region is given.

E. Chromatograms of generated PCR products from library 4, 5 and 6 using hand-mixed
synthesized primers.

When hand-mixed degenerate random primers were used for PCR, the proportions of each of
the four bases at each of the positions of the five-nucleotide region for library 4 and 5 improved
greatly and no overrepresentation of any nucleotide could be observed anymore.

F. Sanger sequencing results of hY5 library mutants generated from library 4, 5 and 6
using hand-mixed synthesized primers.

Fifty plasmid DNA samples isolated from one library replicate of mutant pool 4, 5 and 6 were
sent for Sanger Sequencing and analysed if the nucleotide composition at each of the five
positions is equally distributed or biased. The graph shows the base composition on the x-axis
as percentage of all the clones analysed. On the y-axis each position of the mutated five-
nucleotide mutagenesis region is given. The Sanger Sequencing results showed that hand-
mixed random nucleotides for generating library 4, 5 and 6 mutant pool PCR products
dramatically reduced the bias of nucleotide composition in each mutated position.
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4.2.2 Generating 5’ end hY5 mutant plasmid pools

Similar to the 3’ end hY5 high throughput mutagenesis approach | generated 5’ end
hY5 plasmid libraries and full length hY5 cDNA libraries in order to check if all the
1024 possible hY5 mutant sequences were cloned successfully and to allow us to
normalize the YSRNA datasets in a certain way and to account for occurring biases
in the datasets.

For generation of the 5’ end hY5 mutant plasmid pools | harvested around 10000
colonies for each library replicate in order to ensure that all the 1024 possible hY5
mutant combinations are present. Statistical analysis that was performed for the 3’
end hY5 high throughput mutagenesis approach suggested that around 4850 positive
colonies need to be harvested in order to be sure that all the 1024 possible sequences

will be present with a probability of 99%.

| prepared the 5’ end hY5 plasmid bias cDNA libraries as previously described and
sent for next generation sequencing. The bioinformatics analysis of the plasmid bias
libraries showed that all the 1024 different hY5 mutant sequences were present in the
plasmid libraries that were generated from the 5’ end of the hY5 RNA. However, the
plasmid bias libraries were hugely biased for the hY5 wild type sequence in hY5
library pools 4 and 5. Among all the three replicates the hY5 wild type sequence was
roughly six to seven times more abundant in hY5 mutant pool 4 and 5 than all the
other 1023 hY5 mutant sequence combinations. For mutant pool 6 this prominent hY5
wild type sequence bias was not observed and all the 1024 hY5 mutant sequence

combinations were present and statistically equally distributed.

Consequently, | had to modify the cloning strategy for mutant pool 4 and 5 of the 5’
end high throughput mutagenesis approach in order to ensure that the wild type

sequence is not overrepresented anymore.

The first cloning strategy was based on a plasmid containing the hY5 full length wild
type sequence. The mutations for the 5’ end mutagenesis approach were introduced
by overlap extension PCR (Figure 4.2, A). Due to the fact that overlap extension PCR
(Figure 4.2, B) in general is not very efficient any small traces of the full length hY5

wild type sequence will result in amplification of the hY5 wild type sequence.
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Figure 4.2. First cloning strategy for 5° end high throughput mutant pool
generation.

A. Generation of the long fragment and short fragment PCR products for 5’ end high
throughput mutagenesis approach.

As a template for PCR the pGEM-hY5 wild type plasmid was used and the random mutations
were introduced by the short fragment PCR.

B. Overlap extension PCR for generating the mutant pool 4, 5 and 6 PCR products.

Mutant pools 4, 5 and 6 were generated by overlap extension PCR using the wild type pGEM-
hY5 plasmid as a template. The short fragment containing the random nucleotides and the
long fragment were annealed for 5 cycles, then primers were added and amplified for another
25 cycles.
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After re-examining the first cloning strategy (Figure 4.2) | designed a second cloning
approach and | used a truncated hY5 wild type sequence as a template in order to
avoid full length wild type hY5 sequence carryover.

Thus, | generated two different template plasmids for the long and the short fragment
in a way that the hY5 full length sequence is disrupted. For the templates | ensured
that | picked a single colony for further cloning and overlap extension PCR. The full
length hY5 sequence containing the five nucleotide mutated regions for each of the
mutant pools was generated by a primer that spanned the truncated part of the hY5
wild type sequence and included an overhang for further overlap extension PCR of

the long and the short fragment.

| generated the PCR products of each mutant pool and confirmed them by Sanger
sequencing. The PCR products were A-tailed and were cloned into pGEMT easy

vector and transformed into bacteria.

The chromatograms of the PCR products showed no obvious contamination and in
addition, | sent ten purified plasmid DNA clones of each mutant pools for Sanger

sequencing before the generation of the large mutant plasmid pools.

The Sanger sequencing analysis confirmed that the 5’ end hY5 mutant pools were
generated correctly without any mutations. As previously described | harvested again
around 10,000 colonies per library replicate, purified and isolated the large scale 5’

end hY5 mutant plasmid pools.

| prepared the plasmid libraries as previously described and sent them for next
generation sequencing in order to monitor whether the hY5 wild type sequence bias

could be improved.
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Figure 4.3. Second cloning strategy for 5’ end high throughput mutant pool

generation.

A. Generation of a long and short PCR fragment with truncated hY5 RNA wild type
sequence.

In order to prevent carryover of the full length hY5 RNA wild type sequence in the final overlap
extension PCR two separate plasmids containing the long fragment and short fragment each
with the truncated hY5 RNA wild type sequence were cloned into pPGEMT-easy.

B. Final overlap extension PCR to generate mutant pool 4, 5 and 6 PCR products.

The cloning strategy for the 5’ end high throughput mutant pool generation was re-designed
and a truncated version of the hY5 wild type sequence was used as a template instead of the
full length hY5 RNA wild type sequences. The PCR products of the short and long fragment
were cloned into an expression vector and a single colony was picked and checked by Sanger
sequencing in order to ensure that the full length hY5 RNA sequence was truncated. The
construct containing a truncated version of the hY5 wild type sequence was used to generate
the PCR products for the long fragment and short fragment including the random nucleotides
for mutant pool 4, 5 and 6. For the final overlap extension PCR the two fragments were
annealed for 5 cycles and then the full length forward and reverse primers were added and
amplified for 25 cycles to generate the mutant pool 4 (blue), mutant pool 5 (orange) and mutant
pool 6 (purple) PCR product.
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4.2.3 Bioinformatics analysis of the 5’ end hY5 mutagenesis libraries

| constructed all cDNA libraries for the 5" end hY5 high throughput mutagenesis in
three replicates and sent the libraries for NGS. The libraries were sequenced on the
lllumina HiSeq 2500 at the Earlham Institute (Norwich Research Park, UK). The
bioinformatics analysis was carried out by Dr. Simon Moxon and Dr. Archana Singh
(John Innes Centre, UK).

Similar to the 3’ end hY5 mutagenesis libraries, | prepared 5 end hY5 plasmid
libraries and 5’ hY5 full length cDNA libraries in order to check if all the mutant hY5

sequences were cloned, transfected and transcribed successfully.

With the analysis of the 5’ hY5 plasmid libraries and 5 end hY5 full length cDNA
libraries it was possible to normalize the obtained YSRNA reads to some extent. This
would provide additional information which & end hY5 mutants are cleaved
preferentially or not cleaved at all. Combining all the bioinformatics analyses from the
5’ end mutagenesis libraries together | could get further insight into the sequence and

structural requirements for human Y5 RNA cleavage from the 5’ end.

4.2.3.1 Plasmid libraries

| generated the plasmid libraries for the 5 end hY5 mutant plasmid pools as
previously described in the material and methods part. | used 5 ng of each mutant
pool plasmid DNA as template for PCR. In order to introduce the lllumina adapter
sequences and indices for lllumina sequencing | carried out two separate PCR
reactions. The lllumina adapter sequences were introduced by PCR using barcoded
index primer sequences. The PCR products were separated on an 8% native PAGE
gel, the DNA bands excised and purified by ethanol precipitation. | diluted the purified
PCR products to 1 ng and used this as a template in order to introduce the lllumina

index primer sequences.

The final PCR products were separated on a 8% native PAGE gel, excised and

purified by ethanol precipitation (Figure 4.4, A).

I measured the concentration of the final plasmid libraries by nanodrop and for

quantification 1 ul of each library replicate was loaded on a 8% PAGE gel.
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Before the samples were sent for next generation sequencing | quantified all the
plasmid library replicates using the Typhoon Image Quant software (Figure 4.4, B)
The bioinformatics analysis of the 5’ hY5 plasmid libraries was performed in a similar
way to the 3’ end hY5 plasmid libraries. The sequencing reads were mapped to all
possible 1024 mutant full length hY5 RNA sequences using PatMaN without allowing
any mismatch and further analysed using a custom Perl script. The obtained

sequencing reads are summarized in Figure 4.4, C.

The bioinformatics analysis of the plasmid libraries showed that for each library
replicate we obtained between 300000 and 500000 sequencing reads so for each
individual hY5 sequence motifs we expected to get 300 and 500 reads when all the
sequence motifs would be equally distributed. When all the obtained reads were
mapped to all possible 1024 (4°) full length hY5 RNA mutant sequences we found all
1024 hY5 RNA mutant sequences represented and the abundance of each sequence
motif was more or less equally distributed. From the bioinformatics analysis we could
see that there was no particular hY5 RNA mutant sequence overrepresented and that

all the individual hY5 mutant sequence motifs were equally present (Figure 4.4, C).

Also, none of the hY5 mutant sequence showed a significant overrepresentation in
the plasmid bias libraries and this indicates that the random mutagenesis performed

on the 5’ end of hY5 RNA was successful.

In conclusion, in the plasmid libraries generated from the mutant pools 4, 5 and 6 all

1024 possible hY5 RNA mutants were present and successfully cloned.
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Figure 4.4. Plasmid libraries of hY5 libraries 4, 5 and 6.

A. Generation of hY5 plasmid libraries 4, 5 and 6.

For the generation of the plasmid libraries the PCR products were excised and separated on
a 8% PAGE gel. The purified PCR products were used as a template to introduce the standard
lllumina adapter sequences. The final plasmid DNA libraries were separated on a 8% PAGE

gel electrophoresis and bands at 208 nt were excised, eluted and ethanol precipitated.
B. Quantification of hY5 plasmid libraries 4, 5 and 6.

For final quantification 1 ul of each library replicate was loaded on a 8% PAGE gel, stained
with SYBR Gold and quantified using the Image Quant software in order to ensure that equal

amounts of each plasmid library is sent for NGS.
C. Sequencing information of the 5’ end hY5 plasmid libraries.

In the first column all the library replicates of plasmid mutant pool 4, 5 and 6 are listed and for
each replicate the abbreviation PB which stands for plasmid bias library was used. The second
column shows all the obtained sequencing reads and in the third column all the unique
sequence motif for each replicate is listed. In the plasmid libraries generated from plasmid
mutant pools 4, 5 and 6 all 1024 possible hY5 RNA mutants were present and successfully

cloned.
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4.2.3.2 Full length cDNA libraries

| prepared the full length cDNA libraries as previously described. Therefore, 5 pg of
total RNA was treated with DNase and purified RNA was reverse transcribed. The
lllumina adapter sequences and index primer sequences were added to the hY5
cDNA libraries by PCR (Figure 4.5, A).

The PCR products were separated by 8% PAGE gel electrophoresis and quantified
using the Image Quant software (Figure 4.5, B).

The cDNA full length libraries were sent to the Earlham Institute for next generation
sequencing (HiSeq 2500).

The analysis of the 5’ end hY5 full length for each library replicate showed that
between 100000 and 460000 sequence reads were obtained. After bioinformatics
analysis | could show that all the 1024 hY5 mutant combinations were present. This
suggested that all pool 4, 5 and 6 hY5 RNA mutants were transcribed successfully

and therefore stable.

However, | observed that the wild type hY5 sequence seemed to be overrepresented
around 3-4 times compared to abundant hY5 RNA mutant transcripts. The obtained

sequencing reads for each hY5 library replicates are summarized in (Figure 4.5, C).

The analysis of the 5’ end hY5 plasmid bias and full length libraries demonstrated that
the random mutagenesis on the 5’ end of the hY5 RNA was successful and all the
hY5 RNA mutants were present. All the hY5 RNA mutant sequences were transcribed

successfully and that the generated transcripts were stable.

As already been seen in the bioinformatics analysis of the plasmid bias libraries there
was no strong selection for any particular hY5 mutant sequence motif and all mutants

were represented in the generated mutant pools 4, 5 and 6.

Interestingly, the analysis of the full length libraries showed that the hY5 wild type
sequence had around three to four times more transcript level compared to some
other abundant hY5 mutant full length transcripts. The reason for this could be that
the hY5 wild type sequence was transfected and therefore be transcribed more
efficiently or that the wild type full length transcript was more stable compared to the

other hY5 mutant full length transcripts.
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B Full length library 4 Full length library 5 Full length library 6

S

C Total reads Unique hY5 RNA sequence motifs
FL 4-1 465275 1024
FL 4-2 281740 1024
FL 4-3 269389 1024
FL 5-1 203573 1024
FL 5-2 269579 1024
FL 5-3 164212 1024
FL 6-1 282315 1024
FL 6-2 303739 1024
FL 6-3 97798 1024

Figure 4.5. Full length cDNA libraries of hY5 library mutant pool 4, 5 and 6.

A. Generation of full length cDNA libraries of hY5 library mutant pool 4, 5 and 6.

The full length cDNA libraries were separated by 8% PAGE gel electrophoresis and PCR
products at the size of 200 nt were excised, eluted and precipitated.

B, Quantification of hY5 full length cDNA libraries 4, 5 and 6.

For final quantification 1 pl of each full length cDNA library replicate was loaded on a 8%
PAGE gel, stained with SYBR Gold and quantified using the Image Quant software in order
to ensure that equal amounts of each plasmid library is sent for NGS.

C. Sequencing information of the 5’ end hY5 full length cDNA libraries.
In the first column all the full length cDNA library replicates of mutant pool 4, 5 and 6 are listed
and for each replicate the abbreviation FL for full length was used. The second column shows

all the obtained sequencing reads and in the third column all the unique sequence motif for

each replicate is listed.
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4.2.3.3 Small RNA cDNA libraries

| transfected the mutant plasmid pools into mouse cells and after 24 h the cells were
treated with staurosporine for 4 h to induce apoptosis and generate YsRNAs. Total
RNA was extracted and transfection and YsSRNA production from hY5 mutant pools
was checked by Northern blot (Figure 4.6, A) before cDNA libraries were constructed
(Figure 4.6, B and C) and sent for next generation sequencing.

The bioinformatics analysis was carried out by Dr. Simon Moxon. For the YSRNA
analysis first the adapter sequence was removed from the 3’ end of the sequencing
read. Then the reads were mapped to the mouse reference genome. In order to be
able to map the obtained reads to the hY5 mutant sequences for each library a
reference set containing all possible hY5 mutant sequences was generated. PatMaN
was used to map the remaining reads of each library separately to the hY5 mutant

sequences while no mismatch was allowed.

From the size class distribution of the YSRNA libraries (Figure 4.6, D) it can be seen
that the size of YSRNAs derived from hY5 library mutant pool 4 and 5 is mainly 29/30
nt whereas hY5 mutant pool 6 Y RNAs generate longer YsRNAs with a length of
30/31 nt. Mutant pool 4 and 5 generate more 28/29 mer YsRNAs whereas mutant

pool 6 derived YsRNAs are longer with a length around 30/31 nt.
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Figure 4.6. Generation of 5’ end derived YSRNA cDNA libraries.

A. Northern blot analysis of 5’ end derived YsRNAs.

Before cDNA library construction the transfection efficiency and YsRNA generation of mutant
pool 4, 5 and 6 was tested by Northern blot analysis. The Northern blot membranes were
probed with 3’ and 5’ end specific hY5 DNA probes and U6 as a loading control. As a size
marker total RNA extracted from MCF7 cells treated with poly (I:C) was used.

B. YSRNA library construction.

For YsRNA cDNA library preparation 2 ug of total RNA was used. The YsRNA cDNA libraries
were constructed using Illlumina adapters. The PCR products were separated on a 8% PAGE
gel and PCR products with sizes of 150 nt were excised, eluted and ethanol precipitated. As
a size marker a 20 bp DNA ladder was used.

C. Quantification of YSRNA cDNA libraries.

For quantification 1 pl of each library replicate was loaded on a 8% PAGE gel. The gel was
stained with SYBR Gold and the bands were quantified using the Typhoon Image Quant
software.

D. Size class distribution of YSRNAs from each hY5 library mutant pool replicate.

Mutant pool 4 and 5 YsRNAs (shown in blue and yellow) are mainly 30 nt whereas mutant
pool 6 hY5 RNA mutants mainly generate YSRNAs of 30 nt and longer YSRNAs of 31 nt.
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4.2.4 Library 4 hY5 RNA mutants generate wild type sized YSRNAs

The bioinformatics analysis was carried out in a similar way to the 3’ end hY5 YsRNA
analysis. The size class distribution of YSRNA sequencing reads demonstrated that
hY5 library 4 mutant YSRNA reads were mainly 30 nt as seen for the wild type hY5
RNA. Interestingly, it was noted that hY5 RNA was cleaved at different positions

specifically at the 5’ end and generated YsRNA fragments with various sizes.

The YsRNAs derived from each hY5 mutant pool 4 library replicates were ranked by
abundance. In order to validate the results from the next generation sequencing |
performed some RNA secondary structure analysis of 30 library 4 hY5 RNA mutant
sequences with the most abundant and least abundant YSRNAs using RNAfold. In
addition, | carried out sequence logo analysis of the thirty most abundant library 4

hY5 mutant sequences using WebLogo3.

From the secondary structure analysis | found that the overall structure of the most
abundant hY5 library 4 mutants is more or less similar to the wild type hY5 RNA
(Figure 4.7, C).

The sequence logo analysis clearly showed that there was quite a strong selection
for the wild type hY5 RNA sequence motif UGGGU (Figure 4.7, B).

This indicates that the region mutated in hY5 library 4 seems to be important for Y
RNA cleavage. Intriguingly, the mutated region of library 4 is part of the 8 nt conserved
sequence motif (5° GUUGUGGG 3’) that was shown to be required for DNA
replication and was recently reported to be involved in triggering apoptosis in 5’ end
derived hY5 fragments (Chakrabortty et al., 2015).

The cloned some library 4 hY5 RNA mutants that generated the most YsRNAs (

Figure 4.7, A) individually into an expression vector and tested their expression
level by Northern blot analysis.The Northern blot results of the library 4 hY5 RNA
mutants that resulted in the five most abundant YsRNA reads (Figure 4.7,
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D)confirmed that hY5 RNA mutant sequences produced different sized 5’ end
derived hY5 RNA fragments and hY5 RNA cleavage mainly happened between

position A30 and A31 (

Figure 4.7, red arrows). In the hY5 L4-6 mutant the hY5 RNA sequence UGGGU was
mutated to CAACC. Intriguingly this mutant folded completely differently compared to

the wild type and did not generate YsRNAs either from the 3’ end or the 5’ end of hY5

RNA (Figure 4.7, C).

A

Mutant

L4-1 (UGAGU)
L4-2 (UGGCU)
L4-3 (UGGUU)
L4-4 (UGGGU)
L4-5 (CGGGU)
L4-6 (CAACC)
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Figure 4.7. Library 4 hY5 RNA mutants generate wild type-sized YSRNAs.

A. Abundances of validated mutant pool 4 hY5 sRNA mutants.

The abundances of each hY5 library 4 mutant with the most abundant YsRNAs were
normalized across all the three replicates.

B. Sequence logo analysis of 30 most abundant hY5 library 4 mutants that generated
the most YsRNAs using WebLogo 3.

The sequence logo UGGGU seems to be strongly preferred compared to other L4 hY5 mutant
sequences.

C. Predicted secondary structures of the L4 hY5 RNA mutants with the most abundant
YsRNA reads and one low abundant L4 hY5 mutant.

The secondary structures were predicted using RNAfold and were visualized using Varna.
The L4 hY5 RNA mutants the five most abundant and one low abundant YSRNA reads. The
L4 hY5 RNA sequences fold similar to the wild type hY5 RNA structure. The red arrows
indicate the observed cleavage positions.

D. Northern blot analysis of the library 4 hY5 RNA mutants with the five most abundant
library 4 hY5 RNA mutants and one low abundant YSRNA reads.

Total RNA extracted from human MCF7 cells treated with poly (I:C) and a synthetic 3’ end
derived hY5 fragment of 31 nt were used as a size marker for full length hY5 RNA and wild
type-sized YsSRNAs.

Total RNA was extracted from the five most abundant L4 hY5 mutants and one low abundant
library 4 hY5 mutant and analysed by Northern blotting. The Northern blot was probed with
the 3’ and 5’ YsRNA probes. The blot was re-probed with U6 as a loading control. The YsRNAs
produced from the five most abundant hY5 library 4 mutants were at the same size as wild
type hY5 YsRNAs.
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4.2.5 Library 5 hY5 RNA mutants produce wild type sized YsRNAs

The bioinformatics analysis of YSRNA sequencing reads showed that hY5 library
mutant pool 5 derived YSRNAs are mainly 30 nt reads as seen for hY5 library 4
mutants and the wild type hY5 RNA. The library 5 mutant pool derived YSRNAs were
ranked by abundance and | analyzed 30 library 5 hY5 RNA mutants with the most
abundant and least abundant YsRNA using RNAfold. In addition, | carried out
sequence logo analysis of 30 library 5 hY5 RNA mutant sequences that generated
the most YsRNAs using WebLogo3.

The secondary structure analysis showed that the overall structure of the most
abundant hY5 library 5 mutants is more or less similar to the wild type hY5 RNA.
However, for some of the L5 hY5 RNA mutants the secondary structure changed in
way that an additional internal loop is formed further upstream close to the introduced
mutations of L5 as could be observed for L5-2 UAUGG and L5-4 UAUGA mutants
(Figure 4.8, C).

The sequence logo analysis showed that there is a preference for the RNA sequence

UAU at the first three positions of library 5 mutated region (Figure 4.8, B)

At position 5 of library 4 The sequence logo of library 4 which was shown in Figure

4.7 revealed that uridine at the 5™ position of the sequence logo is preferred.

Also, | did a multiple sequence alignment of all human Y RNAs and | could clearly
show that the motif UUAU is conserved among hY5, hY4 and hY1 but not hY3,

whereas the U at the third position is highly conserved among all human Y RNAs.

| cloned the hY5 mutant pool 5 library mutants that generated the five most abundant
YsRNAs (Figure 4.8, A) individually into pGEMT easy vector and tested their

expression level by Northern blot analysis.

The Northern blot analysis of mutant pool 5 hY5 RNA mutants revealed that all the
tested hY5 RNA mutants generated wildtype-sized YsRNAs (Figure 4.8, C).
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Figure 4.8. hY5 library 5 mutant Y RNAs produce wild type sized YSRNASs.
A. Abundances of validated mutant pool 5 hY5 sRNA mutants.

The abundances of each hY5 library 5 mutant with the most abundant YSRNAs were
normalized across all the three replicates.

B. Sequence logo analysis of library 5 hY5 RNA mutants with the 30 most abundant
YsRNA reads.

The sequence logo analysis was carried out using Weblogo3. The sequence logo analysis
shows sequence preference for the motif UAUCG for 30 mer YSRNAs.

C. Predicted secondary structures of L5 hY5 RNA mutants with the four most abundant
YsRNAs.

The secondary structures were predicted using RNAfold and visualized using Varna.

The L5 hY5 RNA sequences that resulted in the four most abundant YsRNAs fold more or
less similar to the wild type hY5 RNA structure, but some L5 hY5 RNA mutants have an
additional internal loop.

D. Northern blot analysis of L5 hY5 RNA mutants with the five most abundant library 5
hY5 RNA mutants.

Total RNA extracted from human MCF7 cells treated with poly (I:C) and a synthetic 3’ end
derived hY5 fragment of 31 nt were used as a size marker for full length hY5 RNA and wild
type-sized YsRNAs. Total RNA was extracted from the L5 hY5 RNA mutant sequences that
resulted in the five most abundant YsRNAs and compared to the wild type hY5 RNA derived
YsRNAs by Northern blotting. The Northern blot was probed with the 3’ and 5’ YsRNA probes.
As a loading control the Northern blot membrane was re-probed with U6. The five most
abundant hY5 library mutants that were analysed produced wild type-sized hY5 YsRNAs both
from the 3’ end and the 5’ end of the hY5 RNA.
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4.2.6 Library 6 hY5 RNA mutants generate YSRNAS at the same size as
wild type

The size class distribution of YSRNAs from library 6 revealed that the length of hY5
mutant pool 6 YSRNAS is mainly 30 nt (Figure 4.6, D). Interestingly, hY5 library 6
mutants also generated longer YsSRNA fragments of 31 nt that could not be detected
in hY5 mutant pool 4 and 5.

Due to the fact that hY5 library 6 mutants mainly produced YsRNAs with 30/31 nt and
not YSRNAs with a length of 32 nt as we expected, the sequence information of the
fourth and fifth nucleotide for the 30 mer YsRNAs and the fifth nucleotide for the 31
mer YsRNAs of the mutated five nucleotide hY5 library 6 motif got lost. Even with the
bioinformatics analysis of the hY5 library 6 full length libraries we could not be sure

from which mutant motif the YsRNAs of 30/31 nt were derived.

The YsRNAs from library 6 were ranked by abundance (Figure 4.9, A) and | folded
30 library 6 hY5 RNA mutant sequences with the most abundant YSRNA reads using
RNAfold. I also performed sequence logo analysis of all these L6 hY5 RNA mutant

sequences using WebLogo3.

The predicted secondary structures of hY5 library 6 mutants folded in a different way
than the wild type hY5 RNA (Figure 4.9, C). The sequence logo analysis showed that
for 32/33mer library 6 mutant YSRNAs there seems to be a preference for guanosine

at each position of the mutated region (Figure 4.9, B).

The Northern blot analysis demonstrated that the pool 6 mutants produced YsRNAs
with 30 nt and 31 nt from the 5’ end (Figure 4.9, D).
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Figure 4.9. Library 6 mutant Y RNAs produce wild type sized YSRNAs.
A. Abundances of validated mutant pool 6 hY5 RNA mutants.

The abundances of L6 hY5 RNA mutants that resulted in the most abundant YsRNAs were
normalized for each library replicate and the abundance of L6 hY5 RNA mutants with the four
most abundant 32 mer YSRNASs are listed.

B. Sequence logo analysis of 30 L6 hY5 RNA mutant sequence that generated the most
YsRNAs.

The sequence logo analysis was performed using WebLogo 3. For L6 hY5 RNA mutants no
sequence motif preference could be observed.

C. Predicted secondary structures of L6 hY5 RNA mutants with most abundant
YsRNAs.

The secondary structure analysis was performed using RNAfold and the structures were
visualized by Varna. The L6 hY5 RNA mutants with the most abundant fold in a different way
than the wild type hY5 RNA.

D. Northern blot analysis of the five most abundant library 6 hY5 RNA mutants.

Total RNA extracted from human MCF7 cells treated with poly (I:C) and a synthetic 3’ end
derived hY5 fragment of 31 nt were used as size markers for full length hY5 RNA and wild
type-sized YsRNAs. Total RNA was extracted from the five most abundant L6 hY5 mutants
and compared to the wild type hY5 RNA by Northern blotting. The Northern blot was probed
with the 3’ and 5’ YsRNA probes. As a loading control the Northern blot membrane was probed
with U6. The five most abundant hY5 library mutants that were analysed produced wild type-
sized hY5 YsRNAs both from the 3’ end and the 5’ end of the hY5 RNA.
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4.2.7 Istheloop L2b important for human Y5 RNA cleavage?

Bioinformatics analysis and sequence logo analysis of the mutant pool 4 and 5
YsRNAs indicated that the region around the loop L2b (Figure 4.10, A) might be

important for human Y5 RNA cleavage from the 3’ and 5’ end.

Interestingly, the upper stem domain of Y RNA is characterized by a highly conserved
A/GUG-CAC-U nucleotide sequence motif that was previously reported to be required
for chromosomal DNA replication initiation (Christov et al., 2006; Gardiner et al., 2009;
Wang et al., 2014). Interestingly, in nematode sbRNAs the penta-nucleotide motif
UUAUC motif was identified which is part of the internal loop L2b. Thus, this region
of hY5 RNA might be essential for the initiation of DNA replication as it was already
observed in nematode sbRNAs and Dm1 in Drosophila melanogaster. The region
which was shown to be essential of DNA replication initiation is shown in light green

and is close to the internal loop L2b.

4.2.7.1 The uridine at position 22 essential for Y RNA cleavage from the 5’
end

In this part of the work | investigated if the wild type RNA sequence UGGGU is

necessary for 3’ and 5’ end hY5 RNA cleavage. The sequence logo analysis of mutant

pool 4 YsRNAs showed a strong preference for U at the last position (Figure 4.7, B).

Interestingly, in the multiple sequence alignment of all human Y RNAs | observed that
uridine at the first position, guanine at the second position and uridine at the fifth

position are conserved in all the human Y RNAs (Figure 4.10, B).

In order to check if the uridine at the fifth position of the RNA sequence logo is
essential, | replaced the U by A, C and G. | generated the hY5 RNA mutants UGGGC
and UGGGA and UGGGG and looked at the YsRNA accumulation by Northern blot
analysis. Interestingly, the mutant UGGGC folded exactly in the same manner as the
wild type sequence (Figure 4.10, C). However, when the YsRNAs that were derived
from the hY5 RNA mutant UGGGC were compared with the wild type hY5 derived
YsRNAs by Northern blotting | could show that Y RNA cleavage was clearly affected
and impaired at the 5’ end of the hY5 RNA.
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From the 3’ end of hY5 RNAs Y RNA cleavage still occurred in the mutants but Y
RNA cleavage was decreased in the substitution mutants compared to the wild type
hY5 RNA.

From these results it can be concluded that the uridine at position 22 of the conserved
Y RNA sequence motif UGGGU is essential for 5’ end hY5 RNA cleavage and might
be involved in 3’ end hY5 RNA cleavage.
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Loop L2a

Loop L2 S2 Efs;eNr;t\i?Lp&::cmanﬁon

L1

hYl GGCTGGTCCGAAGGTAGIGAGTTATCT TGATTGTTCACAGTCAGTTACAGATCGAA

hY3 GGCTGGTCCGAGTGCAGIG-GTGTTTACAACTARTTGATCACAACCAGTTACAGATT -~

¥4 GGCTGGTCCGATGGTAGIGGGTTATCAGAACT TATTAACATTAGT--GTCACTARAG--~

h¥S AGTTGGTCCGAGTGTTGIGGGTTATTGTTA-FAGTTGATT-------~ TAACA-------
* KRR AEE * *hk ww * * ** * ®x
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Figure 4.10. The uridine at position 22 is essential for 5’ end hY5 RNA cleavage

L4-7 UGGGC

L4-8 UGGGA

and might be involved in 3’ end hY5 RNA cleavage.

A. Predicted secondary structure of human Y5 RNA including characteristic secondary

structure features.

The human Y5 RNA has a characteristic stem loop structure. The Ro60 protein binds to a C-
bulge within the highly conserved stem S1, whereas the La protein interacts with the uridine-
stretch at the 3’ end. The secondary structure of hY5 contains stem regions (S1, S2 and S3)

L4-9 UGGGG

as well as several internal loop regions or smaller bulges (L1, L2a, L2b, L3).
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B. Multiple sequence alignment of the 5’ end of all human Y RNAs using the ClustalW
algorithm.

The multiple sequence alignment shows that the pool 4 mutated region TGGGT is conserved
at the first, second and last position.

C. Secondary structures of hY5 RNA with the wild type sequence motif UGGGU and
substitutions hY5 RNA mutants.

In hY5 RNA mutant pool 4 sequences the uridine residue at position 22 was substituted by
adenine, cytosine and guanosine. The secondary structures were folded using RNAfold and
visualized by Varna.

D. Northern blot analysis of mutant pool 4 YsRNAs derived from hY5 substitution
mutants UGGGA, UGGGC and UGGGG compared to the wild type YSRNA accumulation.

Mouse 3T3 cells were transfected with plasmid DNA constructs encoding mutant pool 4 hY5
RNA sequences with the sequence motifs UGGGA, UGGGC and UGGGG and the wild type
hY5 RNA sequence motif UGGGU. Total RNA was extracted and the expression of mutant
pool 4 derived YsSRNAs compared to wild type hY5 RNA derived YSRNASs by Northern blotting.
As a size marker a synthetic 5’ end derived hY5 fragment and RNA extracted from MCF7 cells
treated with poly (I:C) were loaded. The Northern blot membrane was hybridized using the 5’
and 3’ end hY5 RNA probes. U6 was used as a loading control.
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4.2.7.2 Role of UUAU motif at position 22-25 for 3’ and 5 end hY5 RNA
cleavage

Intriguingly, further secondary structure and northern blot analysis of library 1 hY5
RNA mutants (described in the previous chapter 3.2.2) also revealed that the loop
L2b at the position 22-26 of hY5 RNA (shown in turquoise in Figure 4.11, A) might
contribute to YSRNA generation from the 3’ and 5’ end.

For this analysis, | compared the abundance of YSRNAs derived from mutant pool 1
to the abundance of mutant pool 1 hY5 full length sequences. The YSRNAs with the
highest number of abundance were ranked as number one (Figure 4.11, B).

First, | predicted the secondary structures of the 30 most abundant L1 hY5 mutants
that produced a significant number of YsSRNAs compared to full length transcripts
using RNAfold (Figure 4.11, C and D).

I could show that the secondary structures folded in a similar way as the wild type
hY5 RNA (Figure 4.11, C and D). | performed a detailed secondary structure analysis

and is summarized in Figure 4.11, E.

From the secondary structure analysis (Figure 4.11, E) it can be seen that the L1 hY5
mutants that generated a small amount of YSRNAs compared to the full-length

transcript showed a different secondary structure than the wild type hY5 RNA.

The hY5 RNA library 1 mutants that showed a high accumulation of YsRNAs
compared to the full length hY5 RNA all of these mutants had an internal loop L2b
consisting of 4 nt with the sequence UUAU whereas hY5 library 1 mutants that
produced a low amount of YSRNAs compared to the full length hY5 RNA all had a
shortened internal loop L2b of 3 nt. Additionally, it was noted that in mutants that
showed a high accumulation of YsRNAs the internal loop L2a where the 3’ hY5 RNA
cleavage occurs was 9 nt. In the hY5 RNA library 1 mutants with low amount of
YsRNAs this internal loop L2a was enlarged by 1 nt to 10 nt in total. Also, the stem
regions S2 and S3 seemed to be less stable than in the hY5 RNA mutants that
generated a lot of YSRNAs.

Notably, the main difference between the mutants that had a high accumulation of
YsRNAs and the mutants that produced a low amount of YSRNAs was that the
internal loop L2b in the less efficient L1 hY5 RNA mutants got shortened from four

nucleotides to three nucleotides.
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The sequence logo analysis that was performed for mutant pool 4 and 5 and the
change of secondary structure introduced by L1 hY5 RNA mutations was the rationale
for further investigation into the importance of the internal L2b loop.

In order to validate the results from the secondary structure analysis | cloned three
L1 hY5 mutants that produced a good amount of YSRNAs and three L1 hY5 mutants
that produced only a small amount of YSRNAs compared to the full length hY5 mutant
transcript (Figure 4.11, A) individually and | transfected the constructs into mouse
cells. The cells were treated to induce Y RNA cleavage. | tested the YsRNA
accumulation by Northern blot.

The Northern blot analysis and relative quantification of the Northern blots by
densitometry confirmed the bioinformatics analysis and showed the difference in
YsRNA accumulation between the hY5 mutant sequences that produced a good
amount of YsSRNAs and the mutants that produced little or no YsSRNAs compared to
the full length hY5 RNA (Figure 4.11, F, G, H and 1). When the ratio between the
produced mutant YsRNA levels and the full length hY5 RNA mutant transcript levels
calculated was compared | could show that the library 1 hY5 RNA mutants with the
internal loop L2a intact are more efficiently processed than the library 1 hY5 RNA
mutants in which the internal loop L2a got shortened by the introduced mutations.
Also, for the 5’ end derived YsRNAs | observed a decrease of YSRNA accumulation

when the internal loop L2a got shortened (Figure 4.11, 1).

In conclusion, both the 3’ and 5’ end hY5 RNA cleavage seemed to be impaired in
the hY5 mutants with a shorter internal loop L2b (Figure 4.11, G and I). These results
together with the secondary structure predictions of these mutants suggested that the

internal loop L2b might contribute to 3’ and 5’ hY5 RNA cleavage.
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E

RNA motif Stem S3 Size of internal Size of internal Stem S2
loop L2a loop L2b
WT CCACA 7 nt 9nt 4 nt 6 nt
1x G-C 4x U 3x U 4x G-C
5x A-U 2x G 1x A 2x A-U
1x G-U 3xC
L1-CCACU 7 nt 9nt 4 nt 5nt
1x G-C 4x U 3xU 4x G-C
6x A-U 1xG 1xXA 1x A-U
4x C
L1-CCACU 7 nt 9nt 4 nt 7 nt
1x G-C 4x U 3xU 4x G-C
6x A-U 1x G 1x A 2x A-U
4x C 1x U-bulge
L1-CUACG 7 nt 9 nt 4 nt 7nt
1x G-C 4x U 3x U 4x G-C
6x A-U 1x G 1x A 2x G-U
4x C 1x A-U
L1-GACCU 6 nt 10 nt 3nt 7 nt
1x G-C 4x U 2x U 3x G-C
5x A-U 1x G 1xA 2x U-G
5x C 2x A-U
L1-GUUCC 8 nt 10 nt 3nt 7 nt
1x G-C 4x U 2x U 2x G-U
6x A-U 1x G 1x A 3x G-C
1x G-U 5x C 2x A-U
L1-GAACC 10 nt 10 nt 3nt 4 nt
4x non - 6xC 2x U 2x G-C
canonical 1x U 1xA 2X non -
2x A-U 2x G canonical
1x U-bulge 1xA
3x G-U
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Figure 4.11. The internal loop L2b seems to be important for human Y5 RNA
cleavage from both the 3’ and 5’ end of human Y5 RNA.

A. Predicted secondary structure of human Y5 RNA including the mutated region of
loop L2b.

The secondary structure of human Y5 RNA was predicted using RNAfold and visualized using
Varna. The internal loop L2b is shown in turquoise.

B. Abundances and ranks for L1 mutant hY5 RNA full length transcripts that have a
high or low accumulation of YsSRNAs.

The abundances were normalized across all three replicates.
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C. Predicted secondary structures of mutant pool 1 hY5 RNA mutants that show high
accumulation of YSRNAs compared to the full length transcript level.

The secondary structures were predicted with RNAfold under default parameters und were

visualized using Varna.

D. Predicted secondary structures of mutant pool 1 hY5 RNA mutants that have a low
accumulation of YSRNAs compared to the full length transcript level.

The secondary structures were predicted with RNAfold under default parameters und were

visualized using Varna.

E. Analysis of secondary structure features of library 1 hY5 RNA mutants.

The table gives an overview of the nucleotide and base pair composition of stem S3, internal
loop L2a and stem S3 for the tested library 1 hY5 RNA mutants.

F. Northern blot of library 1 hY5 RNA mutants that generate a high/low amount of
YsRNAs compared to the full length hY5 RNA level.

Three hY5 RNA mutants that generate a high number of YsSRNAs compared to the full length
hY5 level were compared to the hY5 RNA mutants that generated little/no YSRNAs. Mouse
3T3 cells were transfected with library 1 hY5 RNA mutant plasmid DNAs and treated with
staurosporine to induce Y RNA cleavage. Total RNA was extracted and the Northern blot
membrane was probed with the 3’ and 5’ end probe. Total RNA extracted from MCF7 cells
treated with poly (I:C) for 8 h was used as a size marker. The membrane was stripped and re-

probed with U6 in order to ensure equal loading.

G. Relative quantification of 3’ end derived mutant pool 1 YsRNAs.

The Northern blot of 3° end derived mutant pool 1 YsRNAs was quantified using the
ImageQuant software. The optical density of each mutant was normalized to the loading
control U6 and the wild type hY5 RNA derived YsRNAs. The normalized optical density of the
wild type derived YsRNAs was set at 1.

H. Calculated ratio between the expression level of full length library 1 hY5 RNA mutant
sequences compared to the expression level of mutant pool 1 YSRNAs.

The ratio of the normalized optical density of full length L1 hY5 RNA mutants and the 3’ end
derived YsRNAs was calculated and plotted on the graph.

I. Relative quantification of 3’ end derived mutant pool 1 YsRNAs.

The Northern blot of 5 end derived mutant pool 1 YsRNAs was quantified using the
ImageQuant software. The optical density of each mutant was normalized to the loading
control U6 and the wild type hY5 RNA derived YSRNAs. The normalized optical density of the
wild type derived YsRNAs was set at 1.
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In further experiments | tested if the nucleotide sequence or the structure of the
internal loop L2b is important for hY5 RNA cleavage. First, all possible hY5 RNA
mutant combinations with the mutated RNA sequence motif UUAU were generated
in-silico resulting in 256 possible sequence combinations (data not shown).

Twenty two hY5 RNA mutants out of the 256 hY5 RNA mutants folded the same as
wild type hY5 RNA (Figure 4.12, A)

| cloned four hY5 RNA mutants out of the 22 hY5 RNA mutants that folded the same
as wild type hY5 RNA individually and tested YsSRNA accumulation by Northern blot.
Interestingly, all four hY5 RNA mutants (AAAU, UUUU, CGUU, CCCC) with mutated
internal L2b loop but same secondary structure than wild type showed decreased
levels of YsSRNAs from both the 5’ and 3’ end. Thus, these results gave some
indication that the secondary structure of the internal loop L2b might not be critical for
hY5 RNA cleavage and that the nucleotide sequence of this internal loop might affect
both the 3’ and 5’ end hY5 RNA cleavage.

In order to further test if the internal loop L2b is critical for hY5 RNA cleavage |
generated three additional hY5 RNA mutants with different secondary structure than
wild type hY5 RNA. In these hY5 RNA mutants | mutated the sequence motif UUAU
to AAAA, AUAU and CACC. | tested the generated hY5 RNA Loop L2b mutants
experimentally by Northern blot (Figure 4.12, C).

Intriguingly, the Northern blot analysis showed that the mutations introduced in the
hY5 RNA sequences resulted in lower accumulation of YsRNAs from both the 3’ and
5" end compared to the wild type hY5 RNA (Figure 4.12, C)
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Figure 4.12. The wild type sequence motif UUAU of the internal loop L2b is
important for 3’ and 5’ end hY5 RNA cleavage.

A. Predicted secondary structures of hY5 RNA mutants with mutations in the internal
loop L2b that fold the same way as wild type hY5 RNA.

The mutated region is shown in turquoise. The hY5 RNA mutants have exactly the same
secondary structure as wild type hY5 RNA.

B. Predicted secondary structures of hY5 RNA mutants with mutations in the internal
loop L2b that have a different secondary structure to the wild type hY5 RNA.

The RNA secondary structures were predicted using RNAfold. The mutated region is shown
in turquoise. The hY5 RNA mutants have different secondary structure as wild type hY5 RNA.

C. Northern blot of YsSRNAs derived from hY5 RNA mutants in which the sequence of
the internal loop was mutated.

The Northern blot membrane was hybridized with the 3’ and 5’ end hY5 probe. As a size
marker a synthetic version of the 5’ end derived hY5 fragment was used. For equal loading
the membrane was re-probed with U6.
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4.3 Discussion

With the recent advances of next generation sequencing technologies novel classes
of small RNAs derived from longer transcripts have been identified. Among them, 5’
end derived Y RNA fragments have been found highly enriched in extracellular
vesicles released from various body fluids and have been shown to be associated
with multiple types of cancer (Dhahbi et al., 2013; Dhahbi et al., 2014; Victoria
Martinez et al., 2015; Tolkach et al., 2017; Tolkach et al., 2018).

Recently, Chakrabortty et al. demonstrated that 5’ end derived hY5 fragments are
functional and trigger apoptosis when primary cells were treated with EVs derived
from cancer cells. Interestingly, these functional 5’ end derived hY5 RNA fragments
contain a conserved 8 nt motif in the upper stem of Y RNAs (5-GUUGUGGG-3’) that
is also required for the initiation of chromosomal DNA replication (Gardiner et al.,
2009).

A few years later further mutagenesis experiments on the conserved functional upper
stem region of human Y1 were performed by Wang et al. in order to investigate which
nucleotides or structural requirements contribute to the function of Y RNAs in
chromosomal DNA replication (Wang et al., 2014). They applied biophysical methods
such as solution state nuclear magnetic resonance (NMR) and far-UV circular
dichroism (CD) spectrometry on mutated upper stem versions of hYl RNA and
compared the spectra to the wild type hY1 conserved stem. Sequence alignment and
sequence logo analysis of vertebrate Y RNAs showed that the GUG-CAC nucleotide
motif is evolutionarily conserved among all vertebrates. This indicates that this region
might contribute to functionality due to selection pressure during evolution (Wang et
al., 2014). When GUG was mutated to ACA the initiation of DNA replication was
abolished. NMR spectroscopy and previous structure probing experiments revealed
that the base pairs G17-C91 and C19-C87 are required for initiation of DNA
replication. The G-C base pairs function as clamps in order to stabilize the unstable
base pairs in the upper stem domain of hY1 RNA in an A-form helix. Mutations that
lead to the destabilization of the A-form helical structure result in the impairment of
DNA replication initiation (Wang et al., 2014).

211



ESTABLISHING SEQUENCE AND STRUCTURAL REQUIREMENTS FOR 5’ END HUMAN Y5
RNA CLEAVAGE

Therefore, mutagenesis and biophysical analysis of the upper stem domain of hY1 Y
RNA demonstrated that the highly evolutionarily conserved nucleotides and the
stability of secondary structure in this region contributed to the function of hY1 in the
initiation of DNA replication.

Interestingly, nematode sbRNAs and vertebrate Y RNAs have similar sequence and
secondary structure features. Among them, the GUG-CAC motif and a further
downstream penta-nucleotide motif UUAUC which were shown to be required for the
initiation of DNA replication (Gardiner et al., 2009; Kowalski et al., 2015).

All the literature and findings that the 5 end derived hY5 RNA fragments are
functional in combination with our results from the 3° hY5 RNA mutagenesis
experiments gave us the motivation to further investigate the sequence and structural

requirements for the 5’ end hY5 RNA cleavage.

In this chapter, | mutated three different regions along the hY5 RNA close to the 5’
end cleavage site in a high throughput mutagenesis approach using degenerate

nucleotides similar to the 3’ end hY5 mutagenesis approach.

The generated cDNA libraries were sent for NGS and bioinformatics analysis
revealed that mutant pools 4, 5 and 6 mainly generated YsRNAs with 30 nt indicating
that the hY5 RNA cleavage from the 5’ end in general occurs between A30 and A31
at the position UAMA. However, the size class distribution of the YSRNA libraries also
showed different sized YsRNAs with 26, 29, 30, 31, 32 or 33 nt. This heterogeneity
of 5’ end derived sRNAs could be explained that either the RNase involved in not very
specific or that different ribonucleases are involved in Y RNA cleavage from the 5’
end. Thus, it could be the case that different sizes 5’ end derived YsRNAs could have

different functions such as in extracellular vesicles or body fluids.

Intriguingly, Donovan et al. suggested that RNase L is responsible for Y RNA and
tRNA cleavage during poly (I:C) treatment (Donovan et al., 2017). RNase L is a metal
ion independent endoribonuclease that gets activated during viral response and
cleaves single-stranded RNAs leaving a 2’, 3’-cyclic phosphate. Donovan et al.
generated small RNA cDNA libraries of stress induced RNAs containing a 2’, 3’-cyclic
phosphate using RtcB ligase instead of the commercial T4 RNA ligase 2 in order to
capture RNAs with 2’, 3’-cyclic phosphates on the 3’ end of RNA fragments. Their
sequencing results showed that the cleaved RNA fragments during poly (1:C)

treatment all had a consensus motif UN”N at the cleavage site compared to the
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untreated control samples indicating that RNase L is responsible for Y RNA cleavage.
Using the RtcB ligase cDNA library preparation method for hY5 RNA the main
cleavage sites were at position 26 (UUMG), 29 (UU”A) and 30 (UAMA) which is
controversial because RNase L is known to cleave single-stranded RNA and hY5
RNA is double-stranded in all the cleavage sites. This would imply that the double-
stranded regions would need to get unwound and refolded in a way that the RNA gets
single-stranded.

These results made it even more important to determine whether it is the nucleotide
sequence or the secondary structure or both which are required for human Y5 RNA

cleavage to occur.

In this chapter | could clearly show by sequence logo analysis and individual
substitution mutations of library 4 YSRNA mutants that at position 22 a uridine residue

is critical for hY5 RNA cleavage from the 5’ end.

The Northern blot analysis clearly demonstrated that when the uridine at the fifth
position was mutated to adenine, cytidine, or guanine YsRNA generation from the 5’
end of hY5 RNA was abolished and no YsRNAs could not be detected. Interestingly,
hY5 RNA was still cleaved from the 3’ end of hY5 RNAs in the substitutions hY5 RNA
mutants but the YSRNA accumulation was decreased compared to the accumulation
of YsSRNASs derived from the wild type hY5 RNA. Additionally, in the multiple sequence
alignment of all human Y RNAs | observed that this uridine residue is highly

conserved among all the human Y RNAs.

Intriguingly, part of the RNA motif UGGGU that was selected for library 4 hY5 RNA
mutagenesis shares the nucleotides UGGG at the position 18-21 with the consensus
sequence GUAGUGGG that was previously shown to be essential for DNA replication
initiation (Christov et al., 2006). Also, Chakrabortty et al., reported that the sequence
GUUGUGGG as part of the 5 end derived hY5 RNA fragment is required for
triggering apoptosis. Additionally, the results of the hY5 library 4 mutagenesis
analysis confirmed that uridine at position 22 was critical for 5’ end hY5 RNA cleavage
and contributes to 3’ end hY5 RNA cleavage. These results gave further insights that
the region 5-GUUGUGGG-3’ including the uridine at position 22 might be important

for functionality.

Remarkably, from all the bioinformatics, secondary structure and sequence logo

analysis of hY5 library 4 and 5 hY5 RNA mutants | concluded that the internal loop
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L2b at the positions 22-25 might also be involved in Y RNA cleavage from both the 3’
and 5’ end of hY5 RNAs.

Intriguingly, this internal loop got my interest already during the 3’ end mutagenesis
analysis of hY5 L1 mutants. Secondary structure prediction of hY5 L1 mutants that
generated a good amount of YSRNAs compared to the full length hY5 RNA and hY5
L1 mutants that produced little/low amount of YSRNAs showed clear differences in
the size of the internal loop L2b.

Individual hY5 L1 mutants that produced a good amount of YSRNAs and those that
generated little amount of YSRNAs were taken for further validation.

The Northern blot analysis demonstrated that the hY5 L1 mutants with an internal
loop with the sequence UUAU showed a high YSRNA accumulation compared to the
hY5 L1 mutants that had a shorter internal L2b loop. From these results it could be
suggested that the internal loop with the sequence UUAU affected hY5 RNA cleavage
from both the 3’ and 5’ end.

The sequence logo analysis of the most abundant mutant pool 5 YsRNAs indicated
that the sequence UAU is preferred. In order to validate if it is the nucleotide sequence
UUAU or the secondary structure or both that are required for hY5 RNA cleavage to

occur | tested several substitution mutants for YSRNA accumulation.

Secondary structure analysis of all the possible nucleotide combinations of the RNA
motif UUAU was performed and | observed that 22 hY5 RNA mutants had the same
secondary structure than the wild type hY5 RNA.

Northern blot analysis of 4 out of 22 hY5 RNA mutants with the same secondary
structure but different primary sequence than wild type demonstrated that in all the
hY5 RNA mutants YsRNA generation from both the 3’ and 5’ end of hY5 RNAs was

impaired.

From these results it was suggested that both the sequence UUAU and the secondary
structure of the internal loop L2b (single-stranded RNA) might contribute to hY5 RNA

cleavage from both the 3’ and 5’ end.

Notably, in order to make this conclusion all the other 18 hY5 RNA mutants that folded
the same way than wild type hY5 RNA should be tested and further investigation of
mutant pool 5 hY5 RNA mutants is needed to pinpoint the exact sequence and

structural requirement of this internal loop for Y RNA cleavage. In future experiments
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it might be worthwhile to check if the 5’ end hY5 fragment with mutations in this

internal loop is still functional and triggers apoptosis.

The multiple sequence alignment of all human Y RNAs also revealed that the RNA
motif UUAU is highly conserved between hY5, hY4 and hY1, whereas hY3 had one
mismatch. This observed nucleotide conservation indicates that due to the selection
pressure during evolution, this part of the sequence might have been important for
the function of Y RNAs. Interestingly, the penta-nucleotide sequence motif UUAUC is
highly conserved among nematode sbRNAs and are functional in the initiation of DNA
replication. Also, it was shown in phylogenetic analysis that nematode sbRNAs are
evolutionarily more related to Y5 than to the other major Y RNA clades (Kowalski et
al., 2015; Duarte Junior et al., 2019).

Unexpectedly, the analysis of mutant pool 6 YsRNAs allowed us to determine the
cleavage site from the 5 end which is mainly between position A30 and A31
generating YsSRNAs of 30 nt and not 32 nt as previously anticipated. For this reason
the analysis of the mutant pool 6 YsSRNA libraries with sizes under 32 nt was difficult
as it was impossible to figure out from which full length hY5 RNA mutant the sRNA
was derived. The sequence logo analysis of the most abundant mutant pool 6
YsRNAs showed some preference for guanidine at all the positions. The predicted
secondary structures of mutant pool 6 hY5 RNAs folded in a different way than the
wild type hY5 RNA indicating that this part of the mutated region is not structure
dependent and confers some structural flexibility and accessibility for RNA binding

proteins and endoribonucleases responsible for hY5 RNA cleavage.

215



INVESTIGATION OF PROTEINS INVOLVED IN Y RNA CLEAVAGE

Chapter 5 Investigation of proteins involved in Y
RNA cleavage

5.1 Introduction
5.1.1 Role of RNA binding proteins in cellular stress conditions

RNA binding proteins (RBPs) are key players of post-transcriptional gene regulation.
They are involved in every step of RNA metabolism from transcription to processing,
cellular localization, stability, transport, translation and the degradation of mMRNAs
(Glisovic et al., 2008; Lukong et al., 2008).

During the last decade over 1500 human RBPs have been identified and various RNA
binding domains have been characterized. These domains include the most
prominent RNA recognition motif (RRM), the hnRNP K homology (KH) domain, DEAD
box helicase domain, double stranded RNA binding motif, Zinc finger, Pumilio domain
or the Piwi/Argonaute/Zwille (PAZ) domain (Gerstberger et al., 2014).

Most of the RBPs have a modular architecture and interact with RNA via one or
multiple RNA binding domains in a sequence and or structure dependent manner
(Lunde et al., 2007; Dominguez et al., 2018). RBPs often form large dynamic
ribonucleoprotein complexes (RNPs) with coding, non-coding or untranslated RNA
(Lukong et al., 2008). The dynamic assembly and disassembly of RNPs allows the
spatial and temporal regulation of gene expression at post-transcriptional level. RNPs
mediate fine-tuning of the complex transcriptomic and proteomic landscape. The
composition of the RNPs controls the way how cells respond and adapt to stress

conditions rapidly (Beckmann et al., 2016).

The dysregulation and aberrant function of RNPs has been shown to be often
associated with various different human diseases, including genetic diseases
(Castello et al., 2013), neurodegenerative disorders (Cookson, 2017), neuromuscular
diseases (Kolb et al., 2007), autoimmune disorders (Turner and Diaz-Mufioz, 2018)

or cancer (Pereira et al., 2017).
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5.1.2 Y RNAs as part of RORNPs

Y RNAs were initially discovered as components of the Ro60 and La
ribonucleoprotein complexes in sera of patients with the autoimmune disorders
systemic lupus erythematosus and Sjégren’s syndrome (Lerner et al., 1981a; Wolin
and Steitz, 1984). RoRNPs are involved in diverse cellular processes such as quality
control pathways of various non-coding RNAs and stress response mechanisms
including cell survival induced by UV irradiation or the regulation of RNA metabolism

during different environmental stress conditions (Sim and Wolin, 2011).

Several studies reported that Ro60 contributes to Y RNA stability in animals and
bacteria. Intriguingly, the levels of Y RNA transcripts were dramatically reduced in
Ro60 -/- cells (Labbé et al., 1999) and Ro60 - mice were more sensitive to develop

lupus like syndromes (Xue et al., 2003).

However, the precise biochemical function of RORNPs and the role of Y RNAs during

stress conditions remains poorly characterized.

5.1.3 Role of ribonucleases during stress

Ribonucleases (RNases) are enzymes that catalyse the cleavage of RNA at
phosphodiester bonds. RNases have an essential role in the regulation of gene
expression, RNA processing and turnover. During stress response RNases target
mMRNAs and non-coding RNAs specifically for degradation in order to respond rapidly
to the change of environmental conditions. Several studies showed that during stress
longer non-coding RNAs were processed into smaller RNA fragments by
endonucleolytic cleavage and some of these fragments were proven to be functional
(Thompson and Parker, 2009; Rother and Meister, 2011).

Rutjes et al, described that during apoptosis Y RNAs are rapidly and specifically
cleaved in a caspase-dependent manner generating shorter YsRNA fragments
between 22-25 nt and a larger fragment of 31 nt (Rutjes et al., 1999a). In this study it
was suggested that the nucleases that cleave Y RNAs are caspase-dependent
nucleases since Y RNA cleavage was similar to the cleavage of the U1-70K which
was shown to be caspase-3-dependent (Casciola-Rosen et al., 1994; Rutjes et al.,
1999a).
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Recently, it was reported that RNase L is involved in tRNA and Y RNA cleavage
during stress conditions. RNase L is an endoribonuclease that is activated in cells
upon viral infection as part of the interferon induced viral response pathway. RNase
L is only known to cleave single stranded RNAs and not double stranded RNA species

and leaves a 3’-5’ cyclic phosphate at the cleavage position.

5.1.4 Previous work and aims of this chapter

RNA interference experiments and further biochemical cleavage assays performed
by a previous PhD student in our laboratory revealed that Ro60 is required for Y RNA

cleavage during stress (Hall, 2013).

In order to further validate this finding and to investigate if there are other small RNAs
dependent on Ro60, | constructed cDNA libraries of wild type and Ro60 ~ mouse
embryonic stem cells (MES) untreated and treated with poly (I:C). | prepared the small
RNA cDNA using High Definition (HD) adapters. The cDNA libraries that were
constructed in previous work were all hugely biased for one sequence when the
commercial lllumina adapter sequences were used for sRNA cDNA library

construction.

The use of HD adapters has the advantage to reduce the ligation bias and to clone
more different sequences compared to lllumina adapters especially when the small
RNA repertoire is not large and diverse like the amount of small RNAs of mouse
embryonic stem cells. It is was shown that in mouse embryonic stem cells there is

only (Houbaviy et al., 2003).

The second aim of this chapter was to investigate if RNase L is involved in YSRNA
generation. Recently, a study reported that RNase L is responsible for Y RNA
cleavage in human cells (Donovan et al., 2017). In addition, work by a previous PhD
student in our laboratory showed that RNase L might contribute to Y RNA cleavage
in mouse cells upon poly (I:C) treatment (Hall, 2013). However, these results revealed
that RNase L was only involved in Y RNA cleavage in mouse cells but not in human
cells. In this chapter further experiments have been conducted in mouse cells and

human cells to review if RNase L is required for Y RNA cleavage during stress.

218



INVESTIGATION OF PROTEINS INVOLVED IN Y RNA CLEAVAGE

5.2 Results

5.2.1 Ro60is required for Y RNA cleavage

In order to further investigate if Ro60 is required for YSRNA generation, | generated
cDNA libraries of small RNAs from wild type and Ro60 - mouse embryonic stem cells
(mES) 8 hours after treated with poly (I:C) or mock treatment. The wild type and Ro60
mES cell line were kindly gifted by Prof. Sandra Wolin. | confirmed the genotype of
the wild type and Ro60 "~ mES cell line by a Western blot.

The Western blot showed that in the Ro60 - mES cell line no Ro60 could be detected
whereas in the wild type mES cells Ro60 was expressed (Figure 5.1, A).

In order to establish whether Ro60 is involved in YSRNA generation as previously
shown in our laboratory | performed a Northern blot of the extracted total RNAs from
wild type and Ro60 " mES cells (Figure 5.1, B).

The Northern blot confirmed that Ro60 * mES cells did not generate any YSRNAs
from the 3’ and 5’ end of mY1 when the cells were treated with poly (I:C). The wild
type mES cells on the other hand showed mY1 cleavage products from both the 3’
and 5’ end of mY1 upon poly (I:C) treatment (Figure 5.1, B). These results showed
that Ro60 is involved in the generation of Y RNA fragments in mES cells during poly

(I:C) treatment.

By Adam Hall it was shown that Ro60 is also required for YSRNA generation from the
3’ end of human Y5 RNA. Surprisingly, it was observed that the level of full length
hY5 transcripts in the Ro60  mES cells was not affected by the knockout of Ro60,
whereas for mouse Y RNAs a dramatic decrease of full length Y RNAs could be seen
(Hall, 2013).

In order to confirm this finding mES wild type and Ro60 " mES cells were transfected
with the hY5 wild type plasmid and treated with poly (I:C). Northern blot analysis was

performed and YsRNA generation was examined.

The Northern blot experiment confirmed that Ro60 is critical for hY5 RNA cleavage
from the 3’ end as no YSRNA production could be observed in Ro60  mES cells
treated with poly (I:C). Additionally, it could be clearly seen that the full length hY5
RNA transcript level was not decreased in mES Ro60 " cells but the mY1 full length

transcript was significantly reduced in the Ro60 " mES cells (Figure 5.1, C).
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Figure 5.1. Ro60 contributes to Y RNA cleavage in mES cells.

A. Western blot of wild type and Ro60 " mES cell line.

For the detection of Ro60 an antibody against mouse Ro60 was used. As a loading control
the membrane was incubated with an antibody against mouse 3-actin.

B. Northern blot of mES wild type and mES Ro60 -/- cells treated and untreated with
poly (I:C).

Total RNA of wild type and Ro60  mES cells was extracted 8 hours after treated with poly
(I:C) or mock treatment and subjected to Northern blot analysis. The membrane was probed
with oligonucleotides complementary to the 3’ or 5 end of mY1. U6 was used as a loading
control.

C. Northern blot analysis of of mES wild type and mES Ro60 - cells transfected with
hY5 RNA treated and untreated with poly (I:C).

Total RNA of wild type and Ro60 - mES transfected with the hY5 RNA gene and mock treated
or treated with poly (I:C) was subjected to Northern blot analysis. The membrane was probed
with oligonucleotides complementary to the 3’ end of hY5 RNA and 3’ end of mY1 RNA. As a
loading control U6 was used.
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As Ro60 was shown by Northern blot analysis that it is essential for YsSRNA
generation in human and mouse cells | further investigated by next generation
sequencing of SRNA cDNA libraries of mES wild type and Ro60™ cells treated and
untreated with poly (I:C) if Ro60 is only responsible for YSRNA production or if the
production of other SRNAs derived from longer transcripts is dependent on Ro60.

The sRNA cDNA libraries prepared by the previous PhD student Adam Hall were
hugely biased for one particular sequence and it is reported that mouse embryonic
stem cells have a less diverse sRNA repertoire, in this thesis | successfully modified
and adapted the small RNA library construction method in order to allow efficient
cloning of SRNAs.

Several recent studies reported that RNA ligases show some sequence preference
in ligation of small RNAs to the adapter and that some sequences get ligated more
efficiently than others (Hafner et al., 2011; Jayaprakash et al., 2011; Sorefan et al.,
2012).

In 2012, our laboratory developed High definition (HD) adapters for the lllumina
sequencing platform to reduce ligation bias. The HD adapters contain four degenerate
nucleotides at each of the ligation ends of the commercial lllumina adapters (Figure
5.2, A and B).

Sorefan et al reported that sSRNA libraries generated with HD adapters recover more
different sSRNA sequences and the obtained sequencing data correlated more

guantitatively with the real expression level of SRNAs in the cell.

During recent years an improved method for sRNA library construction using HD
adapters was developed and many libraries from several different species have been
successfully generated. However, because of the low amount of sSRNAs and less
SRNA diversity, the protocol had to be modified and an additional gel purification step

after the first ligation had to be included.

Two ug of purified total RNA was used for small RNA library preparation and the
libraries were generated in three replicates. The RNA was ligated to the 3’ end HD
adapter and the ligation product was separated on an 18% urea polyacrylamide gel
and purified before the 5’ end HD adapter ligation, as described in detail in the

materials and methods section.
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In order to be able to sequence low abundance longer small RNAs with a size of 32-
35 nt such as YsRNA derived fragments and to allow the differential expression
analysis between Ro60 wild type and Ro60 - mouse embryonic stem cells upon poly
(I:C) treatment, two cDNA library bands were purified (Figure 5.2, C).

A smaller cDNA library band was purified at the size of 145 nt, which included all
small RNAs with sizes of 19-21 nt such as miRNAs. A longer cDNA band was also
cut out between 150-160 nt as this contained all SRNAs between 32-35 nt.

For the final quantification the cDNA libraries were run on an 8% polyacrylamide gel
(Figure 5.2, D) and all cDNA library bands were quantified using the Image Quant

software and sent for next generation sequencing.
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Figure 5.2. Generation of small RNA cDNA libraries of wild type and Ro60
mMES cells treated with poly (I:C) or mock treated using High definition adapter

sequences.

A. Original lllumina adapter previously used in SRNA library construction.

During previous sRNA cDNA library construction the 5" end and 3’ end of a small RNA was
ligated to the original lllumina adapter sequences.

B. High definition (HD) adapter used in sSRNA library preparation.

HD adapters include four degenerate nucleotides which were added to the 5 and 3’ ends of
the commercial lllumina adapters in order to reduce ligation bias.

C. Small RNA cDNA library construction.

Total RNA of wild type and Ro60 ” mES cells was extracted after with poly (I:C) or mock
treatment. The SRNA cDNA construction method using HD adapter was modified. Two pg of
total RNA was used and the product after the first ligation had to be purified by gel extraction.
The final PCR products were separated on a 8% PAGE and two PCR products including the
mMiRNA band (150 nt) and a band containing 30 mer sRNAs (160 nt) were excised (shown in
boxes and arrows), eluted and ethanol precipitated. A 20 bp DNA ladder was loaded as a size
marker.

D. Quantification of YSRNA cDNA libraries.
One i of each library replicate was loaded on an 8 % PAGE, alongside of a 20 bp DNA ladder

and stained with SYBR Gold. The final quantification was carried out using the Image Quant
software.
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The bioinformatics analysis was carried out by Simon Moxon. After adapter removal,
8-13 million reads per library replicate mapping to the mouse genome (GRCm38.91)
were obtained and between 70-85 % of the reads mapped to the mouse genome (see
Appendix IV, Table 0.14).

Principal component analysis (PCA) was performed in order to check if the replicates
are similar to each other, to evaluate the variation and to evaluate how well the
different conditions and sRNA cDNA library replicates cluster and to visualize the
variance between them (Figure 5.3, A). From the PCA plot it can be seen that one
replicate of the poly (I:C) treated Ro60 - sample shown in green and a poly (I:C)
treated wild type sample shown in purple are outliers. In general, the PCA plot showed
that the replicates of all the different conditions cluster together and the different
conditions separate nicely. For the bioinformatics analysis all the library replicates

were kept.

From the size class distribution of the wild type and Ro60 - mES cells treated or not
treated with poly (I:C) it can be seen (Figure 5.3, B) that the most abundant reads
are 22 nt, which includes miRNAs. Interestingly, the size classes from 16-30 nt do not
seem to be affected by the poly (I:C) treatment whereas longer sRNAs with sizes of
30-34 nt are more abundant in the poly (I:C) treated samples compared to the mock

treated control.

The differential gene expression analysis using DEseq2 clearly showed by
considering the p-value that sRNAs derived from mY1 and mY3 are significantly
upregulated after poly (I:C) treatment (see differential expression analysis in appendix
IV, Table 0.15). However, knockout of Ro60 resulted in a dramatic decrease of

YsRNA accumulation.

For further visualization of the genomic location of the sRNAs derived from mY1 and

mY3 coverage plots were generated and the genomic loci were further investigated.

A coverage plot describes the abundance of each nucleotide in all sequencing reads
for a particular sequence mapped to a specific position within a reference genome.
For the coverage plots of mY1 and mY3 all the reads were plotted against each

position of the full length mY1/mY3 sequence.

The coverage plots for mY1 and mY3 (Figure 5.3, A and B) clearly showed that the
sRNAs derived from mY1 and mY3 were dramatically downregulated in the Ro60 7
MES cells compared to the wild type mES and that the SRNAs were mainly generated
from the 3’ end of mY1 and mY3.
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Interestingly, for mY3 RNA it could be observed that not only 3’ and 5’ end derived
SRNAs were detected but also the middle part of mY3 RNA.

Upon treatment with poly (1:C) the sRNAs derived from mY1l and mY3 were
significantly upregulated only in wild type mES cells, whereas the Ro60  mES cells
were more or less unaffected. The coverage plots clearly showed that Ro60 is
required for YSRNA generation in wild type mES cells after poly (I:C) treatment.
Previously, it was shown in the literature that the knockout of Ro60 had a dramatic
effect on Y RNA transcript levels. It was clearly demonstrated that Ro60 stabilizes Y
RNAs and that mice lacking Ro60 had drastically reduced levels of Y RNA transcripts
which was reported to be around twenty times less in Ro60 - mES cells (Labbé et
al., 1999; Chen et al., 2000). Thus, the absence of YsRNAs might be because the

levels of Y RNA full length transcript are significantly reduced.

In order to check if the lack of YSRNAs was caused by the reduced levels of full length
Y RNAs in the Ro60 * mES cells twenty times less total RNA of the wild type mES
cells compared to the total RNA extracted from Ro60 * mES cells was separated on
a urea polyacrylamide gel and subjected to northern blot analysis (Figure 5.3, C).
The Northern blot showed that no YsRNAs could be detected in the Ro60™" cells
treated with poly (I1:C) even when twenty times more total RNA extracted from the
Ro60 " samples were loaded. Therefore, it can be concluded that Ro60 is essential

for YsRNA cleavage in mouse cells.
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Figure 5.3. Ro60 is required for Y RNA cleavage.

A. Principal component analysis of wild type and Ro60 "~ mES treated or not treated
with poly (I:C) sRNA cDNA libraries.

The replicates do not cluster too tight whereas the different conditions separate nicely between
the wild type and Ro60 - mES cells either treated or not treated with poly (I:C).

B. Size class distribution of wild type and Ro60 - mES cells either untreated or treated
with poly (I:C) sRNA cDNA libraries.

The most abundant small RNAs are at 22 nt which includes the miRNAs. For the longer
fragments the most abundant SRNA peak was at 32 nt. It was observed that upon poly (I:C)
treatment only the sRNAs longer than 30 nt were upregulated compared to the non-treated
control samples.

C. Coverage plot and genomic location of mY1.

Upon poly (I:C) treatment the 3’ end derived mY1 sRNAs were significantly upregulated in wild
type mES (shown in blue) compared to the non-treated control sample (shown in green). The
knockout of Ro60 resulted in a dramatic decrease of mY1 derived sRNAs (black line shows
non-treated Ro60” and red line shows poly (I:C) treated Ro60”" cells.

D. Coverage plot and genomic location of mY3.

The sRNAs derived from the 3’ end of mY3 showed an upregulation (blue) after poly (I:C)
treatment compared to the untreated sample (green). Apart from the 3’ end derived mY 3 sRNA
also a fragment spanning the middle part of the mY3 RNA (30-60 nt) was observed. After
knockout of Ro60 no sRNAs derived from mY3 could be not be detected by sequencing neither
in the Ro60 - nor the Ro60 - poly (I:C) treated sample (black and red, respectively).

E. Northern blot analysis of mES wild type and mES Ro60 -/- cells treated and untreated
with poly (I:C).

For Northern blot analysis 1 ug of total RNA extracted from mES wild type cells and 20 ug
isolated from Ro60 - mES cells treated with poly (I:C) and mock treated were loaded. The
membrane was probed with oligonucleotides complementary to the 3’ or 5’ end of mY1 RNA.
U6 was used as a loading control.
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5.2.2 Are there other Ro60 dependent small RNAs?

As Ro60 is required for YSRNA generation we wanted to further investigate if there
are other small RNAs in the 30-40 nt size range apart from mY1 and mY3 sRNAs that
are dependent on Ro60.

The bioinformatics analysis was performed by Simon Moxon. All the obtained reads
were mapped to the mouse genome using PatMaN and a set of regions that give rise
to small RNAs was defined based on mapping proximity (reads mapping within 200
bp of each other were clustered into a locus) which resulted in around 93000 different
regions. All individual samples were mapped using Bowtie with the —best/-strata —m1
options (Langmead, 2010). Reads that mapped to more than one genomic position
were randomly assigned to one locus. The software BEDTools was applied to count
the sRNA coverage in each bam file to each locus (Quinlan, 2014). Then the read
numbers were normalized and differential expression analysis was carried out by
DEseq?2 version 1.8.2 using default parameters (Love et al., 2014). An adjusted p-
value < 0.01 was initially applied as a threshold for significant differential gene

expression.

In order to explore if there are other Ro60 dependent small RNAs the sRNA |
compared the expression levels between wild type and Ro60 * mES samples either
treated with poly (I:C) or untreated samples. As there were no sRNAs significantly
differentially expressed with a p-value adjusted < 0.01 apartfrom mY1, mY3 a p-value
< 0.05 was considered. | loaded the annotation files of the samples into IGV in order
to visualize the genomic locations where the sRNAs were derived from. | pasted the
loci of the most significantly differentially expressed sRNAs (lowest p values) from the
DEseqg2 analysis (Appendix IV, table 0.16) into IGV individually and | assessed the
genomic location by coverage plots whether the sSRNAs were derived from intronic,

exonic or non-annotated regions.

Then | tested the expression levels of a few promising potential Ro60 dependent
sRNAs by Northern blot analysis in order to evaluate if the sequencing results could

be validated.

The expression levels of a few promising sRNAs, including a sRNA derived from
snoRNA 118, miR 296, miR 146a and miR 708 were examined by Northern blot.

From the analysis of the coverage blots and Northern blot analysis | observed that
the sRNAs derived from mY1l and mY3 were most significantly differentially

expressed (Appendix IV, table 0.15).
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The snoRNA 118 was the most promising candidate to be a Ro60 dependent small
RNA among the tested sRNAs but there was just a small decrease in sRNA
accumulation in Ro60 " cells treated with poly (I:C) compared to the wild type cells
treated with poly (I:C) and the differential expression levels were not significant
(Figure 5.4, A and B).

The coverage plots of the chosen and most promising miRNAs including miRNA
146a, 296 and miR 708 were generated (Figure 5.4, C, D and E) and the miRNA
expression levels in mES wild type and Ro60 " cells mock treated or not treated with
poly (I:C) tested by Northern blot analysis.

The Northern blot analysis of miRNA 146a, miR 296 and miR 708 indicated that Ro60

does not affect miRNA accumulation of these miRNAs (Figure 5.4, E).
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Figure 5.4. Ro60 seems not be involved in other Ro60 dependent sRNA

generation mechanisms.
A. Coverage blot of the sSRNA derived from snoRNA 118.

The snoRNA 118 derived sRNAs are upregulated upon poly (I:C) treatment compared to the
untreated control. The Ro60 knockout resulted in a slight decrease of SRNA derived from

snoRNA 118 compared to the wild type.
B. Northern blot analysis of the SRNA derived from snoRNA 118.

Total RNA extracted from wild type and Ro60 - cells mock treated and treated with poly (I:C)
was separated on a denaturing urea polyacrylamide gel and transferred to a membrane. The
membrane was probed with a probe complementary to the sSRNA derived from snoRNA 118.

The membrane was stripped and re-probed with U6 as a loading control.

C. Coverage plot of miR 146a.

The miR 146a showed an upregulation after poly (I:C) treatment. When Ro60 was knocked
out miR 146a was down regulated. However, no difference between untreated and poly (I:C)

treated wild type mES could be observed.
D. Coverage plot of miR 296.

For miR 296 no significant difference between wild type and Ro60 - mES either treated or not

treated with poly (I:C) was seen.
E. Coverage plot of miR 708.

The expression levels of miR 708 in wild type and Ro60 - mES cells treated with poly (I:C) or
untreated were similar.

F. Northern blot analysis of expression levels of miR146a, miR296 and miR708.

Total RNA was extracted of wild type and Ro60 - mES cells untreated and treated with poly
(I:C). Northern blot analysis was performed and the membrane was probed with
oligonucleotides complementary to the miRNA sequences tested. The membrane was
stripped and re-probed with miR 146a, miR 296 and miR 708. As a loading control the
membrane was re-probed with U6.
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5.2.3 Is RNase L involved in Y RNA cleavage?

RNase L is a metal ion independent ribonuclease that is involved in the interferon
induced antiviral response. The ribonuclease inhibits viral replication and cell
proliferation and it is reported that it promotes apoptosis. RNase L is activated
downstream of the 2’ 5’ oligoadenylate pathway (OAS) and double stranded RNA is
the trigger for intracellular RNA cleavage. Only single stranded and not double
stranded RNA is cleaved by RNase L and there is sequence specificity towards the

consensus sequence UN”N.

In a recent study it was shown by Donovan et al. that RNase L is directly involved in
the stress-induced Y RNA and tRNA cleavage (Donovan et al., 2017). Intriguingly,
work by Adam Hall in our laboratory showed that RNase L contributed to Y RNA
cleavage in mouse cells using wild type and RNase L  mouse fibroblast cells (MEFs)
but could not be confirmed in human MCF7 cells when RNase L was silenced by a
SiRNA as there was no RNase L knockout available in human cells at this stage (Hall,
2013).

In this chapter | investigated if RNase L is involved in the generation of YSRNAS from

the 3’ and 5’ end of human and mouse Y RNAs upon poly (I:C) treatment.

After | confirmed the genotype of wild type and RNase L " mEF cells the (Figure 5.4,
A) the cells were either mock treated or treated with poly (I:C) in order to test if RNase
L contributes to Y RNA cleavage in mEF cells. The extracted total RNA was subjected
to Northern blot analysis and the membrane was probed with oligonucleotides

complementary to the 3’ and 5’ end of mY1.

The Northern blot analysis showed that poly (I:C) treatment induced the generation
of YsRNAs from the 3’ and 5’ end of mY1 RNA in mEF cells (Figure 5.5, B).

However, the knockout of RNase L in mEF cells clearly affected the accumulation of
3’ and 5’ end derived mY1 sRNAs and resulted in a significant decrease of mY1 sRNA
levels in RNase L 7 cells. These results indicate that RNase L is involved in Y RNA

cleavage upon poly (I:C) treatment in mEF cells.

In order to investigate if RNase L contributes to YSRNA generation in human cells,
A549 lung cancer cells and A549 CRISPR RNase L 7 cells were either treated or not
treated with poly (I1:C). The extracted RNA was subjected to Northern blot analysis
and Y RNA cleavage assessed (Figure 5.4, C).
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The Northern blot of wild type and RNase L ” A549 lung cancer cells demonstrated
that the knockout of RNase L did not affect the YSRNA generation in such an extent
as in the embryonic mouse fibroblast cells that were tested (Figure 5.4, C and D).
After RNase L knockout | observed a downregulation of 3’ and 5’ hY1 and hY5
sRNAs but YsRNA production still occured (Figure 5.5, C).

In order to test that RNase L was completely knocked out in the cells we received |
probed the Northern blot with an oligonucleotide complementary against tRNA-His
and tRNA-Pro. The Northern blot showed that tRNA cleavage was completely
abolished in the RNase L7 A549 lung cancer cells upon poly (I:C) treatment,
confirming that RNase L deletion is complete in these cells (Figure 5.5, C).

In order to further investigate if RNase L is required for 3’ end hY5 RNA cleavage |
generated hY5 substitution mutants in which the uridine of the UN~N sequence motif
was replaced by adenine, guanine or cytosine. These hY5 RNA substitutions mutants

were transfected into wild type and RNase L " mEF cells.

The Northern blot analysis clearly showed that the mutations introduced at position
49 did not affect the YsRNA production from the 3" or 5 end of hY5 RNAs
Remarkably, it was demonstrated that the hY5 substitution mutants are expressed in

RNase L 7 cells and cleaved into YSRNA fragments (Figure 5.4, D).

The Northern blot results revealed that in the hY5 substitution mutants in which the
uridine in the UN”N sequence motif was replaced the hY5 RNAs still generated
YsRNAs from the 3’ and 5’ end of hY5 RNAs. When these mutants were tested in
3T3 mouse cells) hY5 RNA cleavage could be observed from 3’ and 5’ end (Figure
3.11).

Thus, from these results it can be suggested that RNase L is not involved in hY5 RNA
cleavage from the 3’ end of hY5 RNAs.

However, | observed a different effect of RNase L for mouse Y1 and Y3 RNASs. In the
Northern blot results | could clearly see that in RNase L  mEF cells the accumulation
of YsRNAs was less compared to the wild type mEF cells. This suggested that RNase
L might be involved in Y RNA cleavage from the 3’ and 5’ end of mouse Y RNAs but
not human Y5 RNA.
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Figure 5.5. RNase L contributes to Y RNA cleavage in mEF cells and human A549 lung
cancer cells upon poly (I:C) treatment but is not involved in 3’ end hY5 RNA cleavage.

A. Confirmation of the RNase L * knockout mEF cell line by PCR genotyping.

Genomic DNA of wild type and RNase L * mEF cells was extracted and PCR was performed
using primers flanking the insertion site of the neomycin resistance gene. The PCR products
were separated on a 1% agarose gel. The size of the PCR product for the wild type is at 900
bp, whereas for the RNase L - cells it is 2.1 kb because of the neomycin gene insertion.

B. Northern blot analysis of mEF wild type and RNase L-/- cells either treated with
poly (I:C) or untreated.

Total RNA of wild type and RNase L - mEF cells either treated with poly (I:C) or not treated
was extracted and Northern blot analysis was performed. As a positive control total RNA
extracted from MCF7 cells treated with poly (I:C) was loaded. The membrane was hybridized
with oligonucleotides against the 3’ and 5’ end of mY1. As a loading control U6 was used.
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C. Northern blot analysis of wild type and RNase L - human A549 lung cancer cells
treated with poly (I:C) or untreated.

For Northern blot analysis total RNA extracted from of wild type and RNase L - human A549
lung cancer cells either treated with poly (I:C) or not treated was extracted and separated on
a denaturing urea polyacrylamide gel and transferred to a membrane. As a positive control
total RNA extracted from MCF7 cells treated with poly (I:C) was used. The membrane was
hybridized with oligonucleotides against the 3’ and 5’ end of mY1. As a loading control the
membrane was re-probed with UG6.

D. Northern blot analysis of hY5 mutants at position 49 in mEF wild type and RNase L -

- cells.

Total RNA extracted from human MCF7 cells treated with poly (1:C) was used as a size marker.
The hY5 substitution mutants in which the position U49 was mutated were transfected into
wild type and RNase L - and treated with staurosporine for 8h. The total RNA was extracted
and Northern blot was performed. The Northern blot membrane was probed with the 3’ and &’
YsRNA probe as well as a probe against 3> mY1 sRNA. In order to confirm the RNase L 7 cell
line the membrane was hybridized with a probe against tRNA-His. The blot was re-probed
with U6 to demonstrate equal loading. The YsRNAs generated from the 3’ end of the mutant
hY5 RNAs were longer than the ones generated from wild type YsRNAs whereas the 5 end

derived YsRNAs wild type had identical sizes for mutants and wild type.
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5.3 Discussion

During stress Y RNAs are specifically cleaved from the 3’ and 5’ end. However, the
biogenesis and biological significance of Y RNA processing remain obscure. In the
last decades it became apparent that several classes of longer non coding RNAs
including tRNAs (Lee and Collins, 2005; Thompson et al., 2008; Yamasaki et al.,
2009), snoRNAs (Taft et al., 2009), snRNAs (Burroughs et al., 2011), vault RNAs
(Persson et al., 2009) or rRNAs (Li et al., 2012) generate shorter SRNA fragments
upon cellular stress conditions. The fact that longer non-coding RNA transcripts give
rise to smaller RNA fragments showed that not only the full-length non-coding RNA

transcripts but also the small RNAs derived from these transcripts can be functional.

There are several mechanisms how these sRNAs could be produced. The sRNAs
can be specifically transcribed from the genomic region encoding the longer non-
coding RNA transcript. Another sSRNA biogenesis pathway could be that the longer
non-coding RNA transcripts function as precursors that are processed by post-

transcriptional endonucleolytic cleavage events.

The experiments conducted by the PhD student Adam Hall in our laboratory already
indicated that Ro60 is required for Ro60. In knockdown and in vitro cleavage assays
he observed that Ro60 is essential for Y RNA cleavage in human MCF7 cells (Hall,
2013).

Intriguingly, when | performed Northern blot analysis on wild type and Ro60 - mES
cells either treated with poly (I:C) or mock treated | confirmed that no YsRNAs derived

from mY1 and mY3 could be detected when Ro60 was knocked out.

In order to take these results further and to investigate if there are other sRNAs
dependent on Ro60, | designed and generated sSRNA cDNA libraries of wild type and
Ro60 - mES either treated with poly (I:C) or not treated in this chapter.

For sRNA cDNA library construction | used HD adapters and successfully modified
the sSRNA cDNA library construction protocol. These adapters were developed in our
laboratory in order to reduce the ligation bias and the sRNA library construction
method has been improved (Xu et al.,, 2015). As mES cells contain less diverse
sRNAs (Houbaviy et al., 2003) compared to other differentiated cell lines, using HD
adapters during sRNA library construction might capture more diverse sRNAs
compared to the lllumina adapters that were previously used. The cDNA sRNA

libraries of wild type and Ro60 " mES treated with poly (I:C) and untreated control

243



INVESTIGATION OF PROTEINS INVOLVED IN Y RNA CLEAVAGE

constructed by Adam Hall in the past using the commercial lllumina adapters were
hugely biased for one particular sequence (Hall, 2013).

In this chapter | successfully generated sRNA cDNA libraries of wild type and Ro60 -
' mES cells either treated with poly (I:C) or not treated using HD adapters and a good
read coverage and percentages of reads mapping to the mouse genome were
obtained.

The bioinformatics analysis and coverage plots clearly showed that Ro60 is essential
for the generation of SRNAs from mY1 and mY3 RNAs. When wild type cells and
Ro60 " cells were treated with poly (I:C) | could observe a dramatic downregulation
of SRNAs derived from mY1 and mY3 in the Ro60 7 cells. The same phenomenon |
found in the Northern blot analysis when wild type and Ro60 "~ mES cells treated with
poly (I:C) and untreated control samples were compared to each other. Intriguingly,
no sRNAs generated from mY1l and mY3 could be detected by Northern blot.
Remarkably, the knockout of Ro60 also had a dramatic effect on the full-length Y RNA

levels of mY1 and mY3 in the Ro60 7 cells.

Intriguingly, mY3 RNA also showed a sRNA fragment derived from the middle part of
the mY3 RNA. This phenomenon could not be observed for the other Y RNAs in the
past and it was assumed previously that the middle part of Y RNAs could not be
detected due to degradation mechanisms. However, for mY3 RNA it seemed that it
might have a different biogenesis mechanism and this sRNA fragment might be

functional.

In conclusion, the bioinformatics analysis and Northern blot analysis confirmed that
Ro60 is essential for Y RNA cleavage in mES cells upon poly (I:C) treatment.
However, the role and exact mechanism on how Ro60 is involved in YSRNA cleavage
remains obscure. As Ro60 is involved in the quality control of some other small non-
coding RNAs, one possibility is that Ro60 might protect Y RNAs from degradation by
other ribonucleases. When Ro60 is knocked out these RNases gain access and Y
RNAs undergo degradation (see Figure 5.6). This hypothesis could also explain less
accumulation of full length Y RNAs and loss of stability in Ro60 7 cells compared to

the wild type.
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Figure 5.6. Model of the role of Ro60 in YSRNA generation and protection of Y
RNAs from degradation.

As it was shown that Ro60 is essential for Y RNA cleavage from the 3’ end (shown in red) and
5" end (shown in blue) it was hypothesized that Ro60 is involved in the recruitment of other
ribonucleases such as RNase L. From the 3’ and 5 hY5 RNA mutagenesis analysis it was
suggested that two different RNases might be involved in 3’ and 5 end Y RNA cleavage. In
this this thesis it was shown that RNase L (green) contributes to Y RNA cleavage but is not
essential for Y RNA cleavage.

Therefore, Ro60 might recruit other ribonucleases/proteins involved in Y RNA cleavage
(shown in blue). Interestingly, Ro60 is involved in quality control of some other small non
coding RNAs and therefore Ro60 might also protect Y RNAs from degradation by preventing
the access of RNases and degradation complexes (shown in orange). Thus, when Ro60 is
knocked out (indicated by the red cross) full length Y RNAs undergo degradation and full
length Y RNA are less stable.
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In order to test if there are other Ro60 dependent SRNAs, we initially identified loci
that produced higher read numbers of small RNAs in the wild type cells after poly (I:C)
treatment. Then we looked at these loci and identified the ones that did not produce
more small RNA reads in the Ro60 ' cells after the treatment. Most of the SRNAs
with the lowest p-values were further analysed regarding their genomic location and
gene structure using the Integrative Genome Browser. After this preliminary analysis
| further tested a few candidates by northern blot in order to check if the sequencing

results can be validated.

The differential gene expression analysis of the wild type and Ro60 - mES treated
with poly (I:C) and not treated showed that the sSRNAs derived from mY1 and mY3
had the lowest p-values and were the most differentially expressed sRNAs.

From the analysis of the coverage plots, a SRNA derived from snoRNA 118, miR
376b, miR 296, miR 146a and miR 708 were tested by Northern blot.

However, the tested miRNAs did not seem to be dependent on Ro60 as there was no
significant differential expression between wild type and Ro60 - mES samples

observed in the Northern blot analysis.

Among the sRNAs tested, the snoRNA 118 derived sRNA was the most promising
candidate to be dependent on Ro60. Treatment of wild type and Ro60 - mES cells
with poly (I:C) resulted in an increase of SRNAs derived from snoRNA 118 compared
to the control samples. However, in Ro60 - mES cells the accumulation of SRNAs
generated from snoRNA 118 was only affected at a small degree was only a small
decrease in Ro607 cells treated with poly (:C) compared with the SRNAs derived from
mY1 and mY3.

Therefore, | concluded that Ro60 is required for Y RNA cleavage and that there
seemed no other Ro60 dependent sRNA significantly differentially expressed in mES

wild type and Ro60 " cells upon poly (I:C) treatment.

Apart from Ro60, | further investigated in this chapter whether RNase L contributes
to YsRNA generation. In a recent study performed by Donovan et al. it was reported
that RNase L is responsible for Y RNA cleavage at the 5’ end and tRNA cleavage in

human cells (Donovan et al., 2017).

Work by Adam Hall in the past demonstrated that RNase L is involved in Y RNA
cleavage in mouse cells (Hall, 2013). However, the involvement of RNase L could not

be confirmed in human MCF7 cells when RNase L was silenced by a siRNA.
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Unfortunately, a human RNase L knockout cell line has not been generated at that
time (Hall, 2013).

During my PhD | obtained new wild type and RNase L - mEF cells. After I confirmed
the genotype | treated the cells with poly (I:C), performed Northern blot analysis
including untreated control samples and assessed Y RNA cleavage products.

The poly (I:C) treatment resulted in an upregulation of YsSRNAs from the 3’ and 5’ end
of mY1 RNA in mEF cells compared to the untreated control. Intriguingly, the
knockout of RNase L in mEF cells had a clear effect on the production of YSRNAs
from both the 3’ and 5 end of mY1 RNA and a reduction of YsRNAs could be
observed on the Northern blot. These results indicate that RNase L is involved in Y

RNA cleavage upon poly (I:C) treatment in mEF cells.

In order to check whether RNase L contributes to human Y RNA cleavage, human
wild type and CRISPR RNase L 7 A549 cells were either treated or not treated with
poly (I:C) and YsRNA accumulation tested by Northern blot. The Northern blot results
demonstrated that RNase L contributes to Y RNA cleavage but YSRNA production
still occurs in the RNase L - A549 cells after poly (I:C) treatment. The comparison of
the Northern blot results obtained from mEF cells and human A549 lung cancer cells
proposes that RNase L knockout affected the mouse cells more compared to human

cells regarding YSRNA production.

| tested the complete knockout of RNase L in the human CRISPR knockout A549
cells by genotyping PCR and re-probing the Northern blot with tRNA-His and tRNA-
Pro as it was reported that RNase L is responsible for tRNA cleavage upon poly (I:C)
treatment (Donovan et al., 2017). In the northern blot | confirmed that both tested

tRNAs were cleaved in wild type but not in RNase L - mEF cells.

The fact that the knockout of RNase L had a bigger effect on YsRNA generation in
mice compared to human A549 lung cancer cells might be that other ribonucleases
might be present in human cells that are involved in YSRNA production and help to

maintain the cellular homeostasis when RNase L is knocked out.

Previous experiments in chapter 3 already indicated that ribonuclease(s) other than
RNase L might be involved in hY5 RNA cleavage. When the uridine at position 49
which is part of the RNase L-specific UN®N sequence motif hY5 RNA cleavage still
occurred from the 3’ and 5’ end. These results proposed that RNase L might not be
involved in hY5 RNA cleavage from the 3’ end. In order to validate these findings, |

transfected the hY5 RNA mutants in which the uridine at position 49 was substituted
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in wild type and RNase L mEF cells, treated them with staurosporine and performed
Northern blot analysis. In the Northern blot analysis | observed that YSRNAs were still
generated from the 3’ end of these hY5 RNA substitution mutants in RNase L " mEF
cells which provided more evidence that RNase L is not required for hY5 RNA

cleavage from the 3’ end.

In conclusion, the obtained results suggested that apart from Ro60 and RNase L other
protein complexes and ribonuclease(s) might be important for YSRNA generation that
need to be investigated. One way to find the other ribonucleases critical for Y RNA
cleavage could be to immunoprecipitate biotinylated Y RNAs in human and mice and
perform a pulldown with streptavidin beads followed by mass spectrometry. However,
this might be difficult because some protein interactions might be transient and might

not be able to be capture.
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Chapter 6 Summary and general discussion

Previous hY5 RNA mutagenesis experiments performed by Carly Turnbull, a previous
PhD student in our laboratory indicated that hY5 RNA cleavage from the 3’ end
correlated with secondary structure (Turnbull, 2014). From these deletion and
substitution experiments it was found that a double-stranded stem region in proximity
to the internal loop in which the Y RNA cleavage occurs was critical for hY5 RNA

cleavage from the 3’ end.

In order to investigate sequence and structural requirements of 3' end hY5 RNA
cleavage in more detail and to look at thousands of hY5 RNA mutants at the same
time a high throughput mutagenesis approach of hY5 RNA close to the 3’ end hY5

RNA cleavage site was performed.

In general, the aim of my thesis was to establish sequence and structural
requirements of human Y5 RNA cleavage and to investigate which ribonucleases are

involved in YSRNA generation.

After bioinformatics analysis | validated in chapter 3 the results from the high
throughput mutagenesis approach by further secondary structure analysis,

generation and testing of individual hY5 RNA mutants by Northern blot analysis.

In this chapter | could clearly show that the mutations introduced in the most abundant
hY5 library 1 mutants changed the secondary structure in a way that these hY5 RNA
mutants generated longer YsRNAs compared to the wild type hY5 RNA.

Interestingly, in all of these tested mutants the hY5 RNA cleavage occurred between
the 2"/3" nt above a conserved double-stranded stem which had a high G-C content.
In conclusion, in chapter 3 | was able to finally confirm that 3’ end hY5 RNA cleavage
correlates with secondary structure. As it is unknown which ribonuclease or proteins
are involved in Y RNA cleavage these results suggest that components required for
Y RNA cleavage might recognize structural features (double-stranded stem and

internal loop) rather than the nucleotide sequence.

The secondary structure of hY5 RNA mutants was only computationally predicted
using RNAfold and analysed by testing the expression levels of the different hY5 RNA
mutants in vitro by Northern blotting. With these in vitro experiments | could already
show that Y RNA cleavage correlates with the secondary structure. However, the

biogenesis mechanisms of how Y RNAs are cleaved are still unknown.
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In order to look in more detail into the identified secondary structure and sequence
motifs in the most interesting identified hY5 RNA mutants in vivo structure probing of
the most interesting hY5 RNA mutants identified in this thesis under stress conditions,
such as poly (I:C) or staurosporine treatment would give further insights whether
and/or how the secondary structure changes upon stress conditions. In these
experiments it might be possible to see how the internal loops and stem domains of
the hY5 RNA mutants change and it might be possible to investigate if this change in
secondary structure is dynamically or not. Thus, future experiments involving in vivo
structure analysis of all the most promising hY5 RNA mutants by SHAPE (selective
2'-hydroxyl acylation analysed by primer extension) would give further insights into
the real secondary structure, interaction partners and tertiary interactions in the
cellular environment. In SHAPE experiments the RNA is probed with electrophiles
such as N-methylisatoic anhydride (NMIA) that react with the 2’ hydroxyl group of
RNA. Using primer extension the nucleotide flexibility of the RNA can be determined
at single nucleotide resolution and base-paired, single stranded RNA regions or

pseudoknots can be distinguished (Wilkinson et al., 2006; Hajdin et al., 2013).

Thus, for Y RNA cleavage from the 3’ end we would be able to see for instance if the
5-6 nt-double-stem region and internal loop L2a are still present upon stress
conditions or if the secondary structure of the hY5 RNA mutants look different in vivo

after treatment with staurosporine.

Furthermore, in vivo structure probing might also be interesting for the central loop
domain with the penta-nucleotide UUAUC sequence motif. Therefore, we could
further investigate if this motif is present single-stranded in an internal loop, or if it is
double-stranded or whether the internal loop L2b gets shortened in some of the hY5
RNA mutants. This might help to investigate the mechanism of how Y RNAs are
cleaved and what are the sequence and/or structural requirements for Y RNA

cIeavage to occur.

In additional experiments in chapter 3 | could show that a bulge of 1 nt in the internal
loop is sufficient for hY5 RNA cleavage to occur and the nucleotides at the positions

51, 52 and 53 seem not play a role in Y RNA cleavage.

As Y RNAs are cleaved from both the 3’ and 5’ end of hY5 RNAs and the 5’ end
derived hY5 RNA fragment was shown to trigger cell death in cancer cells
(Chakrabortty et al., 2015) in chapter 4 | investigated if the 5’ end hY5 RNA cleavage
correlates with nucleotide sequence or secondary structure elements or both

together.
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Thus, in chapter 4, | designed and performed a high- throughput mutagenesis
approach similar to the 3’ end high throughput mutagenesis study.

Interestingly, the sSRNA cDNA libraries of 5’ end derived YsRNAs from library 4, 5 and
6 resulted in different sized YSRNAs ranging from 26-33 nt. One explanation for this
heterogeneity of different sized 5’ end derived YsRNAs could be that ribonucleases
involved in Y RNA cleavage at the 5’ end are either not very specific or different
ribonucleases are responsible for different sized fragments. These different sized
fragments could also have different functions for instance in extracellular vesicles or
body fluids. Further it seemed, that two different ribonucleases might be involved in
3’ end and 5’ end hY5 RNA cleavage. The 3’ end hY5 RNA cleavage correlates with
secondary structure and the cleavage occurs between the 2"/3" nucleotide above a
5-6 nt double-stranded stem region, whereas the 5’ end hY5 RNA seemed to the
rather sequence dependent but resulting in different sized 5’ end derived YsRNAs.
Thus, this indicated that the Y RNA cleavage from the 5 end might not be specific

and different sized fragments might fulfil different functions.

To sum up, in chapter 4 1 was able to show that the RNA sequence motif of the internal
loop L2b UUAU at the positions 22-25 seems to be important for both 3’ and 5’ end
hY5 RNA cleavage. It was found that the sequence UUAU might be important, but
this sequence also needs to be in a single stranded internal loop. The fact that this
sequence motif affects both the 3’ and 5’ end Y RNA cleavage suggested that the 3’
and 5’ end cleavage occur dynamically but by different ribonucleases. It could be
hypothesized that first one fragment gets cleaved and then other regions of the Y
RNA get accessible and additional ribonucleases get recruited to the Y RNA and the

Y RNA gets further processed.

Multiple sequence alignment of all human Y RNAs showed that this matif is highly
evolutionarily conserved suggesting that it might be important for the function of
YsRNAs. Intriguingly, mutagenesis experiments of the uridine residue at position 22
revealed that the uridine is critical for 5 end hY5 RNA cleavage and also affected
cleavage at the 3’ end, but to a smaller extent. Interestingly, the RNA motif 5’-
GUUGUGGG-3’ at the positions 14-21 which is close to the uridine residue at position
22 was in a previous study shown to be involved in triggering cell death in cancer
cells (Chakrabortty et al., 2015). Additionally, this conserved motif was previously
reported to be essential for the initiation of chromosomal DNA replication (Gardiner
et al., 2009).
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Interestingly, both nematode sbRNAs and Y RNAs have similar secondary structures
with a highly conserved stem-loop secondary structure. The upper stem domain
contains a evolutionarily conserved A/IGUG-CAC-U nucleotide sequence motif which
was reported to be crucial for the initiation of chromosomal DNA replication (Boria et
al., 2010; Christov et al., 2006; Gardiner et al., 2009; Kowalski et al., 2015; Wang et
al., 2014). Also, the central loop domain is conserved between both sbRNAs and Y
RNAs which consists of a conserved polypyrimidine-rich penta-nucleotide motif of
UUAUC at the 5 end of the loop domain (Boria et al., 2010; Wang et al., 2014,
Kowalski et al., 2015).

Interestingly, the sbRNAs identified in Bombyx mori has a highly evolutionarily
conserved sequence motif (GTGGCTTATC) with hY5 RNA and Chinese hamster
chY5 RNA. This suggested that these sbRNAs may function as Y RNAs but further
investigations are needed into the functions of SbRNAs in Bombyx mori (Duarte Junior
et al., 2015; 2019).

In chapter 4 | could clearly show that uridine at position 22 of the conserved Y RNA
sequence motif UGGGU is essential for 5° end hY5 RNA cleavage and might
contribute to 3’ end hY5 RNA cleavage. Further the internal loop with the sequence
UUAU in a single-stranded RNA loop at the positions 22-25 nts affected hY5 RNA
cleavage from both the 3’ and 5’ end. As the UUAUC penta-nucleotide sequence
motif of nematode sbRNAs is essential for DNA replication and the fact that Bombyx
mori sSbRNAs are closely related to Y5 RNA it can be suggested that the function of
these Y RNAs is evolutionarily conserved and Y RNA cleavage might also play a role
in the initiation of DNA replication and stress conditions. Further, the high sequence
conservation of the penta-nucleotide motif UUAUC between vertebrate Y RNA and
sbRNAs also indicates that ribonucleases involved in Y RNA cleavage could
recognize this polypyrimidine-rich penta-nucleotide motif and/or recruit other proteins
or ribonucleases. In addition, it would be interesting to understand the mechanisms
of how or whether the sequence, secondary structure features and/or the protein
interaction partners change during stress and to look at Y RNA cleavage and DNA
replication under stress conditions, such as poly (I:C) treatment. As recently the Dm1
and Dm2 sbRNAs were identified in Drosophila melanogaster it would be exciting to
investigate Y RNA cleavage in insect cells in order to look if Y RNA cleavage into

SRNA fragments is evolutionarily conserved.
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As the penta-nucleotide motif UUAUC is also part of the 5’ end derived hY5 RNA
derived sRNA fragments in extracellular vesicles that trigger cell death and help
tumors to establish a microenvironment there would be the need to examine the exact
mechanisms of how the 5’ end derived hY5 RNA fragments are generated, how they
function and if they also have a role in the initiation of DNA replication also in
correlation to stress and cell death. Thus, more research is needed to investigate the
biogenesis and function of YSRNAs in extracellular vesicles and body fluids as Y
RNAs and their fragments are highly abundant and contribute to several inflammatory
diseases, including cancer (Chakrabortty et al., 2015; Hizir et al., 2017; Dhahbi et al.,
2013; 2014).

In the following figure a graphical summary of establishing sequence and structural
requirements of 3’ and 5’ end Y RNA cleavage is shown. This figure summarizes the
main results that | obtained in chapter 3 and 4 in which | investigated sequence and
structural requirements for human Y5 RNA from the 3’ and 5’ end of hY5 RNA.
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Figure 6.1. Graphical summary of the sequence and structural features

identified from the 3’ and 5’ end high throughput mutagenesis analysis.

In chapter 3 it was shown that the 3’ end hY5 RNA cleavage correlates with secondary
structure. It was shown that the hY5 RNA cleavage occurred between the 2"%/3 nt above a
conserved double-stranded stem of 5-6 nts which had a high G-C content. Also, a bulge of 1
nt is sufficient for 3' end hY5 RNA cleavage.

In chapter 4 it was found that uridine at position 22 of the conserved Y RNA sequence motif
UGGGU is essential for 5’ end hY5 RNA cleavage and might be involved in 3° end hY5 RNA
cleavage. Further the internal loop with the sequence UUAU and secondary structure (single
stranded RNA) at the positions 22-25 nts affected hY5 RNA cleavage from both the 3’ and 5’
end. It has to be noted that the structural features identified from the 5’ end high throughput
mutagenesis analysis have been reported to be essential for the initiation of DNA replication
in vertebrates and nematode sbRNAs.
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In order to elucidate which protein(s) or ribonuclease(s) are involved in Y RNA
cleavage | investigated the role of Ro60 and RNase L on Y RNA cleavage.

Previous experiments involving in vitro cleavage assays and knockdown experiments
using RNAi conducted by Adam Hall showed that Ro60 is involved in YSRNA
generation (Hall, 2013) Notably, when the Ro60 binding site was mutated, Y RNA
cleavage was inhibited (Turnbull, 2014).

In order to confirm that finding and to explore if there are other sSRNAs dependent on
Ro60 in chapter 5 | generated cDNA libraries of wild type and Ro60 - mES cells
untreated and treated with poly (I:C). In this chapter | successfully modified the cDNA
library construction method and used HD adapter sequences in order to allow more

diverse sequences to be cloned during sRNA library preparation.

Northern blot analysis and bioinformatics analysis clearly showed that YsSRNA
generation is dependent on Ro60 upon poly (I:C) treatment. Interestingly, as also
previously shown by Adam Hall in our laboratory Ro60 did not affect the full-length
transcript level of transfected hY5 RNA whereas the Y RNA stability of mouse Y RNAs
was clearly decreased (Hall, 2013). From the literature it is known that in Ro60 * cells
the Y RNA transcript stability is around twenty times less compared to the wild type
(Labbé et al., 1999; Chen et al., 2000).

Further investigations will need to explore why the transfected hY5 RNA is more

stable compared to endogenous mouse Y RNAs.

After differential gene expression analysis a few miRNAs that were known from the
literature to be stress related were tested by Northern blot if they were Ro60
dependent. However, Northern blot analysis did not show that these miRNAs were

dependent on Ro60.

One snoRNA derived sRNA (snoRNA 118) was the most promising candidate and
Northern blot analysis showed a higher level in wild type mES cells treated with poly
(:C) and lower level in Ro60  mES cells. However, the differential expression
between wild type mES cells and Ro60 " cells treated and untreated with poly (I:C)
was not significant. In future experiments more candidates could be tested by qRT-
PCR experiments and immunoprecipitation experiments performed on the most

promising candidates in order to investigate that they are bound to Ro60 protein.

To summarize, Ro60 is essential for Y RNA cleavage but seems not be involved in

the generation of other Ro60 dependent SRNASs.
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SUMMARY AND GENERAL DISCUSSION

In addition, in chapter 5 | investigated if RNase L is responsible for Y RNA cleavage.
Previous experiments performed by Adam Hall revealed that RNase L contributes to
Y RNA cleavage in mouse cells, but not in human cells (Hall, 2013). Interestingly, in
2015 Donovan et al. claimed that RNase L is required for Y RNA cleavage. In order
to investigate whether RNase L is required for Y RNA cleavage YsRNA production
upon poly (I:C) treatment was tested in a mouse and human RNase L 7 cell line.

Northern blot analysis of wild type and RNase L " mEF cells treated with poly (I:C) or
untreated indicated that RNase L is involved in Y RNA cleavage upon poly (I:C)
treatment in mEF cells. However, in human A549 lung cancer and RNase L " cells it

was observed that YSRNA were still generated in the RNase L " cell line.

In conclusion, RNase L contributed to Y RNA cleavage in mouse embryonic fibroblast
cells and human A549 lung cancer cells but is not essential for Y RNA cleavage in
human Ab49 lung cancer cells. Therefore, this might suggest that different
ribonucleases or different repertoire of proteins are involved in YSRNA production in

mouse and human cells.

Future experiments should aim to explore the RNase(s) and Y RNA interaction
partners that are responsible for Y RNA cleavage in mouse and human cells. This
could be achieved by immunoprecipitation of biotinylated human and mice Y RNAs

followed by a pulldown using streptavidin and mass spectrometry.
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Media, buffers and solutions

Media and solutions for bacteria work

LB -medium 1% (w/v) bacto tryptone (Formedium™)
1% (w/v) NaCl (Fisher Scientific)
0.5% (w/v) yeast extract (Formedium™)

TYM medium Bacto-tryptone (10 g)
Yeast extract (2.59)
NaCl (2.92 g)
1 M MgCl; (5 ml)
dHOuptol]l

Bacterial M9 minimum medium 5x M9 salts (40 ml)
2 mM glucose (2.75 ml)
water agar (157.25 ml)

5x M9 salt solution NazHPO. x 7 H,O (6.78 g)
KH2PO4 (3.0 g)
NacCl (0.5 g)
NH.CI (1.0 g)

Water agar Bactoagar (3.0 g)
dH>0O (175.25 ml)

Tfbl resuspending solution 0.1 M KOACc (30 ml)
0.5 M MnCl; (10 ml)
1 M KCI (10 ml)
1 M CaCl; (1 ml)
Glycerol (15 ml)
dH20 up to 100 ml

Tfb Il solution 0.1 M Na-MOPS (2.5 ml)
1 M CaClz (1.875 ml)
1 M KCI (0.25 ml)
Glycerol (3.75 ml)
dH20 up to 25 ml

277



APPENDICES

Buffers and solutions

0.5 x TBE buffer 45 mM Tris base (Fisher Scientific)
45 mM Boric acid (Fisher Scientific)
1 mM EDTA (Fisher Scientific)

0.5 M EDTA EDTA (14.61 g), dissolve powder in 80
ml water, adjust pH to 8.0
Molecular grade water up to 100 ml

2x RNA Loading buffer 95% (v/v) formamide
5mMEDTA
1.9 mM xylene cyanol
1.5 mM bromophenol blue

10 x NEB2 buffer 500 mM NacCl
100 mM Tris-HCI (pH 8.0)
100 mM MgCl;
10 MM DTT
10% SDS 10 g of sodium dodecylsulfate were

dissolved in 100 ml water

20x SSC 3M NacCl (175.3 g)
0.3 M Sodium citrate (88.2 g)
Dissolve in 800 ml water
Adjust pH at 7.0
Fill up with water to 1l

Northern blot washing buffer 0.2x SSC, 0.1 % SDS

Northern blot stripping buffer 0.1% SDS (10 ml 10% SDS + 990 ml
water)

10x TBST-buffer 200 mM Tris
1.5 M NaCl

1% Tween-20
10x PBS buffer 130 mM NacCl

774 mM NazHPO4
226 mM NazH2PO4
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[I.1 Oligonucleotides used for generating 3’ end hY5 RNA mutants

Table 0.1. List of DNA oligonucleotides used for hY5 gene amplification.

In this table the DNA oligonucleotides that were used to amplify the entire hY5 RNA gene
(including promoter and terminator) from genomic DNA are listed. The forward primer binds
at the promoter and the reverse primer binds to the terminator of the hY5 RNA.

‘ Oligonucleotide Sequence from 5’ to 3’
hY5 forward primer AATACTAGTGAAGATCCATGGAGGTACATC
hY5 reverse primer GTAAACGTTGTCTACTACTGTTATTAGTGC

Table 0.2. DNA oligonucleotides used for colony PCR.

This table shows the DNA oligonucleotide sequences that are added to amplify the insert
during colony PCR. These primers were used to confirm the successful insertion of the PCR
product into the pGEMT easy vector.

Oligonucleotide Sequence from 5’ to 3’

pUC M13 forward primer CGCCAGGGTTTTCCCAGTCACGAC
pUC M13 reverse primer TCACACAGGAAACAGCTATGAC

Table 0.3. DNA oligonucleotides used for generating the 3’ end hY5 RNA
mutants.

This table shows the DNA oligonucleotide sequences that were used to introduce the

mutations for the generation of 3’ end hY5 RNA mutants.

Oligonucleotide Sequence from 5’ to 3’

Forward primer AATACTAGTGAAGATCCATGGAGGTACATC

L1-1 ACGTC GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
CAAGCGCGGTGACGTGGGGAGACAATGTTAAATCAACTTAACAATA
ACCC

L1-2 ACCGC GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
CAAGCGCGGTGCGGTGGGGAGACAATGTTAAA
TCAACTTAACAATAACCC

L1-3 CACAC GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
CAAGCGCGGTGTGTGGGGGAGACAATGTTAAATCAACTTAACAATA
ACCC
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L1-4 ATGGC

L1-5ACTGC

L1-6 GTCGG

L1-7 TCAAA

L1-8 TTGAA

L1-9 TCGCG

L1-10 TCAAG

L1-CCACT

L1-CCATC

L1-CTACG

L1-GACCT

L1-GATCC

L1-GAACC

L1-CTACA

L1-TCACA

L2-1 CCGTT

L2-2 ACGTC

L2-3 CCGTC

L2-4 CTGTC

L2-5 CTGTG

GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
CAAGCGCGGTGCCATGGGGAGACAATGTTAAATCAACTTAACAATA
ACCC
GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
CAAGCGCGGTGCAGTGGGGAGACAATGTTAAATCAACTTAACAATA
ACCC
GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
CAAGCGCGGTCCGACGGGGAGACAATGTTAAATCAACTTAACAATA
ACCC
GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
CAAGCGCGGTTTTGAGGGGAGACAATGTTAAATCAACTTAACAATA
ACCC
GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
CAAGCGCGGTTTCAAGGGGAGACAATGTTAAATCAACTTAACAATA
ACCC
GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
CAAGCGCGGTCGCGAGGGGAGACAATGTTAAATCAACTTAACAATA
ACCC
GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
CAAGCGCGGTCTTGAGGGGAGACAATGTTAAATCAACTTAACAATA
ACCC
GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
CAAGCGCGGTAGTGGGGGGAGACAATGTTAAATCAACTTAACAATA
ACCC
GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
CAAGCGCGGTGATGGGGGGAGACAATGTTAAATCAACTTAACAATA
ACCC
GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
CAAGCGCGGTCGTAGGGGGAGACAATGTTAAATCAACTTAACAATA
ACCC
GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
CAAGCGCGGTAGGTCGGGGAGACAATGTTAAATCAACTTAACAATA
ACCC
GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
CAAGCGCGGTGGATCGGGGAGACAATGTTAAATCAACTTAACAATA
ACCC
GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
CAAGCGCGGTGGTTCGGGGAGACAATGTTAAATCAACTTAACAATA
ACCC
GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
CAAGCGCGGTTGTAGGGGGAGACAATGTTAAATCAACTTAACAATA
ACCC
GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
CAAGCGCGGTTGTGAGGGGAGACAATGTTAAATCAACTTAACAATA
ACCC
GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
CAAGCGCGGTTGTGGGGGGAGACAATGTTAAATCAACTTAACAATA
ACCC
GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
CAAGCAACGGTGTGGGGGGAGACAATGTTAAATCAACTTAACAATA
ACCC
GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
CAAGCGACGTTGTGGGGGGAGACAATGTTAAATCAACTTAACAATA
ACCC
GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
CAAGCGACGGTGTGGGGGGAGACAATGTTAAATCAACTTAACAATA
ACCC
GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
CAAGCGACAGTGTGGGGGGAGACAATGTTAAATCAACTTAACAATA
ACCC
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L2-6 GTCGG

L2-7 TCAAA

L2-8 TTGAA

L2-9 TCGCG

L2-10 TCAAG

L3-1 GTTTG

L3-2 TGTAG

L3-3 GTTCG

L3-4 CGTTG

L3-5CGTCG

L3-6 TCCCA

L3-7 TAATT

L3-8 GAAAC

L3-9 ATCTA

L3-10 CGACC

T49 to A49

T49 to C49

T49 to G49

A1nt

A2nt

A 3 nt

A4nt

A5nt

A 6 nt

AT7nt

A 8 nt

A9 nt

GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
CAAGCCACTGTGTGGGGGGAGACAATGTTAAATCAACTTAACAATA
ACCC
GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
CAAGCGAGGTTGTGGGGGGAGACAATGTTAAATCAACTTAACAATA
ACCC
GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
CAAGCGCTTGTGTGGGGGGAGACAATGTTAAATCAACTTAACAATA
ACCC
GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
CAAGCCCGAGTGTGGGGGGAGACAATGTTAAATCAACTTAACAATA
ACCC
GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
CAAGCGAACATGTGGGGGGAGACAATGTTAAATCAACTTAACAATA
ACCC
GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
CAAACGCGGTTGTGGGGGGAGACAATGTTA
GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
CTACAGCGGTTGTGGGGGGAGACAATGTTA
GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
CGAACGCGGTTGTGGGGGGAGACAATGTTA
GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
CAACGGCGGTTGTGGGGGGAGACAATGTTA
GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
CGACGGCGGTTGTGGGGGGAGACAATGTTA
GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
TGGGAGCGGTTGTGGGGGGAGACAATGTTA
GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
AATTAGCGGTTGTGGGGGGAGACAATGTTA
GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
ATTTCGCGGTTGTGGGGGGAGACAATGTTA
GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
TAGATGCGGTTGTGGGGGGAGACAATGTTA
GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
GGTCGGCGGTTGTGGGGGGAGACAATGTTA
AGTTGGTCCGAGTGTTGTGGGTTATTGTTAAGTTGATTTAAC
ATTGTCACCCCCCACAACCGCG
AGTTGGTCCGAGTGTTGTGGGTTATTGTTAAGTTGATTTAAC
ATTGTCACCCCCCCCAACCGCG
AGTTGGTCCGAGTGTTGTGGGTTATTGTTAAGTTGATTTAAC
ATTGTCACCCCCCGCAACCGCG
GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
CAAGCGCGGTTGTGGGGGGAGACATGTTAAATCAACTTAACA
GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
CAAGCGCGGTTGTGGGGGGAGACTGTTAAATCAACTTAACA
GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
CAAGCGCGGTTGTGGGGGGAGATGTTAAATCAACTTAACA
GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
CAAGCGCGGTTGTGGGGGGATGTTAAATCAACTTAACA
GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
CAAGCGCGGTTGTGGGGGGATGTTAAATCAACTTAACA
GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
CAAGCGCGGTTGTGGGGGGTGTTAAATCAACTTAACA
GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
CAAGCGCGGTTGTGGGGGTGTTAAATCAACTTAACA
GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
CAAGCGCGGTTGTGGGGTGTTAAATCAACTTAACA
GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
CAAGCGCGGTTGTGGGTGTTAAATCAACTTAACA
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Loop M1
Loop M2
Loop M3
Loop M4
Loop M5
Loop M6
Loop M7
Loop M8
Loop M9
Loop M10
Loop M11
Loop M12
Loop M13
Loop M14

Loop M15

GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
CAAGCGCGGTTGTGGGCGGAGACAATGTTAAATCAACTTA
GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
CAAGCGCGGTTGTGGGGCGAGACAATGTTAAATCAACTTA
GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
CAAGCGCGGTTGTGGGGAGAGACAATGTTAAATCAACTTA
GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
CAAGCGCGGTTGTGGGAGGAGACAATGTTAAATCAACTTA
GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
CAAGCGCGGTTGTGGGGGCAGACAATGTTAAATCAACTTA
GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
CAAGCGCGGTTGTGGGGCGAGACAATGTTAAATCAACTTA
GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
CAAGCGCGGTTGTGGGGTGAGACAATGTTAAATCAACTTA
GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
CAAGCGCGGTTGTGGGGAGAGACAATGTTAAATCAACTTA
GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
CAAGCGCGGTTGTGGGTTATTGTTAAATCAACTTA
GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
CAAGCGCGGTTGTGGGGCCAGACAATGTTAAATC
GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
CAAGCGCGGTTGTGGGGACAGACAATGTTAAATC
GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
CAAGCGCGGTTGTGGGGCAAGACAATGTTAAATC
GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
CAAGCGCGGTTGTGGGGCAAGACAATGTTAAATC
GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
CAAGCGCGGTTGTGGGGAGACAATGTTAAATCAACTTA
GTAAACGTTGTCTACTACTGTTATTAGTGCAAAACAGCAAGCTAGT
CAAGCGCGGTTGTGGGAGACAATGTTAAATCAACTTA
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Table 0.4. DNA oligonucleotides used for generating “balancing” DNA.

In this table the DNA oligonucleotides that were used to generate the “balancing DNA” are
listed. As the full length and plasmid bias hY5 RNA libraries start with the same 15 nucleotides
a so called “balancing DNA” sequence was generated in order to introduce more
heterogeneity and more sequence diversity into the sequencing pool so that the different

library sets could be sequenced on one lane and be clustered separately.

‘ Oligonucleotide Sequence

Balancing DNA template CGATCAGTTGGTCCGAGTGTTGTGGGTTATTGTTAAGT
TGATTTAACNNNNNNNNNNNNNNNNNNNNATTGTCTCC
AGCCACAACCGCTGGAATTCTCGGG

Forward primer AATGATACGGCGACCACCGAGATCTACACGTTCAGAGT

TCTACAGTCCGACGATCAGTTGGTCCGAGTGTTGTGG

Reverse primer CAAGCAGAAGACGGCATACGATACGAGATATATTAGTG
ACTGGAGTTCCATGGCACCCGAGAATTCCAGCGGTTGT
GGC

Balancing DNA AATGATACGGCGACCACCGAGATCTACACGTTCAGAGT

TCTACAGTCCGACGATCAGTTGGTCCGAGTGTTGTGGG
TTATTGTTAAGTTGATTTAACNNNNNNNNNNNNNNNNN
NNNATTGTCTCCAGCCACAACCGCTGGAATTCTCGGGT
GCCAAGGAACTCCAGTCACTAATATATCTCGTATGCCG
TCTTCTGCTTG

Sequencing primer for full GTCCGAGTGTTGTGGGTTATTGTTAAGTTGATTTAAC

length and plasmid libraries

[1.2 Oligonucleotides used for generating 5’ end hY5 RNA mutants

Table 0.5. DNA oligonucleotides used to generate the hY5 mutant pool PCR products
in strategy 1.

In this table the DNA oligonucleotides that were used in the first strategy to introduce the
mutations into the hY5 RNA by PCR are shown. In the first PCR reaction the forward primer
and overlap reverse primer for mutant pool 4,5 and 6 were added to generate the first
fragment. In a second PCR reaction the mutant pool 4, 5 and 6 forward mutagenesis short
primers and the hY5 reverse primer were used. The Ns indicate the random nucleotides that
were introduced by PCR. The full length hY5 RNA sequence containing the introduced
mutations was amplified in an overlap extension PCR.

Oligonucleotide Sequence from 5’ to 3’

Forward primer AATACTAGTGAAGATCCATGGAGGTACATC
Overlap reverse primer Pool 4 & 5 CAACACTCGGACCAACTGTGTTATCCT
Overlap reverse primer for Pool 6 CAATAACCCACAACACTCGGACCAACTGTGTT
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Pool 4 forward mutagenesis short | AGGATAACACAGTTGGTCCGAGTGTTGNNNNNTAT

primer TGTTAAGTTGATTTAACATTGTCTCCCCCCACACC
GC

Pool 5 forward mutagenesis short AGTTGGTCCGAGTGTTGTGGGTNNNNNTTAAGTTG

primer ATTTAACATTGTCTCCCCCCACAACCGCG

Pool 6 forward mutagenesis short  GTCCGAGTGTTGTGGGTTATTGNNNNNTTGATTTA

primer ACATTGTCTCCCCCCACAACCGCG

Reverse primer GTAAACGTTGTCTACTACTGTTATTAGTGC

Table 0.6. DNA oligonucleotides used for generating 5’ end hY5 plasmid libraries.

This table shows the DNA oligonucleotides that were used to amplify the PCR products during
the generation of 5 end hY5 plasmid bias libraries. For each library replicate a different
lllumina multiplex sequencing index primer containing a unique 6 nt barcoded (shown the table

underlined) in order to identify individual samples after lllumina sequencing.

Oligonucleotide Sequence 5’ to 3’

First PCR reaction forward primer GTTCAGAGTTCTACAGTCCGACGATCTAACACAGTT
GGTCCGAGTGTT

First PCR reaction reverse primer CCTTGGCACCCGAGAATTCCATTAGTGCAAAACAGC
AAGCT

RP-3 CAAGCAGAAGACGGCATACGAGATGCCTAAGTGACT
GGAGTTCCTTGGCACCCGAGAATTCCA

RP-7 CAAGCAGAAGACGGCATACGAGATGATCTGGTGACT
GGAGTTCCTTGGCACCCGAGAATTCCA

RP-10 CAAGCAGAAGACGGCATACGAGATAAGCTAGTGACT
GGAGTTCCTTGGCACCCGAGAATTCCA

RP-17 CAAGCAGAAGACGGCATACGAGATCTCTACGTGACT
GGAGTTCCTTGGCACCCGAGAATTCCA

RP-21 CAAGCAGAAGACGGCATACGAGATCGAAACGTGACT
GGAGTTCCTTGGCACCCGAGAATTCCA

RP-23 CAAGCAGAAGACGGCATACGAGATCCACTCGTGACT
GGAGTTCCTTGGCACCCGAGAATTCCA

RP-5 CAAGCAGAAGACGGCATACGAGATCACTGTGTGACT
GGAGTTCCTTGGCACCCGAGAATTCCA

RP-6 CAAGCAGAAGACGGCATACGAGATATTGGCGTGACT
GGAGTTCCTTGGCACCCGAGAATTCCA

RP-8 CAAGCAGAAGACGGCATACGAGATTCAAGTGTGACT
GGAGTTCCTTGGCACCCGAGAATTCCA
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Table 0.7. DNA oligonucleotides used to generate the hY5 mutant pool PCR products
in strategy 2.

In this table the DNA oligonucleotides that were used in the second strategy to introduce the
mutations into the hY5 RNA by PCR are shown. In the second strategy the full length hY5
RNA sequence had to be amplified using a truncated hY5 RNA sequence in order to avoid
the overamplification of the hY5 RNA sequence. In the first PCR reaction to generate the
plasmid DNA template 1 the forward primer and overlap reverse primers for pool 4, 5 and 6
were used. For the plasmid DNA template 2 the forward primer for short template and reverse
primer for short template were used. The PCR products were cloned into pPGEMT easy vector
and the resulting plasmid vectors were used as templates to introduce the mutations using
the pool 4, 5 & 6 forward mutagenesis primers and the reverse primer. The short template
was generated using the forward primer and overlap reverse primers. The full length hY5 RNA
containing the mutagenized regions were amplified by overlap extension PCR using the
forward primer and reverse primer. The Ns indicate the random nucleotides that were
introduced by PCR.

Oligonucleotide Sequence 5’ to 3’

Forward primer AATACTAGTGAAGATCCATGGAGGTACATC

Overlap reverse primer Pool 4& 5 | CAACACTCGGACCAACTGTGTTATCCT

Overlap reverse primer for Pool 6 CAATAACCCACAACACTCGGACCAACTGTGTT

Forward primer for short template | TTGATTTAACATTGTCTCCCCCCACAACCG

Reverse primer for short template =~ GTAAACGTTGTCTACTACTGTTATTAGTGC

Pool 4 forward mutagenesis primer | AGGATAACACAGTTGGTCCGAGTGTTGNNNNNTATTG
TTAAGTTGATTTAACATTGTCTCCCCCCACACCGC

Pool 5 forward mutagenesis primer AGTTGGTCCGAGTIGTTGTGGGTNNNNNTTAAGTTGAT
TTAACATTGTCTCCCCCCACAACCGCG

Pool 6 forward mutagenesis primer | GTCCGAGTGTTGTGGGTTATTGNNNNNTTGATTTAAC
ATTGTCTCCCCCCACAACCGCG

Reverse primer GTAAACGTTGTCTACTACTGTTATTAGTGC

Table 0.8. DNA oligonucleotides used for the final overlap extension PCR.

In the table the DNA oligonucleotides are listed that were used to generate the whole hY5

RNA gene including mutated regions and promoter and terminator sequence.

Oligonucleotide Sequence 5’ to 3’
Forward primer AATACTAGTGAAGATCCATGGAGGTACATC
Reverse primer GTAAACGTTGTCTACTACTGTTATTAGTGC
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Table 0.9. DNA oligonucleotides used for generating full length cDNA libraries

The table shows the DNA oligonucleotides that were used for reverse transcription and
generation of the hY5 full length cDNA libraries. The lllumina multiplex index sequences
contain a 6 nt barcode sequence (underlined in the table) that were introduced by PCR for
sample identification.

‘ Oligonucleotide Sequence 5’ to 3’
hY5 full length RT primer AAACAGCAAGCTAGT

First PCR reaction FL GTTCAGAGTTCTACAGTCCGACGATCAGTTGGTCCGAGTGT

forward primer TG

First PCR reaction FL CCTTGGCACCCGAGAATTCCAAACAGCAAGCTAGTCAAGCG
reverse primer

RP5 CAAGCAGAAGACGGCATACGAGATCACTGTGTGACTGGAGT
TCCTTGGCACCCGAGAATTCCA

RP6 CAAGCAGAAGACGGCATACGAGATATTGGCGTGACTGGAGT
TCCTTGGCACCCGAGAATTCCA

RP8 CAAGCAGAAGACGGCATACGAGATTCAAGTGTGACTGGAGT
TCCTTGGCACCCGAGAATTCCA

RP9 CAAGCAGAAGACGGCATACGAGATCTGATCGTGACTGGAGT
TCCTTGGCACCCGAGAATTCCA

RP10 CAAGCAGAAGACGGCATACGAGATAAGCTAGTGACTGGAGT
TCCTTGGCACCCGAGAATTCCA

RP12 CAAGCAGAAGACGGCATACGAGATTACAAGGTGACTGGAGT
TCCTTGGCACCCGAGAATTCCA

RP1 CAAGCAGAAGACGGCATACGAGATCGTGATGTGACTGGAGT
TCCTTGGCACCCGAGAATTCCA

RP2 CAAGCAGAAGACGGCATACGAGATACATCGGTGACTGGAGT
TCCTTGGCACCCGAGAATTCCA

RP3 CAAGCAGAAGACGGCATACGAGATGCCTAAGTGACTGGAGT
TCCTTGGCACCCGAGAATTCCA

RP19 CAAGCAGAAGACGGCATACGAGATTTTCACGTGACTGGAGT

TCCTTGGCACCCGAGAATTCCA

Table 0.10. DNA oligonucleotides used for small RNA library construction of 5’ end
derived YsSRNA mutants.

In the table YsSRNA enrichment sequences with 5, 10 or 15 nt that were tested for YsRNA

enrichment during YSRNA library construction are listed.

‘Oﬁgonudeoﬂde Sequence 5’ to 3’
RP1 hY5 enrichment 5 nt AATGATACGGCGACCACCGAGATCTACACGTTCAGAG
TTCTACAGTCCGACGACGATCAGTTG
RP1 hY5 enrichment 10 nt AATGATACGGCGACCACCGAGATCTACACGTTCAGAG
TTCTACAGTCCGACGACGATCAGTTGGTCCG
RP1 hY5 enrichment 15 nt AATGATACGGCGACCACCGAGATCTACACGTTCAGAG
TTCTACAGTCCGACGACGATCAGTTGGTCCGAGTGT
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Table 0.11. DNA oligonucleotides used for generating individual 5’ end derived hY5
RNA mutant sequences.

Oligonucleotide

Forward primer

Sequence from 5’ to 3’
AATACTAGTGAAGATCCATGGAGGTACATC

Overlap reverse primer Pool 4 | CAACACTCGGACCAACTGTGTTATCCT

&5

Overlap reverse primer

Pool 6

Mutagenesis primer

Pool 4 CAACC

Pool 4 TGGTT

Pool 4 CGGGT

Pool 4 AGGGT

Pool 4 TGAGT

Pool 4 TGGCT

Pool 4 TGGGA

Pool 4 TGGGC

Pool 4 TGGGG

Pool 5 TATTG

Pool 5 ATCGC

Pool 5 TATGG

Pool 5 GTTCG

Pool 5 TGTCG

CAATAACCCACAACACTCGGACCAACTGTGTT

AGGATAACACAGTTGGTCCGAGTGTTGCAACC
TATTGTTAAGTTGATTTAACATTGTCTCCCCC
CACAACCGCG
AGGATAACACAGTTGGTCCGAGTGTTGTGGTT
TATTGTTAAGTTGATTTAACATTGTCTCCCCC
CACAACCGCG
AGGATAACACAGTTGGTCCGAGTGTTGCGGGT
TATTGTTAAGTTGATTTAACATTGTCTCCCCC
CACAACCGCG
AGGATAACACAGTTGGTCCGAGTGTTGAGGGT
TATTGTTAAGTTGATTTAACATTGTCTCCCCC
CACAACCGCG
AGGATAACACAGTTGGTCCGAGTGTTGTGAGT
TATTGTTAAGTTGATTTAACATTGTCTCCCCC
CACAACCGCG
AGGATAACACAGTTGGTCCGAGTGTTGTGGCT
TATTGTTAAGTTGATTTAACATTGTCTCCCCC
CACAACCGCG

AGGATAACACAGTTGGTCCGAGTGTTGTGGGA
TATTGTTAAGTTGATTTAACATTGTCTCCCCC
CACAACCGC

AGGATAACACAGTTGGTCCGAGTGTTGTGGGC
TATTGTTAAGTTGATTTAACATTGTCTCCCCC
CACAACCGC

AGGATAACACAGTTGGTCCGAGTGTTGTGGGG
TATTGTTAAGTTGATTTAACATTGTCTCCCCC
CACAACCGC

AGTTGGTCCGAGTGTTGTGGGTTATTGTTAAG
TTGATTTAACATTGTCTCCCCCCACAACCGCG
AGTTGGTCCGAGTGTTGTGGGTATCGCTTAAG
TTGATTTAACATTGTCTCCCCCCACAACCGCG
AGTTGGTCCGAGTGTTGTGGGTTATGGTTAAG
TTGATTTAACATTGTCTCCCCCCACAACCGCG
AGTTGGTCCGAGTGTTGTGGGTGTTCGTTAAG
TTGATTTAACATTGTCTCCCCCCACAACCGCG
AGTTGGTCCGAGTGTTGTGGGTTGTCGTTAAG
TTGATTTAACATTGTCTCCCCCCACAACCGCG
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Pool 5 TATGA

Pool 5 TCCGC

Pool 5 TTCCG

Pool 5 GGGCG

Pool 5 TCGAC

Pool 5 GCAAG

Pool 5 ACGTA

Pool 5 CACC

Pool 5 AAAA

Pool 5 ATAT

Pool 5 AAAT

Pool 5 CCCC

Pool 5 CGTT

Pool 5TTTT

Pool 6 TTAAG

Pool 6 GGGAG

Pool 6 GAGGG

Pool 6 AGGAG

Pool 6 TGGTT

Pool 6 TGGTG

Pool 6 GGGGA

Pool 6 GGGTG

AGTTGGTCCGAGTGTTGTGGGTTATGATTAAG
TTGATTTAACATTGTCTCCCCCCACAACCGCG
AGTTGGTCCGAGTGTTGTGGGTTCCGCTTAAG
TTGATTTAACATTGTCTCCCCCCACAACCGCG
AGTTGGTCCGAGTGTTGTGGGTTTCCGTTAAG
TTGATTTAACATTGTCTCCCCCCACAACCGCG
AGTTGGTCCGAGTGTTGTGGGTGGGCGTTAAG
TTGATTTAACATTGTCTCCCCCCACAACCGCG
AGTTGGTCCGAGTGTTGTGGGTTCGACTTAAG
TTGATTTAACATTGTCTCCCCCCACAACCGCG
AGTTGGTCCGAGTGTTGTGGGTGCAAGTTAAG
TTGATTTAACATTGTCTCCCCCCACAACCGCG
AGTTGGTCCGAGTGTTGTGGGTACGTATTAAG
TTGATTTAACATTGTCTCCCCCCACAACCGCG
AGTTGGTCCGAGTGTTGTGGGCACCTGTTAAG
TTGATTTAACATTGTCTCCCCCCACAACCGCG
AGTTGGTCCGAGTGTTGTGGGAAAATGTTAAG
TTGATTTAACATTGTCTCCCCCCACAACCGCG
AGTTGGTCCGAGTGTTGTGGGATATTGTTAAG
TTGATTTAACATTGTCTCCCCCCACAACCGCG
AGTTGGTCCGAGTGTTGTGGGAAATTGTTAAG
TTGATTTAACATTGTCTCCCCCCACAACCGCG
AGTTGGTCCGAGTGTTGTGGGCCCCTGTTAAG
TTGATTTAACATTGTCTCCCCCCACAACCGCG
AGTTGGTCCGAGTGTTGTGGGCGTTTGTTAAG
TTGATTTAACATTGTCTCCCCCCACAACCGCG
AGTTGGTCCGAGTGTTGTGGGTTTTTGTTAAG
TTGATTTAACATTGTCTCCCCCCACAACCGCG
GTCCGAGTGTTGTGGGTTATTGTTAAGTTGAT
TTAACATTGTCTCCCCCCACAACCGCG

GTCCGAGTGTTGTGGGTTATTGGGGAGTTGAT
TTAACATTGTCTCCCCCCACAACCGCG

GTCCGAGTGTTGTGGGTTATTGGAGGGTTGAT
TTAACATTGTCTCCCCCCACAACCGCG

GTCCGAGTGTTGTGGGTTATTGAGGAGTTGAT
TTAACATTGTCTCCCCCCACAACCGCG

GTCCGAGTGTTGTGGGTTATTGTGGTTTTGAT
TTAACATTGTCTCCCCCCACAACCGCG

GTCCGAGTGTTGTGGGTTATTGTGGTGTTGAT
TTAACATTGTCTCCCCCCACAACCGCG

GTCCGAGTGTTGTGGGTTATTGGGGGATTGAT
TTAACATTGTCTCCCCCCACAACCGCG

GTCCGAGTGTTGTGGGTTATTGGGGTGTTGAT
TTAACATTGTCTCCCCCCACAACCGCG
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[1.3 Oligonucleotides used for Northern blotting

Table 0.12. List of DNA oligonucleotides used for Northern blotting.

In this table DNA oligonucleotides used as Northern blot probes are shown. The DNA
oligonucleotide sequences were designed to correspond to the antisense sequence of the
small RNA sequences of interest.

‘ Northern blot probes Sequence from 5’ to 3’
hY5 3’ end wild type probe AGCTAGTCAAGCGCGGTTGTGGGGG

hY5 3’ end probe for detection of L1/2 | AGCAAGCTAGTCAAGCGCGGT

mutants

LNA 12 mer for detection of L3 mutants A*CAG*CAA*GCT*AG

U6 snRNA loading control GCTAATCTTCTCTGTATCGTTCC
hY5 5’ end wild type probe TAACCCACAACACTCGGACCAACT

hY5 5 end probe for detection of L4/5/6 | CAACACTCGGACCAACT

mutants

hY1 3’ end AGACTAGTCAAGTGCAGTAGTGAGAA

hY1 5’ end TAACCCACAACACTCGGACCAACT

hY3 3’ end TAGTCAAGTGAAGCAGTGGGAG

hY3 5’ end AACACCACTGCACTCGGACCAGCC
tRNA-His CAGAGTACTAACCACTATACGATCACGGCC
tRNA-Pro CCGAGAATCATACCCCTAGACCAACGAGCC
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Appendix Il

Table 0.13. Sequencing information of 3’ end hY5 small RNA cDNA libraries.

The table gives an overview about the number of total sequencing reads, reads mapping to
the genome and reads mapping to hY5 RNA mutant sequences including the percentages of
genome mapping reads and hY5 RNA mapping reads for each library replicate. The libraries
1, 2 and 3 are shown in the table as L1, L2 and L3 including their three biological replicates.
Total RNA was extracted and YsSRNA cDNA libraries were constructed using a modified

Illumina protocol and sent for NGS. After adapter removal the sequencing reads were mapped

to the genome and all possible 1024 combinations of hY5 mutant sequences.

Genome Genome mapping Y5 mapping Y5
mapping reads reads [%] reads mapping
reads [%]
L1-1 3095015 | 2161090 69.82 56653 1.83
L1-2 3310825 | 2284251 68.99 70791 2.14
L1-3 2353355 | 1587079 67.44 44746 1.90
L2-1 5562010 | 4162303 74.83 95249 1.71
L2-2 2701036 | 1902208 70.43 107289 3.97
L2-3 2824250 | 2017230 71.43 105952 3.75
L3-1 1444418 | 848693 58.76 145191 10.05
L3-2 3787865 | 2174265 57.40 495631 13.08
L3-3 1153145 677186 58.73 92146 7.99
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Appendix IV

Sequencing information of wild type and Ro60 - mES cDNA

Libraries

Table 0.14. General sequencing information of wild type and Ro60 ” mES sRNA cDNA
libraries either treated or untreated with poly (I:C).

The table gives an overview about the number of total sequencing reads, reads mapping to
the genome and reads mapping to hY5 RNA mutant sequences including the percentages of
genome mapping reads and hY5 RNA mapping reads for each library replicate. The libraries
were generated in three biological replicates. Total RNA was extracted and YSRNA cDNA
libraries were constructed using a modified lllumina protocol and sent for NGS. After adapter

removal the sequencing reads were mapped to the mouse genome.

MES WT MES WT MES WT MES WT MES WT MES WT
1 2 3 poly (I1:C) poly (I:C) poly (I:C)
1 2 3
Trimmed 10029505 | 9004771 8834580 11909230 @ 11677219 14688848
Mapped total 8417398 7185996 7496927 9591872 8397299 12192779
Mapped unigque = 357069 328363 229033 547665 469518 393481
Mapping % 83.93 79.80 84.86 80.54 71.91 83.01

Trimmed 12521810 @ 11006607 @ 7809998 16740090 @ 12969950 @ 9942964
Mapped total 10328068 | 8013893 6457272 13185076 | 8936481 8496502
Mapped 433415 404450 320651 725926 512447 213763
unique

Mapping % 82.48 72.81 82.68 78.76 68.90 85.45
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Table 0.15. Differential gene expression analysis of mY1 and mY3in wild type and Ro60

- cells untreated or treated with poly (I:C) using DESeq2.

‘ Locus baseMean log2FoldChange pvalue padj Gene ID
6/47787768-47788203 13883.2 6.63395 3.32E-70 2.48E-66 @ Rnyl
6/47781599-47781778 | 2158.05 2.85508 1.17E-13 | 1.46E-10 | Rny3

Table 0.16. Differential gene expression analysis of SNORD 118, miR 296, miR 146a and
miR 708 in wild type and Ro60 7 cells untreated or treated with poly (I:C) using DEseq2.

‘Locus Base log2 Fold p-value Sequence Gene
Mean Change

18/71961786- 67.543 1.343 0.00212 = TCTCCAATCATCATTTTCT SNORD118
71961805

12/49279106- 28.712 1.491 0.0021 GAGGGTTGGGTGGAGGCT miR296
49279123

11/43374398- 299.464 1.285 0.00798 = TAACCCATGGAATTCAGTTCTCA miR146a
43374457

7/96249426- 3814.868 0.8913 0.00967 | AAGGAGCTTACAATCTAGCTGGG | miR708
96249641

292
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